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Abstract: The influence of heat treatment on the corrosion behavior of rolled Mg5Gd alloys in 3.5 wt.% NaCl solution 
saturated with Mg(OH)2 was characterized by immersion test, electrochemical test, scanning electrochemical 
microscopy (SECM) and corrosion morphology analysis in order to improve the corrosion resistance of Mg alloys. The 
results showed that solution treatment reduced the corrosion rate of the Mg5Gd significantly, resulting in relatively 
uniform corrosion and shallow corrosion cavities due to the dissolution of Cd-containing particles. The following aging 
process could further decrease the corrosion rate. Precipitation of nano-sized Cd-containing particles did not cause 
apparent micro-galvanic corrosion, which could be attributed to the formation of a protective corrosion product film 
fully covering the particles. 
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1 Introduction 
 

Mg alloys have been widely applied in various 
fields such as automobile, aerospace and electronics 
for their high specific strength, favorable casting 
capability and ease of recycling [1−5]. However, 
the bad mechanical properties and poor corrosion 
resistance are still the main drawbacks that limit the 
widespread applications of Mg alloys [6,7]. 

Alloying is a useful technology to improve 
both the mechanical properties and corrosion 
resistance of Mg alloy [8−10]. In recent years, 
Mg−Gd based alloys have attracted much attention 
due to their excellent tensile strength [11], superior 
creep resistance [12], and relatively good corrosion 
resistance [13]. There are substantial reports that  
the mechanical properties could be improved 

significantly by the addition of Gd with the 
formation of a long period stacking ordered (LPSO) 
second phase(s) [14−16]. Generally, the LPSO 
structure is mainly obtained through heat treatment. 
YAMASAKI et al [17] indicated that heat treatment 
produced a 14H-type LPSO structure that was 
absent in the as-cast Mg−Zn−Gd alloy. This is 
consistent with the (Mg, Zn)3Gd eutectic phase in 
the as-cast Mg−Gd−Zn−Zr alloys transformed into 
an X phase with a 14H-LPSO structure after T4 heat 
treatment [18]. However, the modification of the 
microstructure during heat treatment is really 
challenging for the corrosion resistance of Mg 
alloys as the precipitation of second phases or 
impurities is a vital factor in the formation of 
micro-galvanic corrosion [19,20]. Therefore, some 
researchers [2,3,18] have investigated the influence 
of heat treatment on the corrosion behavior of 
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Mg−Gd based alloys to clarify the mechanism of 
the corrosion of Mg−Gd alloy. 

Table 1 summarizes some typical studies on 
the corrosion behavior of Mg−Gd based alloys in 
recent years [13,18,21−37]. The following key 
points could be concluded from the previous 
research. 

(1) The added Gd into Mg alloys could react 
with the alloying elements to form LPSO second 
phases, such as Al−Mn−Gd, Al2Gd and 
(Mg2Zn)3Gd, which could modify the 
microstructure significantly. 

(2) The addition of Gd could indeed improve 
the corrosion resistance of Mg alloy. However, this 
benefit is severely related to the amount of Gd and 
microstructure of Mg alloy [13,21,24,32,36]. 
Excessive addition of Gd may result in a  
corrosion rate even higher than that of the    
parent Mg alloy [21,24,36]. 

(3) The heat treatment or hot rolling has a 
substantial influence on the corrosion behavior of 

Mg−Gd based alloys, which is attributed to the 
dissolution or transformation of the second phases 
[18,22,23,25,29]. However, there is a discrepancy 
of different results. Many researchers [18,22,23,29] 
found that T4 treatment can reduce the corrosion 
rate significantly, while ZHANG et al [25] indicated 
that T4 treatment increased the corrosion rate of  
the Mg−Gd−Zn−Zr alloys. Furthermore, WANG  
et al [22] and LU et al [29] found that T6 treatment 
could further decrease the corrosion rate, whereas 
LIANG et al [34] indicated that the corrosion rate 
of Mg−7Gd−3Y−0.4Zr increased from 0.4 mm/a 
(T4) to 1.1 mm/a (T6). 

In summary, the earlier studies on the 
corrosion behavior of Mg−Gd based alloys have 
made great contribution to the understanding of Gd 
effect on Mg corrosion. However, its mechanism 
still remains equivocal. In addition, many researchers 
added Gd into the Mg alloys containing the alloying 
elements such as Al or Zn which complicated   
the understanding of Gd effect [13,21,23,25,29].  

 
Table 1 Corrosion rates (CR) for Gd-containing Mg alloys (AC: as-cast; T4: solution treated; T6: solution treatment + 
aging) 

Alloy Condition Second phase(s) Testing environment 
CR/ 

(mmꞏa−1)
Ref.

