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Abstract: In recent years, Mg alloys have attracted increased attention for biomedical application
owing to their good biodegradability, biocompatibility, and biomechanical properties. However, rapid
corrosion is still one of the most common limitations for their implanted application. In this work,
the microstructure and corrosion behavior of the solution- and aging-treated Mg-xGd-1Zn-0.4Zr
(x = 3, 6, and 9 wt%, denoted as GZ31K, GZ61K, and GZ91K, respectively) alloys were studied using
optical microscope (OM), scanning electron microscope (SEM), immersion tests, electrochemical tests,
and quasi in situ corrosion method. The results show that block Gd-rich precipitates and needle-
like Zr-Zn-rich precipitates are formed as well as α-Mg matrix. With the increase in Gd content,
the precipitates increase and the grain size first reduces and then increases. Corrosion experiment
results show that the GZ61K alloy has the best corrosion resistance and the GZ91K alloy shows the
highest corrosion rate among the three alloys in simulated body fluid (SBF). It is found that α-Mg is
preferentially corroded and the precipitates have better corrosion resistance as compared to the α-Mg
matrix. The GZ61K alloy with the corrosion rate of 0.23 mm/y in SBF shows a promising prospect for
biomedical application.

Keywords: magnesium alloy; biomaterials; microstructure; corrosion behavior

1. Introduction

Biomedical Mg alloys exhibit good biodegradability, biocompatibility, and biome-
chanical properties [1,2]. Compared with traditional metal materials, the biodegradable
Mg alloys can effectively relieve the “stress shielding” effect and avoid the economic,
physiological, and psychological burden brought by secondary surgical removal and thus
show wide application prospects in cardiovascular stents, bone fixation scaffolds, and
porous repair [3–5]. However, the corrosion rate of biomedical Mg alloys in physiological
environment is high, which easily leads to the premature loss of mechanical integrity and
support, thus restricting their application [6]. Therefore, improving corrosion resistance of
Mg alloys is of great significance for its clinical application.

Alloying and heat treatment are important means to improve the corrosion properties
of Mg alloys [7–19]. Rare earth (RE) Gd element can significantly improve the corrosion
properties of Mg alloys [7–10,18,19]. The main reason is that when the Gd element is added
into Mg-RE-Zn alloy, the microstructure is refined, and the long period stacking ordered
(LPSO) or stacking fault (SF) structure is formed. The formation of LPSO or SF structure
can not only limit grain growth, but also acts as a barrier between the α-Mg matrix and
eutectic phase when it is distributed at the outer edge of matrix grains, thus reducing
galvanic corrosion, protecting the matrix from corrosion, and improving the corrosion
resistance of Mg-Gd-Zn series alloys [6,18,19]. Moreover, appropriate addition of Zn and Zr
elements can refine the grain size as well as improve corrosion resistance of Mg alloys [11].
Nevertheless, it has also been reported that adding Gd into Mg alloys accelerates corrosion
due to the noble MgxGd phase discontinuously distributed at the grain boundaries, which
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forms galvanic couples with the LPSO or matrix and acts as cathodic sites [20–22]. In
addition, a solution treatment (T4 treatment) can homogenize the microstructure, and
make the second phase partially or completely dissolve into the matrix, which reduces
galvanic corrosion and improves corrosion resistance [23–26]. However, it has also been
reported that the T4 treatment accelerates the corrosion of Mg alloy mainly due to the
galvanic corrosion between the matrix and discontinuously distributed precipitates [18,27].
The aging treatment followed by the solution treatment (T6 treatment) may increase the
microgalvanic couples formed between the precipitated phase and the matrix and then
decrease the corrosion resistance of the solid solution [17]. On the other hand, studies have
shown that the appropriate T6 treatment changes the distribution of second phase and
then forms a dense protective film during corrosion. Furthermore, the aging treatment may
release inner stress, and thus enhances the corrosion resistance [15,28]. Therefore, the effect
of heat treatment on the corrosion properties of different Mg alloys is different.

In the present work, the Mg-xGd-1Zn-0.4Zr alloy was used as the research object, and
the T6 treatment was carried out to study the effect of Gd content on the corrosion behavior
of the alloy for biomedical application.

