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The microstructure, mechanical properties, and corrosion resistance to simulated body fluid solution
behavior of as-extruded Mg-1.8Zn-0.5Zr alloys with different Gd additions are investigated. It is found that
dynamic recrystallization occurs in the alloys during extrusion and the grain size gradually decreases with
Gd alloying. The mechanical properties and corrosion resistance to simulated body fluid of the investigated
alloys enhance firstly and then weaken with the increase in Gd content. The results reveal that the Mg-
1.8Zn-0.5Zr with a 1.5 wt.% Gd addition has optimized mechanical properties and corrosion resistance. A
three-stage corrosion mechanism, including sequential stages from hydroxidation, phosphatization and
hydroxidation, to formation-dissolution dynamic equilibrium, is proposed through electrochemical mea-
surements and corroded surface analyses. This study reveals the extruded Mg-1.8Zn-0.5Zr-1.5Gd alloy can
be regarded as a potential candidate for using as biodegradable magnesium implants.
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1. Introduction

Magnesium (Mg) alloys have attracted considerable atten-
tions as biodegradable implant materials due to their outstand-
ing biocompatibility and biodegradation together with efficient
mechanical properties (Ref 1, 2). In general, biodegradable
implant Mg alloys should have a yield strength (YS) greater
than 200 MPa, elongation higher than 10%, and corrosion rate
lower than 0.5 mm/y (Ref 3). However, some drawbacks,
including rapid corrosion rate due to localized corrosion and
relatively low strength compared with stainless steels and Ti
alloys, have limited their extensive clinical applications (Ref 4).
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Alloying and microstructure manipulation are feasible
approaches to improve the mechanical properties and corrosion
resistance of Mg alloys. Zn and Zr have been selected as they
are nutrient elements to the human body (Ref 5). A small
amount of Zn (~2.0wt.%) is believed to form a protective film
on the surface of the Mg alloy, which improves its corrosion
resistance (Ref 6). Alloying with Zr, a useful grain refinement
element, can also improve the mechanical properties and
corrosion resistance of Mg alloy (Ref 7). Recent researchers
have found that the addition of RE (rare earth) elements in Mg-
Zn-Zr-based alloys enhances the mechanical properties and
corrosion resistance (Ref 8-10). Meanwhile, thermal mechan-
ical deformations, such as hot extrusion and rolling, are also
used to achieve enhanced mechanical properties in these alloys
(Ref 11-13). For example, high ultimate tensile strength (UTS)
of 285 MPa, YS of 200 MPa and elongation to failure (EL) of
23% were achieved in Mg-1Zn-0.4Zr-8Gd alloy after hot
extrusion compared with the as-cast one (Ref 14). Hot
extrusion of as-cast Mg-0.227n-0.44Zr-3.09Nd alloy led to an
increase in UTS to 307 MPa, YS to 293 MPa and EL to 15.9%
(Ref 15). Additionally, the as-cast Mg-2.0Zn-0.5Zr-3.0Gd alloy
exhibited a corrosion rate of less than 0.5 mm/y after hot
extrusion (Ref 16). Nevertheless, the inhomogeneous distribu-
tion of secondary phases due to the addition of alloying
elements in as-extruded Mg alloy can lead to severe localized
corrosion (Ref 17). Wang et al. reported that a homogenization
treatment of Mg-Zn-Zr-Y alloy could help to overcome this
shortcoming (Ref 18). An Mg-2.4Zn-0.8Gd alloy with a prior
solid solution treatment before extrusion showed an improved
corrosion resistance compared with the one without solution
treatment. Such improvements were ascribed to the more
uniform grain structure and dispersed secondary phases (Ref
19). Despite the improvements in mechanical properties and
corrosion resistance, most of the aforementioned RE elements
are hepatotoxic and hazardous to a person’s health. Recent
studies on Gd containing Mg alloys show that the Gd released
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by the alloy during degradation is harmless to the human body
and has a certain anti-cancer effect when the Gd content is less
than 2.5 wt.% (Ref 20-22).

Considering biosafety, the Gd content in such biodegradable
Mg alloy should be low. To date, a very few works have been
done on the effects of minor Gd alloying on the microstruc-
tures, mechanical properties and corrosion behavior of as-
extruded Mg-Zn-Zr-based alloys, especially on those with prior
solid solution treatment. Herein, in this paper, Mg-1.8Zn-0.5Zr-
xGd (x=0,0.5, 1.0, 1.5, 2.0, 2.5 wt.%) alloys were prepared by
solid solution treatment and hot extrusion. The effects of small
amounts of Gd on the microstructural evolution, mechanical
properties and corrosion resistance in simulated body fluid
(SBF) solution of extruded Mg-1.8Zn-0.5Zr alloys were
investigated systematically, to optimize the composition of
Mg-Zn-Zr alloys that can be used as biodegradable materials. It
is hoped that our research will benefit the general bioimplant
material designs beyond the invention of Mg alloys and their
engineering design strategies.