Mg−2Zn−2Gd−0.5Zr AC MgZn2, ZnZr, W, I Hank’s solution 3.5 [21]

AZ91−1.5Gd AC 
Mg17Al12,Al2Gd, 

Al−Mn/Al−Mn−Gd 
3.5 wt.% NaCl 0.8 [13]

Mg−15Gd−2Zn−0.39Zr AC (Mg,Zn)3Gd 
3.5 wt.% NaCl saturated with 

Mg(OH)2 
32 [18]

Mg−15Gd−2Zn−0.39Zr T4 Mg12ZnGd,ZnZr 
3.5 wt.% NaCl saturated with 

Mg(OH)2 
9 [18]

Mg−3.0Gd−2.7Zn−0.4Zr−0.1Mn AC (Mg, Zn)3Gd Hank’s solution 2.2 [23]

Mg−3.0Gd−2.7Zn−0.4Zr−0.1Mn T4 (Mg, Zn)3Gd Hank’s solution 1.2 [23]

Mg−6Gd−0.5Zn−0.4Zr AC (Mg, Zn)3Gd, LPSO Simulated body fluid 0.45 [25]

Mg−6Gd−1Zn−0.4Zr AC (Mg, Zn)3Gd, LPSO Simulated body fluid 0.5 [25]

Mg5Gd Hot rolling − 
3.5 wt.% NaCl saturated with 

Mg(OH)2 
0.7 [26]

Mg5Gd AC − 
3.5 wt.% NaCl saturated with 

Mg(OH)2 
55.5 [27]

Mg91.5Al3.5Gd5 AC Mg5Gd, Mg12ZnY, Al2Gd 1 wt.% NaCl 61.3 [29]

Mg91.5Al3.5Gd5 T4 Mg5Gd, Mg12ZnY, Al2Gd 1 wt.% NaCl 0.8 [29]

Mg91.5Al3.5Gd5 T6 Mg5Gd, Mg12ZnY, Al2Gd 1 wt.% NaCl 0.3 [29]

Mg5Gd AC − 0.9 wt.% NaCl 0.4 [32]

Mg5Gd T4 − 0.9 wt.% NaCl 21 [32]

Mg−7Gd−3Y−0.4Zr AC − 5 wt.% NaCl 10.3 [34]

Mg−7Gd−3Y−0.4Zr T4 − 5 wt.% NaCl 0.4 [34]

Mg−7Gd−3Y−0.4Zr T6 − 5 wt.% NaCl 1.1 [34]

Mg5Gd AC − 1 wt.% NaCl 4.0 [36]

Mg10Gd AC − 1 wt.% NaCl 1.0 [36]
W−Mg3Gd2Zn3; I−Mg3Zn6Gd 
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Therefore, in this study, we try to understand the 
influence of Gd addition on the corrosion of pure 
Mg. And then, the analysis of the mechanism of 
heat treatment on the corrosion of Mg−Gd was 
carried out systematically and extensively. Finally, 
it is expected to explore some insights into the 
improvement of the corrosion resistance of Mg−Gd 
alloy which may facilitate the application of 
Mg−Gd alloy in bio-degradation materials and 
automobile industry. 
 
2 Experimental 
 
2.1 Materials and specimens 

The hot-rolled Mg5Gd alloy was prepared as 
described previously [26,38]. High-purity Mg 
(99.9 wt.%) was melted in an aluminum titanate 
crucible with addition of some commercially pure 
Gd from Alfa Aesar Company Ltd. A small amount 
of Zr was added to purify the melt. Then, the ingots 
were hot-rolled to 3 mm-thick belts. The chemical 
composition of the Mg5Gd was determined by 
iCAP 7000 Series optical emission spectroscopy 
(ICP-OES) from Thermo Scientific Company as 
follows (wt.%): 4.9 Gd, 0.07 Si, 0.04 Mn, 0.04 Zr, 
0.03 Al, 0.02 Fe, 0.02 Ca, and Mg balance. 

Table 2 presents the details of the heat 
treatment for the Mg5Gd specimens after hot 
rolling. The heat treatment was carried out in an 
electromagnetic induction furnace from Ningbo 
Shenguang Electric Furnace Company Limited with 
the flowing argon. The microstructure of the rolled 
Mg5Gd before and after heat treatment was 
characterized using Leica DVM6 optical 
microscope (OM), Hitachi TM3000 scanning 
electron microscope (SEM) equipped with energy 
dispersive spectroscopy (EDS) and X-ray 
diffraction (XRD) with Cu Kα radiation on a Rigaku 
D/max 2550 X-ray diffractometer. The angle range 
was 5° to 90°. Each specimen for microstructure 
analysis was ground with a 5 vol.% HNO3 solution. 
 
