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Abstract

The corrosion behavior of the tungsten inert gas (TIG) welded Mg-3Nd-3Gd-0.2Zn—-0.5Zr alloy with different post-weld heat treatments
was systematically investigated. The results show that the corrosion resistance of the sand-cast base material (BM) was inferior to that of
the fusion zone (FZ), which was attributed to the larger grain size and exacerbated galvanic corrosion caused by coarser Mgs;(Nd, Gd)
eutectic phases and numerous 8 precipitates. It is found that post-weld solid-solution (T4) treatment could significantly enhance the corrosion
resistance of the joint due to the dissolution of the cathodic second phases and the denser protective film abundant in RE oxides generated in
corrosive solution. The precipitation of nanosized phases and Zn—Zr clusters would slightly increase the susceptibility to localized corrosion
of the peak-aged (T6) joint. As the main corrosion products, MgO and Mg(OH), are distributed throughout the whole corrosion film, while
RE oxides and RE hydroxides are mainly distributed in the inner layer, which can be explained by inward oxidation and replacement reactions
between RE elements and MgO/Mg(OH),. Based on the composition and structure of the corrosion product film, a physical model has been
proposed for depicting the microstructure evolution associated with the corresponding corrosion behavior of the joints. This work could

promote the applications of welded Mg—RE alloy joint in some corrosion environments.
© 2024 Chongging University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Peer review under responsibility of Chongqing University
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1. Introduction

Mg rare-earth (Mg-RE) alloys present many advantages
including low density, high specific strength, good creep
resistance and desirable corrosion resistance, which make
the alloys attractive for some engineering applications in
aerospace and aviation industries [1-4]. Among them, WE
series (Mg—-Y-RE-Zr) alloys are the most commercially
available and have been extensively studied over the past
decade [5-7]. However, Y,0O3 inclusions are inevitable during
the casting process due to the extremely high oxygen affinity
of Y, which is unfavorable to the castability of the alloy
[8-10]. Therefore, extensive researches have focused on the

* Peer review under the responsibility of Chongging University.
* Corresponding author.
E-mail address: ghwu@sjtu.edu.cn (G. Wu).
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development of high-performance Mg—-RE alloys without Y
addition, e.g. EV31 [11,12] and EV33 [13-15] alloys. In
our previous studies, EV33 (Mg—-3Nd-3Gd-0.2Zn-0.5Zr)
alloy exhibits comparable mechanical properties with WE43
alloy. The tensile strength and elongation of peak-aged
EV33 alloy can reach up to 322 MPa and 6.5%, respec-
tively [16,17]. Moreover, EV33 alloy also shows promising
corrosion resistance and fatigue performance [13,18]. It is
worth mentioning that all the latest reports on EV33 alloy
are related to the research on casting method. However,
with the increasing demands of complex structures and large
scale of the spacecraft components, it is difficult to meet the
requirements through conventional casting process.

Welding is believed to be one of the essential form-
ing methods for EV33 alloy to manufacture large-scaled
aerospace components with complex structures, such as the
cabin and fuel tank of some spacecraft. Tungsten inert gas

2213-9567/© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) Peer review under responsibility of Chongqing University
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(TIG) welding is the most widely utilized due to its high flex-
ibility and economic efficiency [19-21]. Therefore, the study
of TIG welding on EV33 alloy is in critical need for broad-
ening its applications in related key areas. In our previous
studies, TIG-welded EV33 alloy fabricated using pulse cur-
rent exhibits superior comprehensive tensile properties with
a joint efficiency of ~88% [14]. The tensile strength of the
joint without heat treatment reaches 220 MPa and the elonga-
tion exceeds 11%, which shows a great prospect in industrial
applications.

In order to further promote the application of welded EV33
alloy in some possible corrosive environments in aerospace
(etc. storage tanks), it is necessary to investigate the corrosion
resistance of TIG-welded EV33 alloy joints. However, the
existing investigations only focused on the corrosion proper-
ties of as-cast Mg—RE alloys [18], whereas no relevant works
regarding the welded joints have been reported. It is worth
mentioning that the microstructure of welded joint is quite
different from that of as-cast alloy [22-25], which may result
in a completely different corrosion behavior. For example,
as compared to the base material (BM) of cast Mg—-10Gd
alloy, the grain size of the fusion zone (FZ) of the elec-
tron beam welded joint significantly decreased from 75 pm
to ~3 pwm, accompanied by the precipitated MgsGd phases
within the grain interior [22]. Zhang et al. [12] fabricated
EV31 alloy joint by laser welding, and found that the FZ ex-
hibits a fine and uniformly distributed cell structure contain-
ing Mgs;Nd metastable phase at grain boundaries. In the TIG
welding of EV33 alloy [14], the grains in the FZ were remark-
ably refined attributed to the growth restriction effect, and the
Mg;(Nd, Gd) eutectics in FZ exhibit a fine and uniform distri-
bution. The microstructure of the welded joint could greatly
affect the corrosion susceptibility by changing the galvanic
corrosion and the structure of corrosion product film [18].
In this regard, the influence of microstructure evolution on
the corrosion performance of the joint deserves considerable
attention.

In addition, as a typical age-hardening RE-containing mag-
nesium alloy, post-weld heat treatment is required to regulate
the type and distribution of RE-containing phases to improve
the mechanical properties of EV33 alloy joints [13,16,17].
During heat treatment, the dissolution of eutectics and the
precipitation of nano-scale RE-containing phases may exert a
great influence on micro-galvanic corrosion, thus affecting the
corrosion performance of the EV33 alloy joints. Moreover, it
has also been reported that the corrosion film with different
compositions and morphology could be generated during the
immersion test after different heat treatment, which also plays
an important role in the corrosion performance [26-31]. For
instance, Liang et al. [28] found that a compact yellowish
corrosion layer was formed on the T4-treated GW73K alloy
after the immersion test in NaCl solution, which effectively
inhibited the local corrosion. Based on the above studies, it
can be speculated that post-weld heat treatment may also be
of great significance in optimizing the corrosion performance
of EV33 alloy joints. Currently, much attention has been paid
to the mechanical properties of Mg—-RE alloy joints, while

the effect of the post-weld heat treatments on the corrosion
behavior has never been reported before.