2. Experimental Materials and Methods

2.1 Experimental Materials

Mg-1.8Zn-0.5Zr-xGd alloys were prepared by melting Mg
(99.9%), Zn (99.9%), and Mg-30Zr (wt.%) and Mg-20Gd
(wt.%) master alloys in an electric induction furnace and then
casting (Ref 23). Afterward, the cast ingots were machined
into cylindrical bars with a diameter of 50 mm and a height of
35 mm. The as-cast bars were solution-treated at 480 °C for 6
h and then extruded at 360 °C with an extrusion speed of 5
mm/s and an extrusion ratio of 7.7 to a diameter of 18 mm. All
the extruded rods were then subjected to stress relief annealing
at 200 °C for 4 h. Hereafter, these as-extruded Mg-1.8Zn-
0.5Zr-xGd (x=0, 0.5, 1.0, 1.5, 2.0, 2.5 wt.%) alloys were
donated as E0, E(0.5, E(1.0, E.1.5, E2.0 and Eg2.5,
respectively.

2.2 Microstructure and Mechanical Properly Determination

The specimens for microstructure observation were cut from
the central region, parallel to the extrusion direction (ED) of the
extruded rods. Microstructure characterizations were performed
by an optical microscope (OLYMPUS, PMG3), a scanning
electron microscope (SEM, JSM-7800F) equipped with energy-
dispersive x-ray spectrometer (EDS) and a transmission
electron microscope (TEM, JEM-2100). Sample preparation
was carried out the same way as those described in our previous
work (Ref 24). Tensile specimens were machined from
extruded rods parallel to the ED with a gauge length of 25
mm and a gauge diameter of 5 mm. According to the ASTM
E8M-09 standard, tensile tests were performed at a speed of 1
mm/min using an AG-1250KN (SHIMADZU) machine.

2.3 Corrosion Tests

The corrosion rate of these selected alloys was evaluated by
measuring the weight loss during immersion test in SBF
solution (Ref 25) at 37 °C. The samples with a dimension of
®18 x 5 mm were immersed in 180 mL SBF. The SBF solution
was refilled every 8 h to keep a constant pH value. After the
immersion test, the corrosion products were removed using a
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200 g/L CrO5+10 g/ AgNOs; solution. The average corrosion
rate was calculated using the following equation (Ref 26):

(Eq 1)

where P,, is the corrosion rate (mm/y), Aw is the mass loss (g),
4 is the specimen surface area exposed to the SBF solution
(cm?), ¢ is the immersion time (h), and p is the density of the
alloy (g/cm?®), respectively.

For electrochemical test, cylindrical samples were mounted
into epoxy resin with a surface area of 1 cm” exposed to the
SBF solution. Potentiodynamic polarization curve and electro-
chemical impedance spectroscopy (EIS) measurements were
carried out at 37 °C using an electrochemical workstation
(Autolab PGSTAT128N) to reveal the corrosion behavior of
Mg-1.8Zn-0.5Zr-xGd alloys. The chosen alloys, a saturated
calomel electrode and graphite sheet were used as working,
reference and counter electrode, respectively. Prior to the
electrochemical tests, the samples were soaked in the SBF
solution for 1 h to achieve equilibrium. The polarization curves
were acquired by scanning from — 0.25 to +0.4 V versus the
open-circuit potential (OCP) at a scan rate of 1 mV/s. The EIS
measurements were carried out at OCP using an AC amplitude
of 10 mV in the frequency range from 10 kHz to 0.1 Hz.

X-ray photoelectron spectroscopy (XPS) was used to
analyze the chemical composition of corrosion products formed
on the surface of Egl.5 alloy after SBF immersion for 16, 48,
and 120 h. XPS measurements were taken on a Thermo Fisher
Scientific ESCALAB 250Xi XPS spectrophotometer. The core-
level 1s peak of the adventitious carbon is employed for the
overall energy calibration. Mg 1s and Ca 2p spectra were
measured and fitted.

P, = 8.76 x 10* x Aw/Atp

3. Results

3.1 Microstructure Evolution

Figure 1 shows the optical images of the as-extruded Mg-
1.8Zn-0.5Zr-xGd alloys. The near-equiaxed uniform grain
structures of E;0 shown in Fig. 1(a) indicate the occurrence
of complete dynamic recrystallization (DRX) during hot
extrusion. The average grain size of E,0 is measured to be
about 17.9 um. With the addition of Gd, one can see a bimodal
grain structure in the alloys: relatively coarse grains and band-
shaped fine-grain regions (highlighted in Fig. 1d) distributed
along with ED. Average grain sizes of theses alloys are
estimated to be about 9.6, 7.5, 7.3, 7.2, and 6.8 um from 0.5 to
2.5 wt.% Gd, respectively. More second-phase particles are
found to distribute along ED in the alloys with high Gd content
(2.0, 2.5 wt.%).