2. Experimental Procedure

The as-cast Mg-xGd-1Zn-0.4Zr (x = 3, 6, and 9 wt%, denoted as GZ31K, GZ61K,
and GZ91K, respectively) alloys prepared by the gravity casting method [29] were first
solution-treated at 535 ◦C × 12 h and then aged at 200 ◦C × 12 h. After aging, the samples
were cooled in air. The chemical compositions of the prepared alloys were analyzed by
inductively coupled plasma optical emission spectrometry (ICP-OES, iCAP 6300, Thermo-
Fisher Scientific, Waltham, MA, USA). The nominal and analyzed compositions of the major
alloying elements are listed in Table 1. Samples with diameter of 12 mm and thickness
of 3 mm were cut for microstructure observation and corrosion tests. The surfaces of the
samples were successively polished with 600, 1200, and 2000 grid sandpaper, and then
polished with diamond paste. After etching by 4 wt% HNO3 alcohol solution and drying
by warm air, the microstructures of the specimens were observed using optical microscope
(OM, OLYMPUS GX51, Olympus, Tokyo, Japan) and scanning electron microscope (SEM,
JSM-6360LV, JEOL, Tokyo, Japan) equipped with an energy dispersive X-ray spectroscope
(EDS, Oxford Atec X-max 50, Oxford Company, Oxford, UK). The average grain size of the
alloys was calculated by Image-Pro Plus software (Image-Pro Plus 6.0, Kebai Biotechnology,
Nanjing, China).

Table 1. Nominal and analyzed compositions of the alloys (wt%).

Nominal Compositions Analyzed Compositions

Gd Zn Zr Mg
Mg-3Gd-1Zn-0.4Zr (GZ31K) 2.77 1.00 0.46 Bal.
Mg-6Gd-1Zn-0.4Zr (GZ61K) 5.57 0.87 0.39 Bal.
Mg-9Gd-1Zn-0.4Zr (GZ91K) 8.62 0.77 0.32 Bal.

The corrosion electrochemical behavior of the alloys in simulated body fluid (SBF, the
composition was listed in Table 2) [18] was measured on a standard three-electrode system
electrochemical workstation. The alloy was used as working electrode, platinum electrode
as auxiliary electrode, and saturated calomel electrode as reference electrode. The electro-
chemical impedance spectrum (EIS) tests were conducted by an electrochemical workstation
(PARSTAT2273, Ametek Company, Berwyn, PA, USA). At the beginning of the electrochem-
ical testing, an open circuit potential was measured for 15 min to stabilize the potential. The
scanning speed of the polarization curve is 1 mV/s. The amplitude of sine wave excitation
signal used in EIS test is 10 mV, and the frequency range is 100 kHz~100 mHz.



Metals 2022, 12, 1763 3 of 15

Table 2. Composition of the simulated body fluid.

Component NaCl CaCl2 KCl NaHCO3 MgCl2·6H2O Glucose Na2HPO4·2H2O KH2PO4 MgSO4·7H2O

Concentration/g·L−1 8.00 0.14 0.40 0.35 0.10 1.00 0.06 0.06 0.06

The corrosion rates of the alloys were evaluated by mass loss and hydrogen evolution
tests. The diameter, thickness, and mass of the samples were measured before immersion.
A small hole was made on the edge of the sample wafer, and then it was suspended in the
funnel. A collecting pipe filled with SBF was placed above the funnel to collect hydrogen.
Moreover, 60 mL of SBF per 1 cm2 of sample surface area was used for the immersion
experiment under water bath at 37 ◦C [30]. During the immersion process, the volume
of hydrogen evolution was recorded every 1 h in the first 6 h, every 2 h in the next 6 h,
and then every 12 h. SBF was renewed every 24 h for a total immersion time of 120 h to
reduce the influence of pH value on corrosion of the samples. After immersion, the samples
were cleaned for 5 min with a boiled solution (200 g/L CrO3 + 10 g/L AgNO3) to remove
corrosion products on the surface, and were then weighed.

To further reveal the corrosion behavior of the alloys, quasi in situ corrosion was
carried out using SEM to characterize the corrosion process. After the sample was immersed
in SBF solution for 0, 3, 30, and 120 min, the EDS maps of Mg, Gd, Zn, Zr, and O were
collected to observe the distribution of elements, and the corrosion morphology of the alloy
was observed.