This work aims to investigate the effect of microstructure
evolution on the corrosion behavior of EV33 alloy joints with
different heat-treated (solid-solution and peak-aged) states,
and reveal the corrosion behavior of different regions (in-
cluding FZ and BM) of the joint. Detailed analyses of the
composition and structure of corrosion product film were per-
formed, and the possible reactions during the immersion test
have been discussed for a better understanding of the forma-
tion mechanisms of the protective layer. It is believed that
this work could promote the applications of welded Mg-RE
alloys in some corrosion environments.

2. Experimental procedure
2.1. Material preparation

The as-received EV33 plates with the dimension of
80 x 32 x 3 mm® were prepared by low-pressure sand cast-
ing. Under the protection of mixed gas (99 vol% CO, + 1
vol% SFg), commercial pure Mg, pure Zn, Mg—90Gd,
Mg—-90Nd, and Mg-30Zr (wt%) master alloys were melted in
resistance furnace, and the detailed melting process has been
provided in our previous work [14]. The actual composition of
the base material (BM) and the filler rod was determined by
Inductively Coupled Plasma-Atomic Emission Spectroscopy
(ICP-AES), as listed in Table 1. Two EV33 plates were joined
by the TIG welding using the AC-TIG welding machine
(Rehm INVERTIG.PRO digital 450 AC/DC). The schematic
of the welding process is shown in Fig. la, and the welding
parameters are presented in Table 2. The post-weld solution
treatment (T4 treatment) process is 480 °C x 6 h + 520
°C x 2 h 4+ 540 °C x 1 h, followed by water quenching.
Note that the multistage solution treatment is always used to
realize a better dissolution of the eutectics and inhibit the ab-
normal grain coarsening in FZ, as reported in the previous
research on Mg—RE alloy TIG-welded joint [23]. Finally, the
obtained T4-treated joint was isothermally aging (T6 treat-
ment) at 200 °C for 14 h, which was selected based on the
age-hardening curve. The immersion test and electrochemical
test were conducted to evaluate the corrosion properties of the
welded samples, and the sampling positions and dimensions
are illustrated in Fig. 1b. The samples used for immersion
experiments included the area from FZ to BM to study the
corrosion performance of the whole joint.

2.2. Microstructure characterization

The specimens were mechanically ground, polished, and
finally etched in an etching reagent consisting of 10 mL
acetic acid, 4 g picric acid, 75 mL ethanol, and 10 mL wa-
ter. The microstructure and corrosion morphologies of the
specimens were characterized by optical microscopy (OM,
Carl Zeiss Axivoert 40), scanning electron microscopy (SEM,
NOVA NanoSEM 230) equipped with energy dispersive X-ray
spectroscopy (EDS), and laser scanning confocal microscopy
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Table 1
Chemical composition (in wt%) of the base material and the filler rod.
Materials Nd Gd Zn Zr Mg
Base material 3.05 2.98 0.24 0.49 Bal.
Filler rod 3.01 297 0.25 0.49
Table 2
The welding parameters of TIG welding of EV33 alloy.
Current (A) Welding speed Wire feeding Welding
Welding method Frequency (Hz) (mm/min) speed (mm/min) voltage (V)
Ig Ip
TIG 140 180 10 180 300 12

W, Immersion test

210

Electrochemical test
Unit: mm

Burette H2
N

H, bubbles
<

Fig. 1. Schematic of the (a) welding fixture, (b) the sampling positions and dimensions of the samples used for immersion and electrochemical tests, and (c)

the set-up used for the hydrogen evolution test.

(LSCM, KC-HO020). The precipitates in the center of FZ in
the T6 state were revealed by the transmission electron mi-
croscope apparatus (TEM, FEI Talos F200X G2) to analyze
the microstructure evolution during the aging process. The
X-ray diffraction (XRD, Rigaku Ultima IV) and X-ray pho-
toelectron spectroscope (XPS, Thermo Scientific K-Alpha)
were used to characterize the corrosion products composi-
tion. The relative Volta potential difference (VPD) between
the @-Mg matrix and second phases was measured by scan-
ning Kelvin probe force microscopy (SKPFM, BRUKER Di-
mension FastScan) under the tapping mode. The corrosion
products film was analyzed using time of flight secondary
ion mass spectroscopy (ToF-SIMS, IONTOF ToF-SIMS 5-
100) at a pressure of 1 x 10~° mbar. In addition, the Gibbs
free energy changes (AGr) of the involved reactions between
RE elements and MgO/Mg(OH), were calculated using the
thermochemical software FactSage 6.2.

2.3. Immersion tests

The samples with the dimension of 20 x 10 x 3 mm?
(Fig. 1b) were used in the weight loss and hydrogen evolution
tests. The polished specimens were weighted and then all the
surfaces of the specimen were fully exposed in 3.5 wt% NaCl
solution for 24 h at 2541 °C for immersion test. During im-
mersion, the evolved H, was collected in the burette through
a funnel above the specimens, as illustrated in Fig. 1c. The
hydrogen evolution volume Vy (mL/cm?) and the hydrogen
evolution rate Py (mm/y) were calculated as follows [18,32]:

AV

Vi = —— (1
2. \Y%

P, — 2088 Vu @)
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b

CHI660E
|, Counter
Er electrode
Working ,/lj
" electrode N Reference
3.5 wt.% electrode
NaCl solution

Fig. 2. The set-up for electrochemical measurement: (a) electrochemical station used in this study, (b) schematic of the three-electrode system.

Table 3
The parameters of electrochemical measurements.

Item Initial E (V) Final E (V) Frequency range (Hz) Amplitude (V) Scan rate (mV/s) Quiet time (s) Sensitivity (A/V)
EIS —-1.6 — 1 x 1072-1 x 10° 0.01 — 2 1 x 1076
Tafel -1.9 —1.4 — — 0.5 2 1 x 1076

where AV (mL) is the amount of evolved Hy, A (cm?) rep-
resents the surface area of the specimen, and t (day) is the
total immersion time.