2.2 Immersion test and electrochemical 

measurement 
Each Mg5Gd specimen was immersed in a 

3.5 wt.% NaCl solution saturated with Mg(OH)2. 
Reagent grade chemicals and distilled water were 
used. The temperature was (24±1) °C and the 
immersion test duration was 3 d. The setup of the 
immersion test was the same as described in our 

previous research [20]. The hydrogen evolved 
during the test was collected into a burette from 
Tianbo Company Limited by a funnel over the 
specimen. After the immersion test, the specimen 
was immersed in a 200 g/L CrO3 + 2 g/L AgNO3 
solution to remove the corrosion products. 
 
Table 2 Heat treatment process for hot-rolled Mg5Gd 

specimens 

Aging 
Solution  
treatment 

Solution  
treatment + aging 

220 °C, 2 h,
air cooled

550 °C, 6 h, 
water quenched 

(550 °C, 6 h,  
water quenched) +  

(220 °C, 2 h, air cooled)

 
The average corrosion rate, PAH (mm/a), was 

calculated from the hydrogen evolution volume, VH 
(mL/cm2), by [26] 
 
PAH=2.088VH/t                                (1) 
 
where t is the immersion time. After immersion test, 
each specimen was characterized using OM and 
SEM equipped with EDS. 

A Gamry Reference 600+ electrochemical 
workstation and a typical three-electrode 
electrolytic cell were used to carry out the 
electrochemical measurements. The counter 
electrode was a Pt foil of 1.5 cm × 1.5 cm, and the 
reference electrode was Ag/AgCl/Sat. KCl. The 
electrolyte was the 3.5 wt.% NaCl solution 
saturated with Mg(OH)2. Electrochemical 
impedance spectroscopy (EIS) was measured daily 
in the frequency range from 100 kHz to 10 mHz 
with an AC amplitude of 5 mV. The polarization 
resistance (Rp) was obtained as the resistance at the 
lowest frequency, which did not include the solution 
resistance (Rs). The polarization curves were 
measured from −300 mV to 500 mV at a scan rate 
of 1 mV/s after 3 d immersion in the solution. The 
Tafel extrapolation method was used to evaluate the 
corrosion current density, Jcorr (mA/cm2), using the 
software of CorrView-3.0 (by Scribe Associates, 
Inc., USA). 

 
2.3 Scanning electrochemical microscopy (SECM) 

test 
SECM test was conducted using a M470 from 

Bio Logic Science Instruments in a three-electrode 
system with a Pt probe of 10 μm in diameter as the 
working electrode, a Ag/AgCl/3 mol/L KCl as the 
reference electrode and a Pt foil as the counter 
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electrode. Some ferrocene-methanol (FcMeOH) 
was added into the test solution as redox mediator 
in the feedback mode [39]. The tip of the Pt probe 
was biased at 0.5 V (vs Ag/AgCl/3 mol/L KCl) to 
ensure the complete diffusion-limited oxidation of 
ferrocene to ferrocinium [40]. The distance between 
the probe and the Mg surface was set at ~30 µm and 
the scanning area was set as 1000 µm × 1000 µm 
with a scan rate of 25 µm/s. The normalized current 
ratio of IT/IT,∞ (tip current/steady state current) was 
adopted in the current study when IT,∞ was obtained 
from the corresponding approaching curve. 
 
3 Results 
 
3.1 Microstructural characterization 

Figure 1 presents the microstructure of the 
each Mg5Gd specimen after etching. Figures 1(a) 
and (b) show the OM and SEM images of the rolled 
Mg5Gd. They show that the grain size is about 
20 µm with some twin grains and Mg−Gd phase 
particles identified by EDS. Figures 1(c) and (d) 
show the microstructure of the aged Mg5Gd 
specimen which has more Mg−Gd phase particles. 
The grain size is about 20 µm and the particles still 

distribute in the matrix. Figures 1(e) and (f) show 
the microstructure of the solution- treated Mg5Gd 
which has larger grains and less Mg−Gd phase 
particles than that of rolled and aged Mg5Gd. There 
are also no twin grains observed in the matrix. 
Figures 1(g) and (h) show the micro- structure of 
the solution-treated + aged Mg5Gd. It has large 
grains and some nano-sized Mg−Gd phase particles 
without twin grain in the matrix. 