Figure 2 gives the TEM characterization results of El1.5
alloy. Figure 2(a) reveals the presence of subgrains and a small
amount of nanoscale second-phase particles that disperse
mainly along the DRXed (sub)grain boundaries. The selected
area electron diffraction (SAED) pattern of particle (marked as
A) reveals that the particles have a face-centered cubic crystal
structure. Interplanar spacings are 0.4219, 0.2197, and 0.2581
nm, which can be indexed to the (1 11), (31 1) and (220) planes
of Mg;Gd phase. EDS spectrum in Fig. 2(b) shows that the
particles are composed of Mg, Zn and Gd, suggesting a (Mg,
Zn);Gd phase with Zn dissolved in MgzGd. This finding is in
agreement with other Zn and Gd containing Mg alloys (Ref 27).
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Fig. 2 TEM characterizations of second-phase particles in the E1.5 alloy. (a) BF-TEM image, (b) EDS spectrum of particle A; (c) BF-TEM
image of rectangular shaped particles, (d) EDS spectrum of particle B; (e) enlarged image of B in (c); (f) HR-TEM image of D in (e); (g) HR-

TEM image of the nanoscale second-phase particle and (h) its FFT image; (i) HR-TEM image and (j) its FFT image of the a-Mg matrix. The
inset of (a) shows the SAED of particle A
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Fig. 3 TEM characterization of second-phase particles in E2.5 alloy: (a, ¢, d) BF-TEM images, and (b) EDS spectrum of particle A. The inset

of (a) shows the SAED of particle A

Second-phase particles with a rectangular-shaped cross
section are also found in the Mg matrix (Fig. 2c¢). EDS
spectrum in Fig. 2(d) shows that the particles (marked as B) are
composed of Mg and Zn. It should be noted that from the
magnified image of B in Fig. 2(c), there are also some lath-
shaped fine structures, e.g., in region C, showing a relatively
weak contrast to the Mg matrix. HR-TEM image in Fig. 2(f),
magnification of region D in Fig. 2(e), shows a distorted lattice
implying the segregation of alloying elements with a different
lattice constant other than Mg. These laths might be the
nucleation sites of the second-phase precipitates (Ref 28).
Fourier transform (FFT) is performed on the second-phase
particle (E) and a-Mg matrix (F) in Fig. 2(f). The second-phase
particle (E) is detected to have a primitive cube crystal structure
from the FFT of the HRTEM image (Fig. 2g, and h). The
interplanar spacings of 0.2711, 0.1969 and 0.2857 nm have a
good correspondence with those of (013),, (313), and (300),
planes of Mg,Zn,; phase with [ 0.31], zone axis parallel to the
electron beam. Considering the chemical compositions in
Fig. 2(d), it can be concluded that the particle is Mg,Zny;.
Figures 2(i) and (j) show the HRTEM and FFT image of Mg
matrix adjacent to the Mg,Zn;; particle (region F), respectively.
It is found that the [010], zone axis of hcp Mg is parallel to the
electron beam. Accordingly, the results demonstrate that the
orientation relationship between nanoscale Mg,Zn;; phase and
Mg matrix is (013),](002),, (313),]|(102),, and (300),]/(100),.
The lattice mismatch (3) of phase interface can be calculated by
(Ref 29):

0 =2(Xy — Xp)/(Xu + Xp) (Eq 2)

where X, and Xp are the interplanar distance of corresponding
parallel plane pairs. The calculation results in the lattice
mismatch of (013),]/(002),, (313),]/(102),, and (300),]|(100),,
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are 0.039, 0.035 and 0.027, respectively, implying that the
nanosized Mg,Zn;; particles have a coherent interfacial
relationship with the neighboring o-Mg matrix.

Figure 3 shows the TEM characterization of the second-
phase particles in E2.5 alloy. In contrast to the nanoscale
particles in the E¢1.5 alloy, the particles in Fig. 3(a) with a size
of larger than 1 um, clearly, are much coarser and aligned as
‘dashed line’. EDS analysis (Fig. 3b) on the particles (marked as
A) indicates that the second-phase particles are mainly
composed of three elements: Mg, Zn and Gd. SAED of the
particle infers that the particle is similar to the second-phase
particle in Fig. 2(a) and belongs to the (Mg, Zn);Gd phase.
More BF-TEM images (Fig. 3¢ and d) reveal the existence of
broken (Mg, Zn);Gd particles (marked as B, C and D).
Accordingly, it can be concluded that some (Mg, Zn);Gd-based
particles have not dissolved into the alloy matrix during solid
solution treatment and been crushed to smaller pieces during
extrusion process.