After immersion for 24 h, the samples were ultrasoni-
cally cleaned in chromate acid (50 g CrO3, 5 g AgNOs3, and
250 mL deionized water) for 10 min (~25 °C), dried and
weighted to calculate the weight loss AW (mg). The weight
loss rate Py (mm/y) is calculated as follows [33]:

210 AW

Py = ym 3)

2.4. Electrochemical measurements

The electrochemical behavior of the specimens was in-
vestigated using a CHI660E electrochemical workstation in
3.5 wt% NaCl solution at 25 + 1 °C, as shown in
Fig. 2. A three-electrode system was used, with a plat-
inum plate as the counter electrode, a saturated calomel elec-
trode (SCE) as the reference electrode, and the tested sam-
ple (exposure area of 1 cm?) as the working electrode.
The electrochemical impedance spectrum (EIS) measurement
was performed after immersion in the solution for 3600 s to
reach a relatively stable open circuit potential (OCP). The
detailed parameters of EIS and Potentiodynamic polariza-
tion (Tafel) measurement are illustrated in Table 3. The EIS
data were fitted by software Zsimpwin. The corrosion cur-
rent density (i.o;r) Was obtained by Tafel extrapolation of the
cathodic branch of the polarization curve. All experiments
were repeated for three times to ensure the accuracy of the
results.

3. Results
3.1. Microstructure evolution

Fig. 3 displays the optical microstructures of the as-welded
joint. It can be seen from the low-magnification image in
Fig. 3a that there exist no obvious welding defects such as
voids and cracking in the joint. In addition, remarkable dif-
ferences in the microstructure can be found in the joint, and
a fusion line can also be observed between FZ and BM. En-
larged images of each region in Fig. 3a are shown in Fig. 3b—
d. The FZ is characterized by equiaxed grains (average grain
size is ~8.2 wm,) and uniformly distributed eutectics in small
sizes. In addition, it can be seen that the heat affected zone
(HAZ) exhibits an approximate grain size (47.6 wm) with the
BM (45.2 pm). This is because a grain boundary pinning ef-
fect is achieved by the thermostable RE-containing eutectics,
and thus the grain coarsening of HAZ is inhibited under the
welding heat. As a result, HAZ is hard to be clearly distin-
guished in the cross-section of the joint in Fig. 3a. It can be
found that the effect of HAZ on the corrosion behavior of
the joints is negligible, and the current study mainly focused
on the microstructural evolution and corrosion behavior of FZ
and BM.

Fig. 4 presents the SEM micrographs of FZ and BM in the
EV33 alloy joints with different heat-treated states. As shown
in Fig. 4a and b, numerous eutectics, which have been iden-
tified as Mg3(Nd, Gd) phases in previous studies [14,17,18],
are distributed along the grain boundaries in the as-welded
joint. Moreover, in the grain interior of BM, a large quantity
of plate-shaped B precipitates can be found (Fig. 4b). After
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a

Ry o W TRV

Fig. 3. Optical micrographs of the TIG joint of sand-cast EV33 alloy: (a) the whole welded joint, and (b)—(d) the magnified views of the boxed regions

marked in (a).

Fig. 4. SEM micrographs of the FZ and BM in EV33 alloy joints with different heat-treated states: (a and b) as-welded, (c and d) T4, (e and f) T6.

T4 treatment, most of the eutectics are dissolved and numer-
ous rod-shaped dispersoids are formed. The EDS analyses in
Table 4 indicate that the rod-shaped particles are the clus-
ters of the Zn—Zr phase, which is also accordant with the
published literatures [17,34]. It is worth mentioning that the
Zn—Zr cluster shows a much smaller size in FZ. In addition,
fine particles with sizes of 1~3 pm are visible in FZ with
T4 and T6 treatments. As shown in Fig. 4c and e, the cuboid

phase is mainly rich in Gd element while the sphere phase is
mainly rich in Nd element. As compared to FZ, there are a
few eutectics remaining in BM, as shown in Fig. 4d and f.
To further clarify the precipitation behavior during the ag-
ing process, TEM observation was carried out with the inci-
dent beam parallel to [0001], direction, as shown in Fig. 5.
The lenticular {1120}, platelets with a dense distribution are
observed in Fig. 5a. Extra diffraction spots can be found at
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(1010)@) ©(0050).

Fig. 5. TEM micrographs of FZ in T6-treated joint: (a) HAADF- STEM image, (b) the selected area electron diffraction (SAED) pattern, (c) the enlarged
image of the rectangular region in (a), (d) bright field (BF) image corresponding to (c). (The incident beam is along [0001], zone axis).

Table 4

EDS point analyses (in at.%) in Figs. 4 and 11.

Point Mg Nd Gd Zn Zr (6]

1 99.25 0.31 0.27 0.05 0.12 -

2 77.26 14.62 5.11 3.01 - -

3 86.94 8.12 2.71 2.23 - -

4 54.90 37.63 3.56 3.91 - -

5 43.57 19.09 35.36 1.98 - -

6 92.12 0.29 0.21 2.56 4.82 -

7 39.98 0.32 0.21 0.88 0.12 58.49
8 27.04 2.14 2.32 0.75 0.18 67.57

12 (1010)0,_1\/[g positions in selected area electron diffraction
(SAED) pattern in Fig. 5b. Based on this orientation rela-
tionship, these fine lenticular precipitates can be identified as
B” phases (Mg;RE, D09, @ = 0.64 nm and ¢ = 0.52 nm)
[35]. From the enlarged image (Fig. 5c), the B” phases are
characterized with hexagonal arrays consisting of six columns
of RE atoms. The bright field (BF) image in Fig. 5d fur-
ther displays that these precipitates exhibit a thickness of
~3 nm and a diameter of ~14 nm. Additionally, there are also
some lenticular prismatic 8’ phases in the sample, which has
been reported in the previous studies on Mg—Gd-Nd alloys
[17,36,37]. Therefore, B” and B’ are the main strengthening
phases in the aged EV33 alloy.
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Fig. 6. Hydrogen evolution test (a) and corrosion rates derived from weight
states in immersion experiment.