Table 3 presents the compositions of the 
matrix and the typical particles of each Mg5Gd 
specimen analyzed by EDS. It shows that the 
content of Gd dissolved in the Mg matrix increased 
after solution treatment (ST). The particles in each 
specimen contained large amount of Gd and Mg, 
and they were identified as Mg5Gd intermetallic. It 
was noted that the Gd content of the particles in 
solution-treated and solution-treated + aged (ST+A) 
specimen was lower than that in rolled (R) and aged 
(A) specimens, which was attributed to the small 
size of the particles after solution treatment and the 
Mg matrix contributed to the signals when the 
particles were analyzed by EDS. 

Figure 2 shows the XRD patterns for the 
Mg5Gd specimen, indicating that only Mg peaks 

 

 
Fig. 1 Typical surface appearance of Mg5Gd specimens as revealed by OM (a, c, e, g) and SEM (b, d, f, h):         

(a, b) Rolled; (c, d) Aged; (e, f) Solution-treated; (g, h) Solution-treated + aged 
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Table 3 Compositions of matrix and typical particles of 

each Mg5Gd specimen analyzed by EDS (wt.%) 

Treatment Location Mg Gd O C 

R 
Matrix 93.9 3.3 2.2 0.6 

Particle 40.8 58.3 0.6 0.3 

A 
Matrix 94.3 3.4 1.9 0.4 

Particle 41.6 54.6 3.2 0.6 

ST 
Matrix 94.8 4.0 0.9 0.3 

Particle 62.5 33.5 3.3 0.7 

ST+A 
Matrix 93.6 4.1 1.9 0.4 

Particle 65.6 32.4 1.8 0.2 

 

 

Fig. 2 XRD patterns for Mg5Gd specimens after rolling 

(R), aging (A), solution-treatment (ST) and solution- 

treatment + aging (ST+A) 

 

were detected. The Gd-containing particles were 
not detected, which was attributed to the low 
amount. 
 

3.2 Immersion test and electrochemical results 
Figure 3 shows the hydrogen evolution volume 

for each Mg5Gd specimen immersed for 3 d at the 
open circuit potential (OCP) in the 3.5 wt.% NaCl 
solution saturated with Mg(OH)2. The aged Mg5Gd 
specimen evolved most hydrogen during the 
immersion test, followed by the rolled Mg5Gd 
specimen. The evolved hydrogen volumes of the 
solution-treated and (solution-treated + aged) 
Mg5Gd specimens were substantially lower than 
that of the aged Mg5Gd specimen. For aged and 
rolled Mg5Gd specimens, the hydrogen evolution 
rate increased apparently after the 1st day, while it 
kept almost constant during the whole immersion 
test for solution-treated and solution-treated + aged 
Mg5Gd specimens. Table 4 presents the average 

corrosion rate, PAH, from the evolved hydrogen 
volume for each Mg5Gd specimen, indicating the 
same sequence of the corrosion resistance for 
Mg5Gd specimen. 
 

 

Fig. 3 Hydrogen evolution volume during immersion test 

at open circuit potential (OCP) in 3.5 wt.% NaCl solution 

saturated with Mg(OH)2 for 3 d at (24±1) °C for different 

specimens 
 
Table 4 Corrosion data evaluated for Mg5Gd specimens 
immersed at open circuit potential (OCP) in 3.5 wt.% 
NaCl solution saturated with Mg(OH)2 at (24±1) °C for 
3 d 

Treatment
VH/ 

(mLꞏcm−2) 
PAH/ 

(mmꞏa−1) 
PAH-AVE/ 
(mmꞏa−1)

R 

7.66 5.33 

4.60±0.496.58 4.58 

5.59 3.89 

A 

11.08 7.71 

6.91±0.539.26 6.44 

9.46 6.58 

ST 

2.20 1.53 

1.48±0.052.01 1.40 

2.16 1.50 

ST+A 

2.32 1.61 

1.40±0.141.86 1.29 

1.86 1.29 

 

Figure 4(a) presents the Nyquist plots for 
rolled Mg5Gd specimen immersed for 3 d in 
3.5 wt.% NaCl solution saturated with Mg(OH)2. It 
shows that the capacitance loop shrinks apparently 
with increase of the immersion time. There is an 
additional inductive loop observed at low 
frequencies on the Nyquist plots of 1, 2 and 3 d. 
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Figure 4(b) presents the Nyquist plots for aged 
Mg5Gd specimen, which are similar with those of 
rolled Mg5Gd specimen. The capacitance loop 
shrank apparently after 1 d immersion and an 
additional inductive loop at low frequencies was 
also observed. 