3. Results and Discussion
3.1. Microstructure

The OM micrographs of the T6-treated Mg-xGd-1Zn-0.4Zr alloys with different Gd
contents are shown in Figure 1. The microstructures of the three alloys are composed of
α-Mg matrix grains and tiny precipitates, which are distributed at grain boundaries and
interiors. The matrix grains of GZ61K are the smallest and evenly distributed, while those
of GZ91K are coarse and clearly unevenly distributed. The grain size distribution of the
three alloys is shown in Figure 2, which shows that the grain size distribution of GZ61K is
the most uniform. The average grain size of the three alloys is about 48.3, 41.9, and 76.7 µm,
respectively, indicating that the grain size of the alloy increases first and then decreases
with the increasing Gd addition.

Figure 3 shows SEM micrographs of the alloys with different Gd contents. Compared
with the OM micrographs, the needle-like and block precipitated phases in Figure 3 are
more clear. The SEM image with higher magnification of the GZ61K alloy is inserted
in the top right corner of Figure 3b. According to EDS analysis results, the needle-like
precipitated phase marked as A in Figure 3b is rich in Zr and Zn elements (Mg: 82.31 wt%,
Gd: 5.62 wt%, Zn: 3.87 wt%, Zr: 8.20 wt%), which has also been reported in our previous
studies [18,29,31]. Furthermore, it is found that the block precipitated phase marked as
B is a Gd-rich compound (Mg: 43.92 wt%, Gd: 55.89 wt%, Zn: 0.12 wt%, Zr: 0.07 wt%),
which can be determined as Mg5Gd according to the atomic ratio of Mg and Gd since trace
Zn and Zr captured from the neighboring area can be neglected. It was reported that the
Mg5Gd phase could precipitate in the grains and grain boundaries of Mg-Gd alloys [32]. In
addition, it can be seen that the block Mg5Gd increases with the increase in Gd addition
according to Figure 3. Additionally, neither the needle-like Zr-Zn-rich precipitated phase
nor block Mg5Gd phase could be detected by X-ray diffraction due to the limited content.

Needle-like and block precipitates are also formed in other heat-treated Mg alloys [14]
and Chang et al., 2007. According to our previous report [18], with the increase in heat
treatment temperature, the amount of the β phase with higher Gd and Zn decreases since
increased Gd and Zn atoms dissolve into the α-Mg matrix. In addition, during the solution
treatment, the Zr element consumes some Zn, then hinders the formation of LPSO structure
with α-Mg matrix. Therefore, more Zr precipitates from α-Mg matrix with the increase in
the heat temperature lead to more volume fraction of the precipitates [33]. As can be seen
in Figure 3b, the Zr-Zn-rich precipitates present a needle shape, which can also be found in
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the heat-treated Mg-Nd-Zn-Zr alloy [34]. Since the concentration of solute atoms in SFs
or LPSO is higher than the matrix, the structure of SFs or LPSO disappears after Gd and
Zn atoms diffuse from SFs or LPSO to the matrix. The reason for more massive Mg5Gd
precipitates formation is that Gd is more solubilized into the matrix in the process of solid
solution treatment, while the solid solubility of Zn and Zr is not as high as Gd. As a result,
supersaturated Gd blocks are separated to form Mg5Gd, and more phase transitions are
precipitated with the increase in Gd content [20,35].
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When the Gd content is relatively low, the grain size decreases with the increase in Gd
content. The main reason is that the addition of Gd content increases the subcooling at the
solid-liquid interface during solidification, which leads to an increase in the nucleation rate
and promotes grain refinement [36]. However, when the Gd content continues to increase
to a certain amount, the main reason for the grain coarsening is that the increased amount of
Gd element reduces the LPSO phase and decreases the formation of grain boundaries, thus
increasing the grain size [37]. During the solid solution treatment, the LPSO phase is almost
completely dissolved into the matrix, and needle-like precipitation phases rich in Zr and Zn
elements are formed in grain interiors and boundaries. As the Gd content increases, more
needle-like phases are precipitated, which are enriched at the grain boundaries and delay
the growth of α-Mg grains. Nevertheless, when the Gd content exceeds a certain value,
more Gd-rich blocks are precipitated by supersaturation, which are distributed in grain
interiors and boundaries, while the number of needle-like precipitated phases becomes less
and some of them are discontinuously distributed at the grain boundaries, which reduces
the hindering effect on the grain growth and leads to the grain growth. Therefore, in this
study, the grain size of GZ61K alloy is the smallest.