3.2. Corrosion properties

Fig. 5 shows the hydrogen evolution (Fig. 6a) and average
corrosion rate (Fig. 6b) calculated by Pw and Py of EV33
alloy joints with different heat-treated states after immersion
for 24 h. It can be found that the hydrogen evolution in-
creases linearly with the increasing immersion time, and the
as-welded joint exhibits the highest amount of hydrogen evo-
Iution. As shown in Fig. 6b, the Py of the as-welded sample
decreases from 8.43 to 5.72 mm/y after T4 treatment, and
then increases to 7.13 mm/y after T6 treatment, indicating
that the T4-treated sample has the highest corrosion resis-
tance. In addition, the Py of as-welded, T4- and T6-treated
joints are 7.92, 5.14, and 6.77 mm/y, respectively, which is
in accordance with the change tendency of Py It is worth
noting that the Py of all the joints is slightly lower than Py,
maybe due to the dissolution of H, in solution or the shedding
of non-corrosive areas during the cleaning process. Compre-
hensively considering the Pw and Py, the corrosion resistance
increases in the order of T4 > T6 > as-welded.

Fig. 7 presents the potentiodynamic polarization curves and
the corresponding fitted parameters. In general, the cathodic
branch is related to the hydrogen evolution in an aqueous so-
lution, and the anodic branch refers to the dissolution of the
a-Mg matrix [38]. The cathodic branch exhibits the extensive
liner Tafel region, which demonstrates the relatively steady
hydrogen evolution and corrosion rate. For the anodic parts
of the curve, no significant passivation stage could be ob-
served, indicating it is difficult to form a passivating film on
the joint surface [39]. Among the tested samples with differ-
ent heat treatments, the T4-treated specimens always present
more positive corrosion potential (Eo) and lower corrosion
rate (icorr), Suggesting their better corrosion resistances. It can
be speculated that the T4 treatment is conductive to promot-
ing the protective effect of the oxide film according to the
higher E o value [40]. In addition, different regions (FZ and

Different heat-treated states

loss and hydrogen evolution (b) of EV33 alloy joints with different heat-treated

BM) of a welded joint usually exhibits different E.q and ico,
and FZ always shows a better corrosion resistance. In general,
among the samples, the corrosion resistance of T4-treated FZ
is the highest, while that of BM of the as-welded joint is the
lowest.

Fig. 8 depicts the EIS plots of the specimens and the
electrochemical equivalent circuit. From Nyquist plots of
Fig. 8a, all samples consist of three well-defined loops: a
high-frequency capacitive loop, a medium-frequency capaci-
tive loop, and a low-frequency inductive loop. According to
the previous studies [41-43], they represent the charge trans-
fer reaction of surface oxide/hydroxide film at high frequency,
the charge transfer reaction of the electric double layer at
middle frequency, and the mass diffusion of ions through the
corrosion product film at low frequency, respectively. Herein,
the capacitive loop radiuses of T4-treated samples are larger
than those of the as-welded and T6-treated samples, indicat-
ing that the T4 treatment could greatly improve the charge
transfer resistance of the EV33 alloy joint, which is benefi-
cial to the reduction of corrosion rate. Additionally, the FZ
with a larger loop radius usually shows preferable corrosion
resistance as compared to the BM within a welded joint. For
the Bode plots of impedance-frequency in Fig. 8b, it can be
observed that the FZ of the T4-treated joint always main-
tains the highest impedance modulus. In terms of Bode plots
of phase angle-frequency in Fig. 8c, two wave crests and
one wave trough are visible, demonstrating the presence of
two capacitance loops and one inductive loop. In addition,
the largest peak value and peak width of T4-treated FZ also
suggest its best corrosion resistance among all the specimens
[42,44].

In order to clarify the corrosion mechanism of these spec-
imens, the equivalent circuit diagram is provided in Fig. 8d,
and the fitting data are displayed in Table 5. Herein, the re-
sistor elements of Rs, R, and R correspond to the solution
resistance, the charge transfer resistance, and the corrosion
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Fig. 7. Polarization teats of the FZ and BM in EV33 alloy joints with different heat-treated states: (a) potentiodynamic polarization curves, (b) Ecorr and icorr

extracted from polarization curves.

Table 5

The fitting parameters related to the EIS diagram in Fig. 8.

Samples Ry (Q-cm?) CPE; R (Q-cm?) CPEq Ry (Q-cm?) Ry (-cm?) L (H.cm?) Rp (-cm?)
Yo, ai (WF-cm™ 25"y g Yo, ¢ (WF-ecm™ 28"y p

FZ (as-welded) 8.936 6.621 0.88 220.5 7.14 0.93 37.7 87.3 1658 65.2

BM (as-welded) 7.877 6.534 0.92 188.4 7.833 0.96 38.5 84.7 1895 61.7

FZ (T4) 8.161 3.234 091 3179 6.191 0.99 47.3 126.3 4790 93.8

BM (T4) 8.478 3.131 0.87 281.6 6.118 097 499 97.9 1552 75.6

FZ (T6) 8.723 4.304 0.94 2425 6.843 092 414 95.7 1672 71.6

BM (T6) 8.561 4.814 091 2489 6.259 0.94 404 85.6 1196 66.1

film resistance, respectively. Additionally, the constant phase
elements (CPE) of CPE; and CPEy refer to the capacitors
of corrosion product film and electric double layer at the
substrate/solution interface, respectively [38]. The CPE com-
ponent is defined by two parameters with Y, and n, which
represent the non-ideal capacitance and the dispersion index
ranging from O to 1, respectively [45]. The inductance L in
series with the resistance Ry denotes the rupture of the oxide
film induced by the Mg™ reaction [45,46]. The polarization
resistance Rp can be used to characterize the overall corrosion
resistance of the specimens, expressed as [47]:
1 1 1
Re  Ri+R«  RL “
P Rt L

As shown in Table 5, there is little variation in the R
value, since it is only dependent on the conductivity of the
immersion medium. In addition, the higher Ry values of FZ
(T4) and BM (T4) specimens indicate that the T4 treatment
facilitates the establishment of compact corrosion film on the
joint surface. On the contrary, the as-welded samples present
the lowest Ry values, which may be ascribed to the lower
content of RE solute participating in the formation of corro-
sion product film. It is worth noting that the R, of different

samples varies significantly, implying that the microstructural
evolution affects the charge transfer of the double layer. The
larger the R, value, the better the corrosion resistance of the
joint. The R, value of different specimens increases in the
order of FZ (T4) > BM (T4) > FZ (T6) >BM (T4) > FZ
(as-welded) > BM (as-welded), which further confirms the
results from potentiodynamic polarization curves.