3.2 Mechanical Properties and Fracture Surfaces

The engineering stress—strain curves of as-extruded Mg-
1.8Zn-0.5Zr-xGd alloys are plotted in Fig. 4. The UTS, YS, and
EL values are summarized in Table 1. Impressively, alloying
Gd with the Mg-Zn-Zr alloy significantly improves the strength
and ductility. The alloy with 2.0 wt.% Gd has the best
mechanical properties, and its UTS, YS, and EL values are
288.5 £ 3.0 MPa, 257.6 + 2.8 MPa and 33.5 + 1.2%.

Figure 5 shows the fracture surfaces of the extruded Mg-
1.8Zn-0.5Zr-xGd alloys after tensile failure. Without Gd,
fracture surface of the alloy is characterized of quasi-cleavage
fracture together with fine but shallow dimples decorating the
surface (Fig. 5a). With increasing Gd content to 2.0 wt.%, the
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size and number of dimples gradually increase, while the quasi-
cleavage fractures gradually decrease until they disappear,
shifting to more ductile fractures. Second-phase particles with a
size of about 1 um are found in the fracture surface of E¢2.0
alloy, as marked by the yellow ellipses in Fig. 5(¢). When the
Gd content increases to 2.5 wt.% (Fig. 5f), the size of second-
phase particles seen in the fracture surface is about 2.5 um.

3.3 Corrosion Behavior

Figure 6(a) shows the polarization curve of the as-extruded
Mg-1.8Zn-0.5Zr-xGd alloys measured after 1 h of immersion in
SBF solution. Table 2 summaries the self-corrosion potential
(Ecom), self-corrosion current density (/o) and corrosion rate
(P;) obtained by Tafel extrapolation. In general, alloying Gd
with the Mg alloys has a considerable enhancement of the
corrosion resistance, evidenced by the more positive Ecorr,
lower I, and P;. The alloy with 1.5 wt.% Gd owns the lowest
P;. After 120 h of immersion (Fig. 6b), the alloy with 1.5 wt.%
Gd still possesses the lowest P,, estimated by average weight
loss. The Eg1.5 alloy could be a promising medical implanting
alternative with excellent mechanical properties, corrosion
resistance and high biosafety (only 1.5 wt.% RE content).

To study the corrosion resistance of E¢1.5 alloy, EIS spectra
(Nyquist plots, impedance modulus and phase angle of Bode
plots) from the Eg1.5 alloy after different immersion times in
SBF were analyzed, as presented in Fig. 7. Two capacitive
loops in high frequency and medium/low frequency are shown
in the Nyquist plots. Nevertheless, the loops have different
radii. The medium to low-frequency capacitive loop band is
usually related to the charge transfer resistance of corrosion
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Fig. 4 Engineering stress—strain curves of as-extruded Mg-1.8Zn-
0.5Zr-xGd alloys

layer, while the high-frequency capacitive loop is usually
related to the charge transfer resistance of oxide film on the
alloy surface (Ref 30). As is known, the larger the radius of the
capacitive loop, the stronger the corrosion resistance of the
alloy in the solution (Ref 31). The radius of the high-frequency
loop increases with longer immersion times, implying de-
creased corrosion rate of the alloy with increasing immersion
time. Additionally, Fig. 7(d) shows the equivalent circuit model
for fitting of the EIS plots, in which R; stands for electrolyte
resistance between the reference and working electrode, R; and
CPE; are the resistance of Mg”" through the corrosion layer
and double-layer capacitance of the corrosion layer/electrolyte
interface. R, and CPE, are the resistances of MgO barrier film
and the double-layer capacitance of substrate/MgO film,
respectively. Due to non-uniform current and potential distri-
butions, constant phase element (CPE) is employed here to
study a non-ideal capacitor deviated from the ideal capacitive
behavior at the interfaces (Ref 32). The extracted data are
summarized in Table 3. R, has a value about 15~30 Q in the
SBF solution. A rapid increase in R; and R, can be observed in
the first 48 h, corresponding to an increase resistance of the
corrosion product layer over time. The R; and R, increase
slowly from 48 to 96 h, which can be related to the increase
thickness of the corrosion product layer. After 96 h, the R; and
R, tend to be stable with prolonged immersion time. This is
attributed to the near-dynamic equilibrium of dissolution and
generation of corrosion products after renewal of the SBF
solution (Ref 33).