3.2. Corrosion Behavior

The representative polarization curves of the specimens are plotted in Figure 4 and
the electrochemical parameters fitted by Tafel extrapolation are listed in Table 3. All the
samples have similar cathodic polarization curves. The corrosion potential reflects the
corrosion tendency of the alloy from the perspective of thermodynamics. The more positive
the corrosion potential, the less the corrosion tendency of the alloy [38]. Therefore, from
the perspective of thermodynamics, the GZ61K alloy has the best corrosion performance,
followed by the GZ91K and GZ31K alloys. However, there is no direct relationship between
the corrosion potential and rate. The corrosion current density determines the corrosion
rate of the alloy from the perspective of dynamics. The lower the corrosion current density,
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the better the corrosion resistance of the alloy [39]. The order of corrosion rate from high to
low is GZ91K > GZ31K > GZ61K, indicating that the GZ61K alloy has the best corrosion
resistance and the GZ91K alloy shows the worst corrosion resistance in this work.
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Table 3. Electrochemical parameters of the samples fitted from Figure 4.

Alloys Icorr/(A·cm−2) Ecorr/V(SCE)

GZ31K 2.04 × 10−5 −1.56
GZ61K 1.30 × 10−5 −1.45
GZ91K 2.30 × 10−5 −1.51

Figure 5 displays EIS plots of the specimens in SBF. EIS Nyquist plots are composed
of two capacitive loops, indicating that Mg alloys exhibit a similar corrosion behavior
but different corrosion resistance. EIS plots are fitted with an equivalent circuit model
Rs(Qdl(Rct(QfRf))), and the fitting electrochemical parameters are listed in Table 4. In the
equivalent circuit model, Rs is the solution resistance, Qdl is the double-layer constant phase
angle element, Rct is the charge transfer resistance, Qf is the constant phase angle element of
oxidation film, and Rf is the film resistance. In addition, Rct paralleled with Qdl corresponds
to the solution-substrate interface reaction, and Rf paralleled with Qf corresponds to the
surface oxidation film. Moreover, the polarization resistance (Rp) is calculated based on
Equation (1), and the higher Rp represents better corrosion resistance.

Rp = Rct + R f (1)

As a result, it can be concluded that the GZ61K alloy has the best corrosion resistance
and the GZ91K alloy presents the worst corrosion resistance, which is consistent with the
results obtained by polarization curves.
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Table 4. Fitting results of electrochemical parameters obtained from EIS.

Alloys Rs/Ω·cm2
Qdl

Rct/Ω·cm2
Qf

Rf/Ω·cm2 Rp/Ω·cm2

Ydl/Ω−1·cm−2·sn n Yf/Ω−1·cm−2·sn nf

GZ31K 102.90 1.87 × 10−5 0.87 1408 5.26 × 10−4 0.90 541.10 1949.10

GZ61K 103.60 2.23 × 10−5 0.90 1430 6.81 × 10−4 0.77 790.90 2220.90

GZ91K 78.69 7.25 × 10−6 0.91 940.9 1.98 × 10−3 0.83 86.12 1027.02
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Figure 6 shows the hydrogen evolution of the T6-treated alloys immersed in SBF
for 120 h. The hydrogen evolution trend of the alloys with different Gd contents is the
same, but the amount of hydrogen evolution is different. The GZ91K alloy has the most
hydrogen evolution, followed by the GZ31K and GZ61K alloys. At the initial stage of
soaking (the first 8 h), the hydrogen evolution amount of the specimens is lower than
0.3 mL/cm2. The amount of hydrogen evolution increases with the increase in soaking
time. After soaking for 120 h, the hydrogen evolution of the GZ31K, GZ61K, and GZ91K
alloys reaches 1.04, 0.60, and 1.46 mL/cm2, respectively.