3.3. Corrosion morphology

Fig. 9 displays the macroscopic corrosion morphologies
of EV33 alloy joints with different heat-treated states after
immersion for 24 h. As shown in Fig. 9a, serious corro-
sion occurs in the as-welded joint, and the surface is al-
most covered by dark corrosion products. In comparison, the
T4-treated joint presents superior corrosion resistance on ac-
count of its less corroded areas. In addition, the corrosion
mainly occurs in the BM, and the amount of corrosion prod-
ucts in FZ is much lower (Fig. 9b). In terms of the T6-treated
joint (Fig. 9c¢), the corroded area is less than that of the as-
welded joint, but slightly larger than that of the T4-treated
joint.
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(d) electrochemical equivalent circuit.

Fig. 9. Macroscopic corrosion morphologies of EV33 alloy joints with different heat-treated states: (a) as-welded, (b) T4, (c) T6.

Fig. 10 shows the 3D corrosion morphology of the EV33
alloy joints. In terms of the as-welded joint (Fig. 10a and
b), some deep corrosion pits and thick oxidation film can be
detected on the surface, indicating serious localized corrosion
occurred in this joint. In contrast, the T4-treated joint exhibits
a corrosion layer with a relatively uniform thickness, accom-
panied by some small local corrosion (Fig. 10c and d). As
for the T6-treated joint (Fig. 10e and f), several shallow pits
with a depth of around 20 pwm appear on the surface, sug-
gesting its inferior corrosion resistance to T4-treated joint.
The maximum height difference (AHnax) of the joint surface

is dependent on the thickness of corrosion products and the
depth of corrosion pits [42]. As can be seen from Fig. 10b, d
and f, the measured results of AH,x of as-welded, T4- and
T6- treated samples are 93.35 pm, 60.52 wm, and 75.71 pwm,
respectively.

The corrosion products formed on FZ and BM after the
immersion test is shown in Fig. 11. At low magnification,
agglomerated particles, and micro-cracks can be observed on
the surface of FZ and BM of as-welded and T6-treated joints
(Fig. 11a, b, and f), while the surface of T4-treated joint is
covered with dense and uniformly distributed corrosion prod-
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ucts (Fig. 11c and d). From the magnified image at the top
right corner of Fig. 1la—f, the corrosion products are usu-
ally in the morphologies of loose globular clusters (mainly in
as-welded and T6 states) and dense blade-like flakes (mainly
in the T4 state). In general, the compact and uniformly dis-
tributed flakes could effectively hinder C1~ from the erosion
of the inner «-Mg matrix [28,48], suggesting that the T4-
treated joint may have a better corrosion resistance. The cor-
responding EDS mapping of as-welded BM (Fig. 11 g) in-
dicates that the elements of O, Mg, Nd, and Gd are mainly
enriched at the corrosion products (Fig. 11h). The EDS point
analyses in Table 4 further confirm that the bright particle
is rich in RE elements, while the dark inner layer is mainly
composed of Mg-containing oxides.

Fig. 12 shows the cross-section corrosion morphologies of
FZ and BM with different heat-treated states. The as-welded
BM presents a non-uniform corrosion morphology, and a se-
vere localized corrosion with a depth of ~ 89.7 wm can be
observed (Fig 12b). Note that the second phases are retained
in the corrosion product layer, mainly because they act as the
cathode to promote the corrosion of adjacent «-Mg matrix
[49]. The EDS mapping (Fig. 12c¢) reveals that RE elements
are enriched in the second phase, and O element is penetrated

deeply in the matrix. The T4-treated joint displays a relatively
uniform morphology with a shallow corrosion depth (Fig. 12d
and e), in which the maximum corrosion depth of FZ is only
14.5 pm. As shown in Fig. 12f and g, the corrosion depth
of the T6-treated joint is greater than that of the T4-treated
joint, but slightly lower than that of the as-welded joint. The
corrosion pits with the depth of ~ 20.2 pm and ~22.1 pm
are found in the FZ and BM, respectively.

The corrosion morphologies of the EV33 alloy joints af-
ter removal of the corrosion products are shown in Fig. 13.
In terms of the as-welded joint, a great chunk of the «-Mg
matrix is corroded and exfoliated, forming severe localized
corrosion areas with a diameter of tens of microns (Fig. 13a
and b). In comparison, the T4-treated joint shows a relatively
smooth and uniform surface dominated by shallow corrosion
pits (Fig. 13c and d), and the T6-treated joint exhibits a
tunnel-like corrosion morphology (Fig. 13e and f). The en-
larged images of the as-welded joint reveals that the «-Mg
matrix near the Mgs(Nd, Gd) eutectics is corroded preferen-
tially, which could be ascribed to the lower Volta potential of
a-Mg [18]. In addition, the 8 phases in the grain interior of
BM may also cause the slight corrosion of the surrounding
matrix, as depicted in Fig. 13b. As for T4- and T6-treated
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Fig. 11. Microstructure of the corrosion products of FZ and BM in EV33 alloy joints with different heat-treated states: (a and b) as-welded, (c and d) T4, (e
and f) T6. (g) and (h) is the enlarged view and EDS mapping of the boxed region in (b).

joints, numerous small corrosion pits (~2 pwm) can be ob-
served in FZ, which may be resulted from the detachment
of the RE-rich cuboid phases. Moreover, localized corrosion
areas also exist near the Zn—Zr phase in BM (Fig. 13d and f).

3.4. Corrosion products analysis

The XRD patterns of corrosion products of FZ with
different heat-treated states are shown in Fig. 14. The result
reveals that Mg(OH),, Gd,O; and Nd,O; are the main
components of corrosion products. Meanwhile, all samples
exhibit the peaks of MgCO;3-3H,0, which may be generated
by the reaction between Mg(OH), and the CO, dissolved
into the corrosive solution [47]. In addition, the small peaks
corrosponding to ZnO and ZrO, can also be found in the
spectra, as illustrated in Fig. 14b. According to the position

Table 6
The surface chemical compositions (in at.%) of FZ with different heat-treated
states.

