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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), 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);Gd 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, AlLGd and
(MgyZn);Gd,  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
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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/, 1, Ref.
(mm-a )
Mg—27Zn—2Gd—0.5Zr AC MgZn,, ZnZr, W, 1 Hank’s solution 3.5 [21]
AZ91-1.5Gd AC Aﬁ%&ﬁkf’_ﬁﬁ‘é d 3.5 wt.% NaCl 0.8 [13]
0 .
Mg—15Gd—2Zn—0.39Zr AC (Mg, Zn);Gd 3.5 wi.% I\g/?;losﬁt)‘fated with 5 g
Mg—15Gd—2Zn—0.39Zr T4 MgZnGd,znze o0 W ﬁ;gg;rmd with g g
Mg—3.0Gd—2.7Zn-0.4Zr—0.1Mn AC Mg, Zn);Gd Hank’s solution 2.2 [23]
Mg—3.0Gd—-2.7Zn—0.4Zr—0.1Mn T4 Mg, Zn);Gd Hank’s solution 1.2 [23]
Mg—6Gd—0.5Zn—0.4Zr AC (Mg, Zn);Gd, LPSO Simulated body fluid 045 [25]
Mg—-6Gd—1Zn—0.4Zr AC (Mg, Zn);Gd, LPSO Simulated body fluid 0.5 [25]
. 3.5 wt.% NaCl saturated with
Mg5Gd Hot rolling - Mg(OH), 0.7 [26]
3.5 wt.% NaCl saturated with

Mg5Gd AC - Mg(OH), 555 [27]
Mgy, sAl; sGds AC MgsGd, Mg ,ZnY, Al,Gd 1 wt.% NaCl 61.3 [29]
Mgy, sAl; sGds T4 MgsGd, Mg ,ZnY, Al,Gd 1 wt.% NaCl 0.8 [29]
Mgy, sAl; sGds T6 MgsGd, Mg,ZnY, Al,Gd 1 wt.% NaCl 03 [29]
Mg5Gd AC - 0.9 wt.% NaCl 04 [32]
Mg5Gd T4 - 0.9 wt.% NaCl 21 [32]
Mg—7Gd-3Y-0.4Zr AC - 5 wt.% NaCl 103 [34]
Mg—7Gd-3Y-0.4Zr T4 - 5 wt.% NaCl 04 [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-Mg3Gd,Zn;3; [-Mg3ZneGd
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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 wusing Leica DVM6  optical
microscope (OM), Hitachi TM3000 scanning
electron microscope (SEM) equipped with energy
dispersive  spectroscopy (EDS) and X-ray
diffraction (XRD) with Cu K, 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.% HNO; solution.
2.2 Immersion test and electrochemical

measurement

Each Mg5Gd specimen was immersed in a
3.5 wt.% NaCl solution saturated with Mg(OH),.
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 CrO; + 2 g/l AgNO;
solution to remove the corrosion products.

Table 2 Heat treatment process for hot-rolled Mg5Gd
specimens

Agin Solution Solution
gmng treatment treatment + aging
220°C,2h, 550°C,6h, (550°C, 6 h,

water quenched) +

air cooled water quenched (220 °C. 2 h, air cooled)

The average corrosion rate, Pxy (mm/a), was
calculated from the hydrogen evolution volume, /'y
(mL/cm?), by [26]

Pan=2.088V,/t (1)

where ¢ 1s 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 X 1.5 cm, and the
reference electrode was Ag/AgCl/Sat. KCI. The
electrolyte was the 3.5wt% NaCl solution
saturated  with ~ Mg(OH),.  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 (R,) was obtained as the resistance at the
lowest frequency, which did not include the solution
resistance (R;). 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, Jeor (mA/cmz), 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 um in diameter as the

working electrode, a Ag/AgCl/3 mol/L KCI 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 KCI) 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 pm and
the scanning area was set as 1000 um x 1000 um
with a scan rate of 25 pm/s. The normalized current
ratio of I/l (tip current/steady state current) was
adopted in the current study when /7., 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 pm 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 um 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 MgsGd 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, ¢, 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 939 33 2.2 0.6
Particle  40.8 583 0.6 0.3
A Matrix 94.3 34 1.9 0.4
Particle 41.6 546 3.2 0.6
- Matrix 948 4.0 0.9 0.3
Particle  62.5 33.5 3.3 0.7
Matrix 936 4.1 1.9 0.4
ST+A
Particle  65.6 324 1.8 0.2
¥
*— Mg
ST
I * * o
el ke ket o 9 |
Ju A ST+A
T e A
Jﬂ | R

30 40 50 60 70 80 90 100 110

200(°)
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),. 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, P,y, from the evolved hydrogen
volume for each Mg5Gd specimen, indicating the
same sequence of the corrosion resistance for
Mg5Gd specimen.