Figure 4(c) presents the Nyquist plots for 
solution-treated Mg5Gd specimen immersed for 3 d 
in 3.5 wt.% NaCl solution saturated with Mg(OH)2. 
The capacitance loop shrank apparently with the 
immersion time. There was only one inductive loop 
at low frequencies and no additional one was 
observed for all the solution-treated Mg5Gd plots. 

Figure 4(d) presents the Nyquist plots for 
solution-treated + aged Mg5Gd specimen. The 
capacitance loops of 1 d and 2 d were obviously 
smaller than those of 1 h and 6 h. There was an 
additional capacitance loop appeared on the 3 d 
Nyquist plot. However, there was no additional 
inductive loop observed at low frequencies   
which was similar with those of solution-treated 

Mg5Gd. 
Table 5 presents the Rp values extracted from 

the fitting of the EIS data which statistically reveal 
the variation of EIS for each Mg5Gd specimen. 

Figure 5 presents the polarization curves 
measured at the 3rd day during immersion test in 
3.5 wt.% NaCl solution saturated with Mg(OH)2 at 
(24±1) °C for Mg5Gd specimens. It shows that 
there was no significant difference of the OCP and 
anodic branch among the rolled, aged and solution- 
treated + aged Mg5Gd specimens. However, the 
OCP of solution-treated Mg5Gd was 300 mV and 
the anodic polarization curve was apparently 
blocked. There was significant difference of the 
cathodic polarization curves for each Mg5Gd 
specimen that the cathodic curve of rolled Mg5Gd 
was activated while the solution-treated + aged one 
was blocked. Table 5 shows that the corrosion 
current density extracted from the polarization 
curve reveals the same corrosion resistance 
sequence with that from evolved hydrogen. 

 

 

Fig. 4 Typical EIS data measured during immersion tested at OCP in 3.5 wt.% NaCl solution saturated with   

Mg(OH)2 for 3 d at (24±1) °C for Mg5Gd specimens: (a) Rolled; (b) Aged; (c) Solution-treated; (d) Solution-treated + 

aged 
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Table 5 Electrochemical data evaluated by EIS fitting and Tafel extrapolation for Mg5Gd specimens immersed at OCP 

in 3.5 wt.% NaCl solution saturated with Mg(OH)2 at (24±1) °C for 3 d 

Treatment 
Rp/(Ωꞏcm2) φocp (vs Ag/AgCl/Sat. KCl)/ 

V 
Jcorr/ 

(µAꞏcm−2) 1 h 6 h 1 d 2 d 3 d 

R 329 213 71 85 56 −1.57 297 

A − 412 135 100 125 −1.56 328 

ST − 277 187 160 141 −1.54 185 

ST+A 591 557 363 320 460 −1.57 112 

 

 
Fig. 5 Polarization curves measured at the 3rd day of 
immersion test in 3.5 wt.% NaCl solution saturated with 
Mg(OH)2 at (24±1) °C for Mg5Gd specimens 
 
3.3 Corrosion morphology 

Figure 6 presents the typical corroded surface 
appearance for each Mg5Gd specimen after the 
removal of corrosion products including an optical 
overview image, a 3D optical image of the typical 
corrosion cavity and the SEM images for typical 
deeply corroded areas and typical shallow corroded 
areas. The scales of the figures are different to best 
present the most important corroded surface 
features. 

Figures 6(a)−(d) present the surface 
appearance after immersion test at OCP in 3.5 wt.% 
NaCl solution saturated with Mg(OH)2 at (24±1) °C 
for 3 d after removal of corrosion products for 
rolled Mg5Gd. Figure 6(a) shows that most area of 
the specimen suffered serious corrosion. Of the 
whole surface there were several larger cavities 
penetrated more than 300 µm into the matrix as 
shown in Fig. 6(b). The rest area suffered slighter 
corrosion with shallower pits as shown in Figs. 6(c) 
and (d) compared with the larger cavities. 

Figures 6(e)−(h) present the surface 
appearance of aged Mg5Gd specimen after 
immersion test, which is similar with that of rolled 

Mg5Gd specimen. Most parts suffered serious 
corrosion (Fig. 6(e)) with several large cavities 
(Fig. 6(f)) in the matrix. The rest parts still suffered 
apparent corrosion as shown in Figs. 6(g) and (h). 

Figures 6(i)−(l) present the surface appearance 
of solution-treated Mg5Gd after immersion test. 
Figure 6(i) shows the whole specimen suffered 
slight corrosion with some small cavities in the 
matrix as shown in Fig. 6(j). The depth was less 
than 100 µm which was significantly lower than 
those of rolled and aged Mg5Gd. Figures 6(k) and 
(l) show the localized corroded area and the slight 
corroded area of the solution-treated Mg5Gd. 