Figure 8 shows the P,, of the El1.5 alloy every 8 h after
immersed in SBF solution for 120 h. The P,, decreases rapidly
with increasing immersion time within 48 h firstly, then
decreases gradually, and finally achieves a plateau after 96 h of
immersion, showing a good agreement with the results in Fig. 7
and Table 3.

The corrosion morphologies of the E 1.5 alloy after
immersion for 16, 32, 48 and 120 h were characterized by
SEM and are shown in Fig. 9. Corresponding macroscopic
images after the removal of corrosion products are also shown
as the inset images. After 16 h of immersion (inset of Fig. 9a),
the alloy surface is relatively uniform and shows no trace of
local corrosion. With increasing immersion time, line-like
corrosion areas began to appear (inset of Fig. 9b) and then
became wider (inset of Fig. 9c). The area with corrosion
products increases until the corrosion products covers the entire
alloy surface after 120 h of immersion (inset of Fig. 9d).
Meanwhile, the thickness of corrosion product layer and the
width of cracks forming in the corrosion layer increase
gradually. The as-observed cracks are mainly caused by the
dehydration in the water-containing corrosion layer during
drying (Ref 34). As shown in Table 4, when the immersion time
is 16 and 32 h, EDS results of the corrosion products (A and B
areas) of the investigated alloys show that the corrosion

Table 1 Mechanical properties of as-extruded Mg-1.8Zn-0.5Zr-xGd alloys

Material E0 E0.5 E,1.0 E,5 E2.0 EQ2.5
UTS, MPa 2084 £ 2.7 2443 + 2.8 262.6 + 3.1 280.8 + 2.9 288.5 + 3.0 276.7 + 2.9
YS, MPa 192.8 £ 2.5 217.7 £26 2332 £28 2524 4+ 2.7 257.6 £2.8 248.6 £ 2.7
EL, % 172 £ 0.9 267+ 12 321+ 1.1 329413 3354+ 12 3154+ 13
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Fig. 6 (a) Polarization curves of as-extruded Mg-1.8Zn-0.5Zr-xGd alloys measured after 1 h of immersion in SBF solution, and (b) P,

calculated by weight loss after 120 h of immersion in SBF solution

Table 2 E,,,, 1., and P; of as-extruded Mg-1.8Zn-0.5Zr-xGd alloys derived from the polarization curves

Material E,0 E\0.5 E(1.0 E,L5 E2.0 E2.5

Eeom, VVS.SCE  — 1.408 £ 0.013  — 1329 +£0.014  — 1.281 £0.011 - 1276 £ 0.013 — 1291 £ 0.014  — 1.312 & 0.013
Lo UA/cm® 3.401 + 0.012 2.614 £ 0.013 2.482 £ 0.011 2.480 £ 0.012 2.485 £ 0.013 2.221 £ 0.013
P;, mm/y 0.154 £ 0.007 0.127 + 0.008 0.088 = 0.007 0.086 =+ 0.007 0.091 & 0.008 0.112 £+ 0.008

products are mainly composed of O, Mg, P, Ca, Gd and Zn
elements. When the immersion time exceeds 32 h, signals of
Gd and Zn in the EDS spectra of corrosion products (C, D and
E areas) disappear, while the main elements in the corrosion

10002—Volume 31(12) December 2022

layer are detected to be O, Mg, P and Ca. At the same time, it
can also be noted that there is only a slight difference of
compositions at the white corrosion product (D) and the dense
black corrosion product (E) in Fig. 9(d).

Journal of Materials Engineering and Performance
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Table 3 Values obtained from the EIS spectra of E(1.5 alloy after different immersion time in SBF solution

R;, kQ-cm?

CPE;, Q 'cm™2s™

R,, Q-cm®

CPE,, Q@ 'cm™2s™

Time, h R Q ng n,

1 252 3.06 20.8 0.896 434 31.9 0.491
16 26.2 3.79 19.4 0.872 335 17.6 0.614
32 17.4 4.10 21.9 0.822 303 21.6 0.636
48 18.6 4.25 21.6 0.845 308 322 0.563
64 28.2 4.61 20.0 0.841 319 26.1 0.632
80 23.1 4.84 253 0.832 372 332 0.524
96 28.8 4.95 22.1 0.834 405 28.5 0.554
112 23.6 5.22 18.7 0.844 418 17.8 0.692
120 23.1 5.63 18.6 0.821 386 16.3 0.732