Samples Mgls Nd3d Gd3d Zn2p Zr3d Cls O 1s

As-welded  21.78 0.67 0.46 0.15 0.17 2922  47.55
T4 18.27 1.73 1.18 0.11 0.22 28.18  50.31
T6 20.72 0.71 0.58 0.13 0.10 28.12  49.64

and intensity of diffraction peaks, the content of corro-
sion products in the as-welded joint is significantly higher
than that in the T4- and T6-treated joints, indicating poor
corrosion resistance of the as-welded joint.

In order to further investigate the chemical compositions
of the corrosion products, XPS analysis of FZ is performed,
as shown in Fig. 15 and Table 6. The survey scanning spec-
trum of the corrosion products (Fig. 15a) reveals the exis-
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Fig. 12. Cross-section corrosion morphologies of FZ and BM in EV33 alloy joints with different heat-treated states: (a and b) as-welded, (d and e) T4, (f and

g) Té6. (c) is the EDS mapping of (b).

tence of Mg, Nd, Gd, Zn, Zr, O, and C elements in all sam-
ples. In Fig. 15b, the Mg 1s of all samples can be fitted into
the Mg(OH), peak at around 1303.8 eV, the MgO peak at
around 1304.8 eV, and the MgCOj3 peak at around 1306.5 eV
(Fig. 15b). In addition, three peaks with the binding energy
of 978.3 eV, 981.3 eV, and 984.0eV can be found in the
high-resolution spectra for Nd 3d, indicating the existence of
Nd°, Nd(OH);, and Nd,O;3 (Fig. 15¢). Similarly, the Gd 3d
spectra can be deconvoluted into three contributions centered
at 1185.7 eV, 1187.9 eV, and 1190.5eV, which correspond to
the Gd°, Gd(OH)3, and Gd,Os, respectively (Fig. 15d).

As shown in Table 6, the RE 3d content (2.91%) of T4-
treated FZ is much larger than that of as-welded and T6-
treated states, maybe because more RE elements dissolved in
the matrix during T4 treatment are involved in the formation
of corrosion products. In addition, the contents of Zn 2p and
Zr 3d in corrosion products are very low on account of the
extremely low solubility of Zn and Zr in the «-Mg matrix.
Table 7 presents the relative area of Nd and Gd in metallic,
oxide, and hydroxide states of FZ. It can be calculated that
the percentage of RE oxides (i.e. Nd,O3 and Gd,03) in RE
3d peaks are 43.6% for the as-welded joint, 52.8% for the
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Table 7
The relative area of Nd and Gd in metallic, oxide and hydroxide states of FZ with different heat-treated states.
Nd 3d Gd 3d
Samples
Nd° Nd, 03 Nd(OH); Gd* Gdy03 Gd(OH);
(978.3 eV) (984.0 eV) (981.3 eV) (1185.7 eV) (1190.5 eV) (1187.9 eV)
As-welded 48.1 20.3 31.6 249 23.3 51.8
T4 459 23.7 30.4 21.1 29.1 48.8

T6 46.6 21.5 31.9 21.5 259 52.6
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T4-treated joint, and 47.4% for the T6-treated joint. That is,
a higher proportion of RE atoms are involved in the forma-
tion of RE-containing oxides in the T4-treated joint during
the immersion test, thus increasing the compactness of the
corrosion product layer, as shown in Fig. 11c and d.

3.5. Volta potential difference

SKPFM measurement was carried out to clarify the Volta
potential difference (VPD) between the second phase and the
a-Mg matrix, as shown in Fig. 16. The result reveals that
the potentials of Mg;(Nd, Gd) eutectic phases, 8 phase, RE-
rich cuboid phases, and Zn—Zr phase are higher than that of
the ¢-Mg matrix. As a result, the «-Mg matrix with lower
potential would serve as a micro-anode and be corroded pref-
erentially. In detail, the RE-rich cuboid phases and Mg3(Nd,
Gd) eutectic phases possess an ultra-high average VPD value
(~130 mV), indicating their higher cathode activity than
that of 8 phase (~30 mV) and Zn—Zr phases (~70 mV).
Therefore, the matrix near the 8 and Zn—Zr phases could

not experience serious galvanic corrosion attack, as shown
in Fig. 13. Since the nano-scale precipitates 8°° has a simi-
lar chemical composition with Mg3(Nd, Gd) eutectic phases
[17,18], it is also electrochemically nobler than the «-Mg
matrix.

4. Discussion
4.1. Formation mechanism of corrosion product film

The corrosion product film plays a vital role in the corro-
sion behavior of EV33 alloy joints, and clarifying its forma-
tion mechanism can reveal the film failure mechanisms and
provide guidance for surface modification and corrosion con-
trol. There exists a significant difference in the composition
and morphology of the corrosion product film on the joint sur-
face with different heat-treated states. According to the XRD
and XPS analyses, the oxides and hydroxides of Mg and RE
are the main components of the corrosion product film. Com-
bined with the microstructure characterization in Fig. 11, it
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render of the corrosion product film.

can be found that corrosion products with high RE content
are generally in the morphology of dense blade-like flakes,
while those with low RE content are characterized with loose
globular clusters and some micro-cracks.

To further gain in-depth insight into the structure of the
corrosion product film, ToF-SIMS analysis was carried out
on the surface of FZ in the as-welded and T6-treated joints,
as shown in Fig. 17. Note that the thickness of the corrosion
product film is proportional to the ion sputtering time [50,51].
In the direction of thickness, the depth profile of both sam-
ples (Fig. 17a and c¢) predominantly exhibits three regions: the
outer corrosion layer, the inner corrosion layer, and the metal-
lic substrate. The outer layer is mainly characterized with in-
tense O~, MgO,~, and MgOH™ signals, which are attributed
to the formation of magnesium oxide and hydroxide. The in-
ner layer exhibits a progressively increased intensity of the
signals related to ZnO~, ZrO~, ZrOH~, Nd-containing ions

(Nd~, NdO~, and NdOH™), and Gd-containing ions (Gd~,
GdO~, and GdAOH™), revealing an enrichment of oxides and
hydroxides of Zn, Zr, and RE. Finally, the O~ signal tends to
be stable suggesting that the ion beam has entered the metal-
lic substrate. According to the sputtering time, the corrosion
film is markedly thinner on FZ with T6 treatment, suggest-
ing that the substrate erosion of T6-treated FZ is less severe
than that of as-welded. In detail, the thickness difference is
mainly derived from the inner layer, which indicates that the
RE oxides and hydroxides can effectively hinder the corrosion
propagation.