Figures 6(m)−(p) show the surface appearance 
of solution treated + aged Mg5Gd specimen after 
the immersion test with the corrosion products 
removed. Figure 6(m) shows that it suffered the 
slightest corrosion compared with other Mg5Gd 
specimens. The typical corrosion cavity is small as 
shown in Fig. 6(n). Figures 6(o) and (p) show the 
relatively serious corroded area and slight corroded 
area. 

The corrosion products of each Mg5Gd 
specimen were analyzed by EDS, and the main 
constituent is Mg(OH)2 containing Gd element. 
There is no significant difference of the constituents 
for each Mg5Gd specimen. 
 
3.4 SECM results 

Figure 7 shows the SECM images of each 
Mg5Gd specimen of a scanning tip at 25 µm/s    
in 1.0 mmol/L FcMeOH + 0.1 mol/L NaCl. 
Figures 7(a) and (b) show that the normalized 
current ratio was more than 1, corresponding to 
active points for the rolled and aged specimen 
immersed in 0.1 mol/L NaCl. However, for the 
solution-treated and solution-treated + aged Mg5Gd 
specimens, no active points (corresponding to high 
normalized current ratio more than 1) were detected 
in the scanned area as shown in Figs. 7(c) and (d). 
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Fig. 6 Surface appearance after immersion test at open circuit potential (OCP) in 3.5 wt.% NaCl solution saturated with 

Mg(OH)2 at (24±1) °C for 3 d and after removal of corrosion products for rolled (a−d), aged (e−h), solution-treated (i−l), 

and solution-treated + aged (m−p) Mg5Gd specimens 
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Fig. 7 SECM images of specimens immersed in 1.0 mmol/L FcMeOH + 0.1 mol/L NaCl for rolled (a), aged (b), 
solution-treated (c) and solution-treated + aged (d) Mg5Gd specimens (Tip-substrate distance: 30 µm; Scan rate: 
25 µm/s; Tip potential: 0.5 V (vs Ag/AgCl/3 mol/L KCl)) 
 
 
4 Discussion 
 
4.1 Influence of heat treatment 

Figure 3 and Table 4 show that the corrosion 
resistances of the Mg5Gd alloys were ordered as 
follows: ST+A>ST >>R>A. This trend was totally 
consistent with that indicated by the polarization 
curves (Fig. 5 and Table 5) and the corroded 
morphologies (Fig. 6). This indicates that the aging 
treatment for the rolled Mg5Gd specimen does not 
reduce but increases the corrosion rate. This is 
mainly attributed to the precipitation of the 
Gd-containing particles or impurities in Mg matrix. 
The relatively short aging time and low temperature 
led to the precipitation of a small amount of 
Gd-containing particles or impurities as shown in 
Fig. 1. Such a small amount precipitation of the 
second phases could increase the corrosion rate 
significantly due to the galvanic corrosion [19]. 

The evolved hydrogen volume and the current 
density from the polarization curves strongly 
indicate that the solution treatment improves    
the corrosion resistance of the Mg5Gd specimen 

substantially. The grain size of the rolled Mg5Gd 
was obviously increased and the twin grains totally 
disappeared in the matrix. Some Gd-containing 
second phase was dissolved into the matrix during 
the matrix, as shown in Fig. 1. However, there was 
no phase transformation occurred during the 
solution treatment, as shown in Fig. 2. Figures 6(i)− 
(p) show that the low corrosion rate of Mg5Gd after 
solution treatment resulted from uniform corrosion 
and shallow cavities compared with that of Mg5Gd 
before solution treatment as shown in Figs. 6(a)−(h). 
Our previous research [41] indicated that specimens 
with casting porosity had high corrosion rates 
because of the corrosion associated with pores 
activating significant corrosion over the whole 
specimen surface. This feature can be identified 
from: (1) the corroded morphology with specific 
deep cavities, and (2) two inductive loops at low 
frequencies (e.g. a semi-circle inductive loop plus a 
quarter-circle inductive loop) [41]. In the current 
research, the rolled and aged Mg5Gd specimens 
had deep cavities. Meanwhile, double inductive 
loops were observed at low frequencies of EIS as 
shown in Figs. 4(a) and (b). Therefore, it is 
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reasonable to propose that the deep cavities 
activated the corrosion of the whole Mg5Gd 
specimen during the immersion test for the rolled 
and aged Mg5Gd. The reduction or transformation 
of the deep corrosion cavities should be the main 
reason for the low corrosion rate of solution-treated 
and solution-treated + aged Mg5Gd, which is 
evidenced by the corroded morphology in 
Figs. 6(a)−(h) and the absence of double inductive 
loops in Figs. 4(c, d). It is noted in Ref. [41] that the 
activation corrosion of casting porosity is attributed 
to the damage of the somewhat protective corrosion 
product film formed on the specimen surface as:  
(1) the size and surface area of the porosity were 
increased by the corrosion; (2) the corrosion broke 
the integrity and compactness of the film over all of 
the surface, which led to significant corrosion 
adjacent to the porosity and also to significant 
corrosion over the whole specimen area. In the 
current research, the rolled and aged Mg5Gd 
specimens were as the same case as that of Mg0.1Si 
with casting porosity. The deep corrosion cavities 
on the Mg5Gd specimen increased the corrosion of 
the whole surface. However, the rolled and aged 
Mg5Gd had no initial casting porosity. Therefore, it 
is important to find out what caused the deep 
corrosion cavity in rolled and aged Mg5Gd. 