The corrosion rates of the alloys by mass loss, hydrogen evolution, and polarization
tests were calculated and listed in Table 5. It can be seen that the corrosion rates of the three
alloys using different methods show the same trend but the values show a little difference.
It is clear that the corrosion rate of GZ91K alloy calculated by the mass loss method is
higher than the rate calculated by the hydrogen evolution method. This could be explained
by the fact that the Gd content in the alloy is high, forming a massive Gd-rich phase. Herein,
the precipitated phase falls off when the sample is pickling, resulting in the increase in
weight loss. The reason why the corrosion rate of the mass loss method of GZ31K and
GZ61K alloys is lower than the hydrogen evolution method is that the oxide produced
on the surface of the sample is not clean or the sample is slightly oxidized in the process
of weighing after pickling, and there is a small amount of oxide on the surface. Among
them, the electrochemical corrosion rate of GZ91K alloy is quite different from the data
obtained in the immersion experiment. The main reason is that the corrosion rate measured
in the immersion experiment is the average rate of the alloy after soaking in SBF for 120 h,
while the electrochemical test is the instantaneous corrosion rate of the alloy. Namely, the
corrosion rate order of alloys with different Gd contents was GZ91K > GZ31K > GZ61K.
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Table 5. Corrosion rates (mm/year) of the T6-treated alloys calculated by different methods.

Alloy Mass Loss Hydrogen Evolution Polarization

GZ31K 0.41 0.45 0.46
GZ61K 0.23 0.25 0.29
GZ91K 0.89 0.61 0.53

The cross-section morphologies of the T6-treated alloys after immersion in SBF for
120 h are shown in Figure 7. It clearly shows that the GZ61K alloy has the thinnest corrosion
layer while the GZ91K alloy has the thickest corrosion layer. The GZ31K and GZ61K alloys
present a more uniform corrosion mode than the GZ91K alloy. Moreover, it is worth noting
that the block Mg5Gd precipitated phase remains in the corroded layer in Figure 7b,c,
indicating that the Mg5Gd is more corrosion resistant than the α-Mg matrix.

Typical regions, which include the α-Mg matrix, needle-like Zr-Zn-rich precipitated
phase, and block Mg5Gd precipitated phase, were selected to analyze the corrosion process
of the T6-treated alloys in SBF by the quasi in situ SEM method. The GZ61K alloy with
the best corrosion resistance and the GZ91K alloy with the worst corrosion resistance were
conducted, and the results are shown in Figures 8 and 9, respectively. It can be clearly
observed that the needle-like precipitates are rich in Zr and Zn elements, and the block
precipitate is rich in Gd element.

As shown in Figure 8, after soaking for 3 min, the surface of GZ61K alloy does not
change clearly, but the content of O element increases significantly and the distribution is
uniform, indicating that the surface is oxidized. After soaking for 30 min, it can be observed
that the content of O element in the area without needle-like Zr-Zn-rich precipitates is
higher, and the corrosion is still not clear. After soaking for 120 min, the content of O element
in the region without needle-like Zr-Zn-rich precipitates significantly increases, while the
contour of needle-like Zr-Zn-rich precipitates and block Mg5Gd precipitates is clearly
visible, indicating that the corrosion resistance of the precipitates is better than the matrix.

As for the GZ91K alloy in Figure 9, after soaking for 3 min, the degree of oxidation
in the local area is more clear and uneven around the block and needle-like Zr-Zn-rich
precipitates than the GZ61K alloy, which is caused by the galvanic corrosion between
the large block Mg5Gd phase and matrix, as well as between the needle-like Zr-Zn-rich
precipitated phase and matrix in GZ91K alloy. After soaking for 30 min, apparent corrosion
can be observed in the vicinity of the precipitates. With the increase in soaking time, more
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O and less Mg are detected due to corrosion, but Zn, Zr, and Gd elements are clearly seen
on the surface since they are more anti-corrosive than the α-Mg matrix.
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immersion durations.