XPS spectra were acquired for the Mg 1s and Ca 2p regions
after SBF immersion for different times. As shown in
Fig. 10(a), the alloy surface is composed of Mg and MgO
before SBF immersion, as determined by the Mg ls binding
energies at 1303.9 and 1306.3 eV, respectively (Ref 35). After
16 h of immersion, the Mg ls spectra show the presence of
Mg(OH), and MgO. An emerging peak at 1309.4 eV,
corresponding to Mg 1s in the (Ca, Mg);(POy), (Ref 36), can
be seen which can be ascribed to attaching, absorbing or

Journal of Materials Engineering and Performance

reaction of the SBF with the alloy’s metallic surface. Such a
phosphate becomes dominating after 48 h of immersion. After
120 h of immersion, the corrosion product is composed of
Mg(OH),, MgO, (Ca,Mg);(PO,), as well as a small portion of
Mg metal which is mostly due to XPS probation depth and
peeling off of corrosion product (Ref 37).

Figure 10(b) shows the Ca 2p XPS spectra, in which the
calcium compounds are seen to form gradually on the Egl.5
surface. The calcium attachment onto the surface is rather weak

Volume 31(12) December 2022—10003



after 16 h of immersion, as evidenced by a very low Ca 2p
spectra compared with the Mg KLL Auger spectra arisen from
the Mg. However, after longer immersion, the overall Ca
content increases as denoted from the XPS intensities. The
Cao(PO4)6(OH), is formed along with the (Ca,Mg);(PO,),, as
shown in Ca-48h and Ca-120h spectra. Taking the Mg Auger as
the reference, the surface content of Ca;o(PO4)s(OH), increases
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Fig. 8 P, for Esl.5 alloy immersed in SBF solution for 120 h

with the immersion time and against the Mg content. It is worth
mentioning that the Ca;o(PO4)s(OH), is the well-known key
composite of the dental enamel and dentin, whose presence
indicates a good biocompatibility of the alloy.

4, Discussions

4.1 Effect of Gd Alloying on Microstructure Evolution
and Mechanical Properties

The grain size of DRXed magnesium alloys during hot-
extrusion depends on the chemical composition, distribution

Table 4 EDS analyses (as marked in Fig. 9) of E1.5
alloy after different immersion time in SBF solution

Mass fraction, %

Position o Mg P Ca Gd Zn
A 40.02 18.47 16.72 16.52 1.21 1.06
B 42.05 10.84 22.41 241 0.92 0.38
C 25.42 46.91 14.86 12.81 0 0
D 52.26 4.84 17.55 25.35 0 0
E 37.56 6.49 24.09 31.86 0 0

Fig. 9 SEM images of E 1.5 alloy surfaces after immersion in SBF solution for: (a) 16 h; (b) 32 h; (c) 48 h; (d) 120 h. The inset images are

optical images of the surfaces after removing corrosion products
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and size of the second-phase particles with the alloy (Ref 38).
As shown in Fig. 1, the grains are remarkably refined by Gd
alloying. Comparison of the distribution and size of second-
phase particles, particularly the (Mg, Zn);Gd phase shown in
Fig. 2 and 3, indicates that the solubility of Gd in the Mg-
1.8Zn-0.5Zr alloy matrix is about 1.5 wt.% at the applied solid
solution treatment temperature. Gd solutes can effectively
reduce the stacking fault energy of Mg alloys (Ref 39). The
smaller the stacking fault energy is, the higher stored energy
can be during plastic deformation (Ref 40). The high stored
energy by Gd alloying could promote the nucleation rate and
the number of nuclei to accelerate DRX (Ref 41). Therefore, it
can be considered that Gd dissolved into the matrix plays a
major role in the grain refinement process when Gd content is
less than 1.5 wt.%. With a Gd content higher than 1.5wt.%, fine
second phase particles precipitated out and large particles break
during extrusion (Fig. 3). These particles have a pinning effect
to the migration of grain boundaries, thus to hinder the grain
growth during DRX (Ref 42). Grain refinement has been
achieved by combined action of second-phase particles and Gd
dissolved into the matrix. Consequently, a significant improve-
ment of mechanical property is obtained, which can be
explained by the Hall-Petch equation (Ref 43). The increasing
amount of Gd solutes also contributes to improved strengths
YS for E0.5-1.5 alloys (Fig. 4 and Table 1), namely solid
solution strengthening (Ref 44). Meanwhile, Gd dissolved in
the alloy matrix can activate more non-basal slip systems
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during extrusion (Ref 45). These non-basal slip systems
promote the formation of mobile dislocations, thus reducing
work hardening in Mg alloys (Ref 46). Additionally, the refined
grains also lead to limited stress concentration and twinning
formation (Ref 47), thereby improving the plasticity of Gd
containing alloy. Moreover, the weaker basal texture compo-
nents in the extruded alloys make the grains easier to undergo
coordinated deformation, which also has a positive effect on the
plasticity of Gd alloyed Mg alloys (Ref 48).