Figure 1 shows that after solution treatment the 
amount of Gd-containing second phase decreased 
significantly, which dissolved into the Mg matrix. 
As a result, the content of Gd in the matrix 
increased a bit as shown in Table 3. The 
Gd-containing second phase has a higher potential 
than the matrix, which could induce serious 
micro-galvanic corrosion. This is considered as the 
main cause of the deep corrosion cavity in rolled 
and aged Mg5Gd specimens. After solution 
treatment, the deep corrosion cavities were absent 
as the large cathodic particles dissolved into the 
matrix, only left few and fine particles in the Mg 
matrix. As a result, the strong micro-galvanic 
corrosion was minimized and the corrosion 
resistance of Mg5Gd was increased substantially. 
This is evidenced by the corrosion morphology in 
Fig. 6. Furthermore, Gd in the Mg matrix could 
incorporate into the surface hydroxide layer to 
stabilize the degradation products and inhibit the 
penetration of harmful Cl− [42]. This is also 
consistent with the SECM results that the rolled and 
aged Mg5Gd specimens have active corrosion 

points which probably grow into the corroded 
cavities. However, there is no active point observed 
in the solution-treated and solution-treated + aged 
Mg5Gd specimens. 

It is noted that the solution treatment increased 
the grain size of Mg5Gd, and may also cause the 
precipitation of impurities. They are detrimental to 
the corrosion resistance of Mg alloy [19,26,43]. 
However, the negative effects have been 
overwhelmed by the benefits of solution treatment. 
As a result, the overall influence of solution 
treatment is the improvement of the corrosion 
resistance of Mg5Gd. The aging treatment after 
solution treatment led to precipitation of some 
nano-sized Mg−Gd phase particles in the matrix as 
shown in Fig. 1. The immersion test results in Fig. 3 
and corroded morphologies in Fig. 6 indicated that 
these particles did not cause apparent micro- 
galvanic corrosion. This was probably attributed to 
the fact that a thin but protective Gd-containing 
product film was formed on the nano-sized particles 
soon after the specimen was exposed in air. This 
film prevented the initiation and propagation of the 
micro-galvanic corrosion between the nano-sized 
particles and the Mg matrix. However, in the aged 
Mg5Gd specimens, due to the large size of the 
Mg−Gd phase particles, it was difficult to form 
such a protective product film on the whole particle. 
As a result, serious micro-galvanic corrosion 
between the Mg−Gd phase particles and the Mg 
matrix occurred. Furthermore, the aging process 
after solution treatment was beneficial to the further 
homogenization of the microstructure and the 
formation of the corrosion product film, which 
could be the reason that the corrosion rate of the 
solution-treated + aged Mg5Gd was slightly lower 
than that of the solution-treated Mg5Gd. This is 
also consistent with that the solution-treated + aged 
Mg5Gd shows the lowest activity in the 
polarization curves in Fig. 5. The above analysis 
might also interpret the results in Ref. [31] that  
the presence of nano-sized phase particles in 
Mg−10Gd did not lead to an increased corrosion 
rate. 
 