Previous studies have shown that the corrosion products on the surface of Mg-Gd-Zn-
Zr magnesium alloy are mainly composed of two parts: The dense film on the substrate
surface and the bright particles on the film. First, the dense protective film formed on
the substrate surface can prevent the substrate from immersion in the corrosion solution
to a certain extent. In addition, the film on the substrate surface is separated by a large
number of cracks, among which the cracks are mainly caused by drying after the immersion
experiment. EDS results showed that the bright particles and dense membrane mainly
contained Mg, O, P, and Ca elements, and the bright particles contained slightly more O,
P, and Ca elements, but less Mg [40]. In addition, it has been reported that the corrosion
products were mainly MgO, Mg (OH)2, hydroxyapatite (HA), and calcium-magnesium
phosphates in SBF [41–43].

The results obtained by mass loss, hydrogen evolution, and electrochemical tests in
this paper show the same trend with the corrosion resistance of GZ61K > GZ31K > GZ91K.
Moreover, the corrosion rate of the T6-treated GZ31K alloy is 0.41 mm/y. Both GZ31K and
GZ61K alloys can meet the corrosion resistance requirement (less than 0.5 mm/y) proposed
by Erinc et al. [44] for Mg alloys as degradable orthopedic implanted materials. The T6-
treated GZ61K alloy exhibits the lowest corrosion rate (0.23 mm/y) by the mass loss test,
which is significantly lower than most of the biomedical Mg alloys, as listed in Table 6.

Table 6. The corrosion rates of biomedical Mg alloys.

Alloys Condition Corrosion Rate
(mm/Year)

Corrosion
Medium

Immersion
Time Ref.

Mg-3Gd-1Zn-0.4Zr

T6

0.41

SBF 120 h Present workMg-6Gd-1Zn-0.4Zr 0.23

Mg-9Gd-1Zn-0.4Zr 0.90

Mg-2Zn-0.4Mn-0.1Sr-0Gd

As-extruded

0.50

Hank’s solution 240 h [10]
Mg-2Zn-0.4Mn-0.1Sr-0.5Gd 0.41

Mg-2Zn-0.4Mn-0.1Sr-1Gd 0.48

Mg-2Zn-0.4Mn-0.1Sr-2Gd 0.87
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Table 6. Cont.

Alloys Condition Corrosion Rate
(mm/Year)

Corrosion
Medium

Immersion
Time Ref.

Mg-5.8Zn-0.5 Zr
T4 2.51

SBF 240 h [17]

T6 25.29

Mg-5.8Zn-0.5 Zr-1Yb
T4 1.31

T6 5.83

Mg-5.8Zn-0.5 Zr-2Yb
T4 1.49

T6 2.27

Mg-6Zn-8.16Y-2.02Mn-0Mo

As-cast

4.83

Hank’s solution 120 h [45]

Mg-6Zn-8.16Y-2.02Mn-0.1Mo 1.60

Mg-6Zn-8.16Y-2.02Mn-0.3Mo 1.34

Mg-6Zn-8.16Y-2.02Mn-0.5Mo 1.90

Mg-6Zn-8.16Y-2.02Mn-0.7Mo 2.20

Mg94Zn2Y4 2.06

Hank’s solution 130 h [46]Mg89Zn2Y4Li5 0.98

Mg81Zn2Y4Li13 5.02

Mg-1.8Zn-1.74Gd-0.5Y-0.4Zr

As-cast 0.72

SBF 120 h [16]
T4-470 ◦C 0.67

T4-490 ◦C 0.47

T4-510 ◦C 0.52

Mg-2.0Zn-0.5Zr

As-cast

1.23

SBF 120 h [36]