Nanoscale precipitates that have a coherent interfacial
relationship with the alloy matrix hinder the movement of
dislocations during the tensile process to improve the mechan-
ical properties (Ref 49-52). Additionally, the finely broken
second phase particle can contribute to the pinning of
dislocation movement to a certain extent to improve the alloy
strength. These are evidenced by the transition to more ductile
fracture (Fig. 5) and increasing UTS, YS and EL with
increasing Gd content until 2.0 wt.%.

When the Gd content equals 2.5 wt.%, non-dissolved and
retained (Mg, Zn);Gd break into micron-sized rod-like particles
(~2 pm) in the alloy. These particles usually have a non-
coherent interface with the alloy matrix, meaning a weak
atomic bonding force with the alloy matrix (Ref 53). During the
tensile process, the particles usually become the source of crack
initiation and propagation channels (Ref 54), which accelerates
the fracture and reduces the mechanical properties of the 2.5
wt.% Gd containing alloy.
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Fig. 11 The corrosion process of Eg1.5 alloy in SBF solution: (a) first stage; (b) second stage; (c) third stage

To sum up, the grain size of Es0.5~E;2.5 alloys is finer than
that of E,0, which is ascribed to the existence of Gd solutes and
second phase particles. Therefore, the YS of E0.5~Eg2.5
alloys can be improved, within 19 MPa considering solely the
contribution from grain refinement. Gd mainly exists in the Mg
matrix as solutes in EJ0.5-1.5 alloys. Consequently, the
increased YS is dominated by the solid solution strengthening
mechanism. Continuously increase of YS in E¢2.0 is a result of
the combination of Gd solutes and Gd-related second phase
particles. Nonetheless, the presence of coarse incoherent second
phase particles in the E2.5 alloy leads to the microstructure that
is prone to microcracking. Hence, a decrease in YS of E2.5 is
observed.

4.2 Influence of Gd Alloying on Corrosion Behavior

It has been reported that the Gd solutes in Mg alloys can
promote the formation of a dense oxide protective film on the
surface, which can reduce the cathodic current density and
improve the corrosion resistance of the alloy (Ref 55, 56). We
found that as the Gd content increases (< 1.5 wt.%), the E.,,.
of the alloy gradually moves positively, meaning the corrosion
resistance of the alloy is enhanced. Meanwhile, grain refine-
ment has also been reported to improve corrosion resistance of
the alloy (Ref 57). With increasing Gd, the grain size decreases,
and the corrosion resistance increases. The enhanced corrosion
resistance can be due to that the finer the grains, the more
conducive to the formation of a dense and continuous oxide
protective film on the alloy surface. Meanwhile, the refined
grain structure can also reduce the discontinuity between the
oxide protective film and the alloy (Ref 58). Hence, the oxide
protective film can effectively prevent the corrosive medium
from penetrating into the alloy matrix.

When the Gd content is greater than 1.5 wt.%, the grain size
decreases slowly, and the number and size of the second-phase
particles in the alloy increase with increasing Gd. These
second-phase particles usually act as the cathode and cause
galvanic corrosion to the surrounding o-Mg matrix. Increasing
size of second-phase particles increases the power of galvanic
corrosion with the surrounding o-Mg matrix, accelerates the
dissolution of the matrix, and therefore reduces the corrosion
resistance of the alloy. Meanwhile, the second-phase particles
can be peeled off from the matrix, resulting in large active areas
to corrode (Ref 59). This leads to an increase in the corrosion
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rate. Therefore, a gradual decrease in the corrosion resistance of
the alloy when the Gd content is in the range of 1.5-2.5 wt.%.

4.3 Corrosion Mechanism

It is noteworthy that the corrosion of Mg is a complex
process and different mechanisms have been proposed (Ref 60,
61). In the E¢1.5 alloy, fine DRX grains containing subgrains
are clustered and distributed along the ED (Fig. 1 d). In Mg
alloys, these areas that contain high-density dislocations are
usually acted as anodes during corrosion and preferentially
corrode (Ref 62). Therefore, as the immersion time increases,
the number and width of the strip-shaped corrosion zone on the
alloy surface gradually increase. The immersion, electrochem-
ical and surface analysis demonstrate that the corrosion
resistance of the E1.5 alloy is the best among the other alloys,
which is due to the grain refinement and the formation of fine
second-phase particles. The corrosion mechanism of the E¢1.5
alloy in the SBF solution is schematically summarized in
Fig. 11. The corrosion process undergoes three distinct stages
as follows.