4.2 Improvement of corrosion resistance 

As Mg−Gd based alloy has superficial 
mechanical properties and acceptable corrosion 
resistance, it has attracted much attention and 
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investigation in automobile industry and 
biodegradable materials area as summarized in 
Table 1. We have studied the Mg5Gd alloy for 
several years and try to improve the corrosion 
resistance through various attempts as shown in 
Fig. 8 [26−28]. The corrosion rate of the as-cast 
Mg5Gd was 55.5 mm/a in 3.5 wt.% NaCl solution 
saturated with Mg(OH)2, which was caused by the 
substantial Gd-containing second phases distributed 
along the grain boundaries [27]. It decreased to 
30.0 mm/a after solution treatment as the heat 
treatment did not dissolve all the second phases in 
the matrix [27]. The corrosion resistance of solution- 
treated Mg5Gd was not satisfied. Then we tried hot 
rolling and sputter deposition methods to improve 
the corrosion resistance of as-cast Mg5Gd [26,28]. 
Both of the corrosion rates of Mg5Gd decreased 
dramatically to 0.66 mm/a. The superior corrosion 
resistance of sputtered Mg5Gd was mainly 
attributed to the single phase of the alloy and 
probably the low content of impurities [28]. While 
the improvement of the corrosion resistance of 
Mg5Gd by hot rolling was attributed to the fact that 
the alloy had a more homogeneous microstructure, 
and few, fine second-particles [26]. The corrosion 
resistance of Mg5Gd after hot rolling is 
significantly related to the temperature and 
processes during hot rolling, which is the main 
reason that the current hot rolling specimen has a 
different corrosion rate with that in Ref. [26]. In the 
current research, the rolled Mg5Gd had some 
Gd-containing particles in the matrix, which caused 
micro-galvanic corrosion, resulting in deep 
corroded cavities. These deep corroded cavities 
activated the corrosion over the whole specimen 
surface during the immersion test. The solution 
treatment dissolved most second phase particles 
into the Mg matrix and reduced the corrosion rate 
significantly. The aging process after solution 
treatment precipitated some nano-sized particles, 
which did not cause obvious micro-galvanic 
corrosion but blocked the corrosion instead. It is 
noted that all the above researches used the same 
Mg5Gd ingot produced in The University of 
Queensland [38]. Various corrosion rates of Mg5Gd 
were mainly attributed to the second phase  
particles, especially the size and amount of 
Gd-containing particles, and the microstructure. 
This strongly indicated that a homogenous 
microstructure with fine Gd-containing particles 

was beneficial to the improvement of corrosion 
resistance of Mg5Gd. 
 

 
Fig. 8 Comparison of corrosion rate of Mg5Gd immersed 
in 3.5 wt.% NaCl solution saturated with Mg(OH)2 
(AC(I) and ST(I) indicated the as-cast and solution- 
treated Mg5Gd ingots, respectively. They were extracted 
from Ref. [27]. SP indicated the sputter deposition of 
Mg5Gd alloy from Ref. [28]. R′ indicated the hot-rolled 
Mg5Gd specimen from Ref. [26]) 

 
5 Conclusions 
 

(1) The corrosion resistance of Mg5Gd 
decreases in the following order: solution treatment 
+ aging > solution treatment >> rolling > aging. 

(2) Solution treatment leads to significantly 
reduced corrosion rate and much more uniform 
corrosion damage of Mg5Gd, because the 
Gd-containing particles that can cause serious 
micro-galvanic corrosion are dissolved during the 
treatment. 

(3) The rolled and aged Mg5Gd specimens 
have deep corrosion cavities and active surfaces due 
to the micro-galvanic effect induced by the 
Gd-containing particles. 

(4) The aging process after solution treatment 
can further decrease the corrosion rate. The 
precipitation of nano-sized Mg5Gd particles did not 
cause apparent micro-galvanic corrosion, which 
was attributed to the formation of a protective 
product film fully covering the particles. 

(5) The corrosion resistance of Mg5Gd can be 
related to the second phase particles, especially the 
size and amount of the Gd-containing particles, and 
the microstructure. A homogeneous microstructure 
with fine Gd-containing particles is beneficial to the 
improvement of corrosion resistance of Mg5Gd. 
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摘  要：通过浸泡试验、电化学测试、扫描电化学显微镜和腐蚀形貌分析等手段研究热处理工艺对轧制态 Mg5Gd

合金在 3.5 wt.% NaCl 饱和 Mg(OH)2溶液中腐蚀行为的影响及机理，以期达到提高镁合金耐蚀性的目的。结果表

明：固溶处理能显著降低 Mg5Gd 合金的腐蚀速率，并且使其腐蚀变均匀，腐蚀坑变浅，这主要归因于固溶处理

可以熔解镁基体中大量的富 Gd 二次相颗粒。固溶处理后的退火处理能进一步降低 Mg5Gd 合金的腐蚀速度。在退

火过程中，从镁基体中沉淀出的纳米颗粒未造成明显的微电偶腐蚀，这主要是因为在纳米相颗粒表面生成的保护

性产物膜完全覆盖了颗粒，从而阻止微电偶腐蚀的产生。 

关键词：镁合金；稀土；耐腐蚀性；显微组织；热处理 
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