Mg-2.0Zn-0.5Zr-1Gd 1.19

Mg-2.0Zn-0.5Zr-2Gd 0.93

Mg-2.0Zn-0.5Zr-3Gd 0.85

Mg-2.0Zn-0.5Zr-4Gd 1.14

Mg-2.0Zn-0.5Zr-5Gd 1.16

Mg-3Zn-0.6Y-0.3Ca

As-cast

1.07

SBF 168 h [47]
Mg-3Zn-0.6Y-0.3Ca-0.25Zr 0.66

Mg-3Zn-0.6Y-0.3Ca-0.5Zr 0.46

Mg-3Zn-0.6Y-0.3Ca-1.0Zr 0.85

Mg-5.8 Zn-2.0 Yb-0.5 Zr T6-8 h 23.50

SBF 240 h [48]T6-16 h 2.30

T6-24 h 58.60

Mg-2Zn-0.2Mn

As-cast

13.48

SBF 240 h [49]
Mg-2Zn-0.2Mn-0.38Ca 20.39

Mg-2Zn-0.2Mn-0.76Ca 23.48

Mg-2Zn-0.2Mn-1.10Ca 27.80

The corrosion performance of Mg alloys is mainly affected by composition, grain size,
precipitated phases, and other factors [50]. The corrosion potential of Gd is close to Mg,
and the corrosion resistance of the matrix will be improved with dissolution of Gd, Zn,
and Zr. The corrosion potential difference between MgxGd and the matrix is small [51],
and the potential difference between the precipitated phase of Zr4Zn and α-Mg matrix is
180 mV, thus the galvanic corrosion potential difference between the Zr-Zn-rich compound
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and matrix is smaller than the different phases in other alloys [52–55]. Generally, as the
potential difference between the second phase and the matrix increases, more serious
galvanic corrosion will be formed [56]. However, there are also cases of a small potential
difference and serious galvanic corrosion, which may be due to the fact that the addition of
alloying elements fails to form a uniform and dense protective film, thus accelerating the
corrosion of the alloy [48]. Consequently, the corrosion rate of GZK series alloys studied in
this paper is slower than most Mg alloys.

The decrease in grain size will reduce the trend of electrochemical corrosion [57]. The
precipitation has dual effects on the corrosion resistance of Mg alloy [57–59]: The fine and
uniform distribution of precipitates is beneficial to the formation of protective film, corrosive
solutions are difficult to penetrate and corrode, and thus improve the corrosion resistance
of the alloy. The coarse or uneven distribution of precipitated phase will accelerate the
galvanic corrosion and reduce the corrosion performance. When the Gd content is 6%, the
corrosion rate of the alloy is the lowest in the present work. It can be seen in Figures 1 and 3
that the Zr-Zn-rich precipitates are more evenly distributed on the grain boundaries and
interiors. As a result, a relatively uniform and dense oxide film can be formed in the
corrosion process and hinder the corrosion of the alloy, which is confirmed by the quasi in
situ corrosion observation in Figure 9. Moreover, as revealed in Figure 2, the matrix grains
of the GZ61K alloy are finer and more uniform as compared to those of the other two alloys,
which are also beneficial to improving corrosion resistance. As for the GZ91K alloy, the
large and uneven grain size is detrimental to corrosion resistance, and more block Mg5Gd
precipitates accelerate galvanic corrosion and cause clear local corrosion.

According to the cross-section and quasi in situ corrosion morphologies shown in
Figures 7–9, the corrosion processes of the T6-treated GZ61K and GZ91K alloys are shown
in Figure 10. For both alloys, the α-Mg matrix dissolves first due to its lower corrosion
potential. When the corrosion extends to the needle-like and/or block precipitates, the
precipitates act as cathodes, the matrix near the precipitates is corroded preferentially by
microgalvanic corrosion, and the block precipitates are retained in the corrosion product
layer. Compared with GZ61K, GZ91K suffers faster and results in more localized corrosion
mainly due to more and larger Mg5Gd precipitates as well as coarser grains.
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4. Conclusions

(1) The microstructure of T6-treated Mg-xGd-1Zn-0.4Zr (x = 3, 6, and 9 wt%) alloy is
composed of α-Mg matrix, needle-like Zr-Zn-rich precipitates, and block Mg5Gd
precipitates. With the increase in Gd content, the grain size of the alloy decreases first
and then increases, and an increased amount and larger block of Mg5Gd is formed.
Homogeneous and fine microstructure is obtained with 6 wt% Gd addition.

(2) With the increase in Gd content, the corrosion rate of T6-treated Mg-xGd-1Zn-0.4Zr
alloy decreases first and then increases. The GZ61K alloy exhibits the best cor-
rosion resistance in SBF mainly due to the finer grains and more homogeneously
distributed precipitates.

(3) The corrosion rate of T6-treated GZ61K alloy is 0.23 mm/y and GZ31K alloy is 0.41 mm/y
in SBF, which meets the requirement of clinical application compared with the most existing
medical Mg alloys, and thus are promising biodegradable Mg alloys.
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