Stage 1 Hydroxidation (0-48 h), Fig. 11(a): chemical
reactions between the Mg matrix and water dominates. The
corrosion of E¢1.5 alloy in SBF occurs through the following
partial reactions:

2H,0 + 2e~ — H, + 20H™ (cathodic reaction) (Eq 3)

2Mg — 2Mg" + 2e~ (anodic reaction) (Eq 4)

2Mg + 4H,0 — 2Mg" + 40H~ + 2H;(overall reaction)
(Eq 5)

Mg + 20H" — Mg(OH), (product formation) (Eq 6)

The corrosion product layer of Mg(OH), was gradually
thickened with immersion time, and the alloy surface exposed
to SBF gradually decreased. As a result, R,; and R, in EIS
rapidly increased, and corrosion rate declined rapldly The
corrosion layer became thicker with time and inhibited the
penetration of SBF solution into the matrix. Therefore, the
reaction that involves the fresh-produced and native MgO
layers is also possible:
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Mg + H,0 — MgO + H, (Eq 7)

MgO + H,0 — Mg(OH), (Eq 8)

Side reactions at this stage may also happen through, e.g.,
xMg? +(3-x)Ca®"+2P0,4’ to form a certain amount of (Mg,
Ca);(PO,),. However, the Ca attachment to the matrix is rather
low as shown in Fig. 10(b), leading to relative smaller reaction
rates compared to hydroxidation.

Stage 2 Phosphatization and hydroxidation (48-96 h),
Fig. 11(b). The thickness of Mg(OH), corrosion layer and the
concentration of Mg”" in SBF solution increase gradually. A
compact mixture of Mg(OH),, (Ca, Mg);(PO,4), and Ca;o(-
PO)4(OH), corrosion products has formed, as verified by the
EDS (Fig. 9) and XPS (Fig. 10). With increasing immersion
time, the continuous thickening of the corrosion layer led to the
increase in R,; and R,,. Therefore, the corrosion rate of the
alloy decreased, which was beneficial to the overflow of the
generated H, through the corrosion layer (Ref 63, 64). The
reactions are as follows:

xMg*" + (3 — x)Ca’" + 2P0~ — (Mg, Ca),(POy),
(Eq 9)

10Ca*" + 6PO;™ +20H~ — Ca(POy4),(OH), (Eq 10)

Stage 3 Equilibrium (96-120 h), Fig. 11(c). During the
renewal cycles of the SBF solution, the formation and
dissolution of corrosion products reached a dynamic equilib-
rium, resulting in small changes in R,; and R,,. The alloy
surface is covered by the MgO, Mg(OH),, (Ca, Mg)3(PO4),
compounds as well as a bio-preferable Ca;y(PO)4(OH),.

5. Conclusions

In conclusion, we systematically studied the effects of Gd
alloying on the microstructure, mechanical properties, and
corrosion resistance of as-extruded Mg-1.8Zn-0.5Zr alloys with
prior solid solution treatment. The main conclusions are as
follows:

1. The grains of the extruded Mg-1.8Zn-0.5Zr-xGd alloy
are significantly refined by the Gd alloying. When Gd
content is 1.5 wt.%, nanoscale (Mg, Zn);Gd and
Mg,Zn,, phases are precipitated in the alloy, and the vol-
ume fraction and size of the second phase gradually in-
crease with the increase in Gd content. When Gd content
is 2.5 wt.%, a large number of micron-level (Mg, Zn);Gd
phase appear in the alloy.

2. Under the combined action of fine grain strengthening,
solution strengthening and second-phase strengthening,
the mechanical properties of the alloy gradually increase
with Gd content below 2.0 wt.%. When Gd content is
higher than 2.0 wt.%, a large number of micron-level
second phase appear, resulting in decreased mechanical
properties of the alloy. The alloy with 2.0 wt.% Gd has
the best mechanical properties: UTS of 288.5 MPa, YS
of 257.6 MPa and EL of 33.5%.

3. The refined grains of the alloys by Gd alloying result in
increasing corrosion resistance as the Gd content in-
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creases to 1.5 wt.%. For Gd content greater than 1.5
wt.%, the increase in the size and number of the second-
phase particles causes the corrosion resistance of the al-
loy to decrease. The El1.5 alloy, i.e., the alloy with 1.5
wt.% Gd, has the best corrosion resistance.

4. The corrosion process can be divided into three stages:
Stage 1, the rapid increase in Mg(OH), on the surface
leads to a rapid decrease in the corrosion rate; Stage 2,
the dense Mg(OH)z, (Ca, Mg)3(PO4)2, Calo(PO)4(OH)2
corrosion layer leads to a slow decrease in the corrosion
rate; Stage 3, the formation and dissolution of corrosion
products reach a dynamic equilibrium and the corrosion
rate becomes stable.
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