Vi/(mL-cm™2)
S = N W B~ N N 0 O

Time/d

Fig. 3 Hydrogen evolution volume during immersion test
at open circuit potential (OCP) in 3.5 wt.% NaCl solution
saturated with Mg(OH), 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), at (24+1) °C for
3d

Treatment (le-/gin*z) (miﬁ/*l) (11';;\:1 g*El/)
7.66 533

R 6.58 458 4.60+0.49
5.59 3.89
11.08 7.71

A 9.26 6.44 6.910.53
9.46 6.58
220 1.53

ST 2.01 1.40 1.48+0.05
2.16 1.50
232 1.61

ST+A 1.86 129 1.40+0.14
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),. 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 1d 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),.
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

=200
(a)
— ~100f " 2512 Hz
g A
e
g
Rq
0 L
100 kHz 1.26 Hz
0.13 Hz
0.01 Hz 0.13 Hz
100 L . . . .
0 100 200 300 400
Z'/(Q-cm?)
-150 +
& 100
S
e
g
N =50t
of ‘ ¢ _ ]27“Z$af.
100Kz v 0.40 Hz
0.32 Hz
50 L . - - ‘ - ‘
0 50 100 150 200 250 300 350

Z'/(Q-cm?)
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Mg5Gd.

Table 5 presents the R, 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), 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 MgS5Gd 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.

~200 1 (b)
-150
— 24.95 Hz
E _100
e
&
=~ 50t
N
ol 501 Hz «%
100 k2 15.63 Hz
0r 0.03Hz  0.25Hz 020 Ha
0 100 200 300 400
Z'/(Q+cm?)
-400
(d) 12.60 Hz
=300 | 12.60 Hz
— ' 12,6'? H212.59 Hz 6 h™ lh
§ 200r /oSN
\c'_::/ vz 15.84 Hz O\
N -100F 2d\
4 d
0 L
100 Iwm , , _013Hz, %02 HZI 0.16 Hz
0 100 200 300 400 500 600 700
Z'/(Q-cm?)

Fig. 4 Typical EIS data measured during immersion tested at OCP in 3.5 wt.% NaCl solution saturated with
Mg(OH), 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), at (24+1) °C for 3 d

Treatment Ry/(Q-cm’) Do (vS Ag/AgCl/Sat. KCI)/ oo
1h 6h 1d 2d 3d \ (nA-cm?)

R 329 213 71 85 56 157 297

A - 412 135 100 125 ~1.56 328

ST - 277 187 160 141 ~1.54 185

ST+A 591 557 363 320 460 157 12

Potential (vs Ag/AgCl/Sat. KC1)/V

107 1073 102
Current density/(A+cm™2)
Fig. 5 Polarization curves measured at the 3rd day of

immersion test in 3.5 wt.% NaCl solution saturated with
Mg(OH), 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), 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 pum 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 pm which was significantly lower than
those of rolled and aged Mg5Gd. Figures 6(k) and
(1) 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), 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 um/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.% NacCl solution saturated with
Mg(OH), at (24+1) °C for 3 d and after removal of corrosion products for rolled (a—d), aged (e—h), solution-treated (i-1),
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 pum; Scan rate:

25 um/s; Tip potential: 0.5 V (vs Ag/AgCl/3 mol/L KCI))

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 CI" [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
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 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.

have been

lowest

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



Fu-yong CAO, et al/Trans. Nonferrous Met. Soc. China 31(2021) 939-951 949

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),, 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.

60
177
40}

30}

A |
i%mm .70
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Fig. 8 Comparison of corrosion rate of Mg5Gd immersed
in 3.5 wt.% NaCl solution saturated with Mg(OH),
(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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