The layer composition is better visualized by 3D render-
ing of corresponding fragment ions (Fig. 17b and d). Results
further confirm that magnesium oxide and hydroxide are dis-
tributed throughout the corrosion product film, while the oxide
and hydroxide of RE, Zn and Zr are mainly located in the
inner layer.
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It is believed that complex interactions will occur between
the corrosive solution and the EV33 alloy joints, which pro-
duce significant effects on the composition and structure of
the corrosion product film. Therefore, it is of great necessity
to discuss the involved interactions. There is a natural oxide
film formed on the surface of EV33 alloy joints in the air
[52,53], whereas this film is loose and porous thus permit-
ting the access of the Cl~ to the substrate. Then the galvanic
corrosion is activated as follows [54,55]:

Cathodic reaction:

2H,O + 2¢~ — H, + 20H~ &)
Anodic reaction:

Mg — Mg*t +2¢ (6)

RE — RE* 43¢ (7
Corrosion products:

Mg** +20H — Mg(OH), (8)

RE’" +30H — RE(OH); )

Note that the Zn and Zr contents in the current study
are extremely low, thus the related reactions could be ne-
glected. Meanwhile, many researchers have confirmed that
the adsorbed water molecules on the surface results in the
hydroxylation of the natural MgO [26,52,56,57]:

According to the Pourbaix diagram [58], Mg and RE ox-
ides are thermodynamically stable in alkaline solutions, which
are readily generated by the dehydration of corresponding hy-
droxides [32,54]:

Mg(OH), — MgO + H,0 ¢8))

2RE(OH); — RE,O0; + 3H,0 (12)

Finally, the reactions between RE elements in the matrix
and the already generated MgO/Mg(OH), should be consid-
ered:

2RE + 3MgO — 3Mg + RE,O; (13)

2RE + 3Mg(OH), — 3Mg + 2RE(OH); (14)

Under the actual experimental temperature of ~25 °C, the
Gibbs free energy change (AGr) of reaction (13) can be cal-
culated to be —13.4 kJ/mol and —44.5 kJ/mol for Nd and Gd.
In addition, the AGr of reaction (14) is about —243.7 kJ/mol
and —230.1 kJ/mol for Nd and Gd, respectively. The negative
values of the above-mentioned AGy suggests these reactions
are thermodynamically feasible, and Eq. (14) is more favor-
able than Eq. (13) on account of its lower AGr value.

Based on the discussion above, schematic Fig. 18 is pro-
posed to depict the formation process of the corrosion product
film including the following three steps:

(i) As shown in Fig. 18a, the EV33 alloy joint is covered
with discontinuous natural oxide film. In 3.5 wt% NaCl
solution, the exposed Mg and RE atoms in the substrate
are oxidized into Mg?* and RE3* and generate hydrox-
ides. It is noted that a portion of Mg(OH), in the outer
layer is formed by the hydration of natural MgO. Un-
fortunately, the generated hydroxides product layer is
porous and could not effectively block the penetration
of the corrosive solution (Fig. 18b).

(i) More H, bubbles generated at the cathodic sites will es-
cape from the hydroxide layer, resulting in the porosity
and cracks within the corrosion film (Fig. 18c). These
defects facilitate the penetration of the corrosive solu-
tion into the inner substrate. In addition, the hydrolysis
reactions produce the oxides stable in alkaline solution
(Egs. (11) and 12) and thus resist pitting breakdown.

(iii) With the inward growth of the corrosion film, more RE
oxides and hydroxides can be generated in the inner
layer through replacement reaction (Egs. (13) and 14)
on account of the high chemical reactivity of RE ele-
ments (Fig. 18d). As reported previously [59,60], there
is compressive stress in the oxide film of the RE ele-
ments with a Pilling—Bedworth ratio (PBR) between 1
and 2 (1.12 for Nd and 1.29 for Gd), and the film shows
a dense structure, resulting in a better oxidation resis-
tance of the base metal. However, the oxide film of Mg
element with PBR less than 1 contains tensile stress,
lead to the formation of the porous film and a lower
oxidation resistance. Therefore, the increased RE,O3 in
the inner layer can improve the compactness of the cor-
rosion product film and prevent the underlying «-Mg
matrix from further corrosion.

4.2. Corrosion behavior of EV33 alloy joints

4.2.1. Different regions in as-welded joint

In terms of the as-welded joint, the corrosion resistance of
FZ is higher than that of BM. Combined with the microstruc-
ture characterization (Figs. 3 and 4), it can be inferred that
the difference in the corrosion performance may be caused
by the different distribution of the grain size and second
phases.

It is generally believed that grain refinement can lead to a
better corrosion resistance of Mg—RE alloys, mainly based on
the following reasons [61,62]: (i) finer grains could inhibit pit-
ting initiation by reducing the mismatch stress between «-Mg
matrix and the corrosion surface; (ii) More grain boundaries
in the grain-refined alloy could act as the barrier to hinder the
corrosion propagation. Compared with BM, the grain size of
FZ is significantly smaller (~8.2 wm), which results in an en-
hanced corrosion performance. In addition, the second phase
is considered to play a dual role in the corrosion process,
which can act as the corrosion barrier or galvanic cathodes
accelerating corrosion [48,57,63]. It can be observed from
Fig. 12a and b that micro-galvanic corrosion occurs around
the eutectics and propagates to the grain interior, suggesting
that the eutectics that distributed in the as-welded joint are
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Fig. 18. Schematics of the formation process of the corrosion product film of EV33 alloy joints.

cathodic to the o-Mg matrix and could not effectively im-
pede corrosion progress. It has been reported that the micro-
galvanic rate is in proportion to the area ratio of the cathode
and anode [64,65], and a larger ratio results in an increased
corrosion rate. As shown in Fig. 12b, the eutectics in BM are
coarser than those in FZ, which leads to aggravated erosion
of the surrounding matrix associated with cracks generated
in the corrosion film. Moreover, the uniformly dispersed B
phase with a large amount in the grain interior of BM could
also form numerous micro-galvanic couples, thus accelerating
the galvanic corrosion.

As discussed above, the inferior corrosion performance of
BM is attributed to the coarse eutectics and numerous § phase
exacerbating galvanic corrosion, as well as the large grain
sizes accelerating the corrosion process.

4.2.2. Heat treatment effect

For the as-welded joints, severe micro-galvanic corrosion
occurs caused by the Mg3(Nd, Gd) eutectic phases with rela-
tively large size and high cathode activity (Fig. 13a and b). In
addition, the abundant cathodic phases increase the hydrogen
evolution rate [57,66], which could induce crack generation
within the film and exacerbates localized corrosion. As a re-
sult, it is observed that a porous film characterized with loose
clusters and deep cracks on the joint surface (Fig. 11a and b),
indicating a poor corrosion resistance of the joint in as-welded
state.

The dissolution of eutectics and the precipitation of the
Zn—7Zr phase occurred during T4 treatment, as shown in
Fig. 4c and d. Compared with the initial Mg3;(Nd, Gd) eu-
tectics, the Zn—Zr particles in T4 state exhibit smaller sizes
and lower Volta potential (~70 mV), resulting in mitigation
of the micro-galvanic corrosion (Fig. 13c and d). Although
some fine RE-rich sphere/cuboid phases are remained in FZ,
their effect on the corrosion performance is minimized be-
cause of their small sizes with a low volume fraction [64].
On the other hand, as confirmed by XPS analysis, more RE
solute dissolved in the matrix after T4 treatment could be
involved in the formation of RE oxides in the corrosive so-
Iution. With a high PB ratio and low standard enthalpy [60],
RE oxides can greatly improve the compactness and stabil-
ity of the corrosion product film. As shown in Fig. 11c and
d, the relatively uniform film composed of dense blade-like
flakes could provide preferable protection against the Cl~. It
is also worth noting that grain growth during T4 treatment
is another remarkable factor need to be considered for the
corrosion behavior. However, it seems that the negative im-
pact of the grain coarsening on corrosion performance can
be offset by the positive effect contributed by the dissolu-
tion of cathodic phases and the enhanced protective ability of
the corrosion product film, since the lowest corrosion rate is
obtained in T4-treated joint.

After T6 treatment, a large quantity of 8” and B’ phases
are precipitated in the matrix (Fig. 5), which would also act
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as micro-cathodes. Note that these precipitates with a diam-
eter of several nanometers cannot provoke severe corrosion
damage owing to the extremely small cathode to anode area
ratio [64]. However, the reduced RE content in the matrix
after aging treatment leads to a lower amount of RE oxides
formed in the corrosion products, which is detrimental to the
film protection ability (Fig. 11e and f). As a result, the cor-
rosion performance of the T6-treated joint is inferior to that
with the T4-treated counterpart. For different regions of the
joints after heat treatment, FZ generally exhibits higher cor-
rosion resistance than BM. In addition to the above factors,
the Zn—Zr clusters with tens of microns (Fig. 13c—f) as well
as a few residual eutectics can also exacerbate the galvanic
corrosion of BM.

A schematic is provided in Fig. 19 to better understand the
corrosion behavior of EV33 alloy joints with different post-
weld heat treatments. The as-welded joint exhibits the highest
corrosion rate, on account of the porous corrosion layer and
numerous eutectics with high cathodic activity (Fig. 19a and
b). In addition, the larger grain sizes, coarser eutectics, and
numerous B phase in grain interior make the corrosion re-
sistance of BM inferior to that of FZ. After T4 treatment,
the corrosion performance of the joint is significantly im-

proved, owing to the positive effects of the dissolution of
cathodic phases and the generation of compact protective
film (Fig. 19¢ and d). The precipitation of nanosized RE-
containing phases in T6-treated joint results in a slight in-
crease of micro-galvanic rate and a lower compactness of the
protective film (Fig. 19¢ and f), so a lower corrosion resis-
tance is obtained. The corrosion resistance of BM is slightly
inferior to that of FZ in the T4- and T6-treated joints, which
is attributed to the large Zn—Zr clusters and residual eutectics
in BM.

5. Conclusions

In this work, the effects of different post-weld heat treat-
ments on the microstructure evolution and corrosion behavior
of TIG welded EV33 alloys were systematically investigated.
The main findings are summarized as follows:

(1) As compared to the FZ in as-welded state, the lower
corrosion resistance of cast BM is attributed to its
larger grain size and exacerbated galvanic corrosion
caused by coarser Mgs(Nd, Gd) eutectics and numer-
ous B precipitates. In terms of the T4- and T6-treated
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joints, the galvanic corrosion resulted from the formed
Zn—Zr clusters in BM also leads to a lower corrosion
resistance.

(2) The corrosion rate of the EV33 alloy joint in as-
welded, T4 and T6 states are 8.43 mm/y, 5.72 mm/y
and 7.13 mm/y, respectively. Eutectics with high cath-
ode activity and the porous corrosion film of as-welded
joint lead to the highest corrosion rate. The promoted
corrosion resistance of T4- and T6-treated joints is de-
rived from the positive effects contributed by the dis-
solution of eutectics and the formation of a protective
layer.

(3) For the as-welded joint, the film is porous with loose
globular clusters and micro-cracks, while the layer is
compact and uniform with dense blade-like flakes in
T4- and T6-treated joints. This is because the content of
RE oxides in the corrosion products is greatly increased
in T4- and Té6-treated joints, which can effectively im-
prove the compactness of the film and hinder the ero-
sion of Cl7, and a decreased corrosion depth can be
obtained.

(4) Different second phases in EV33 alloy joint exhibit dis-
tinct Volta potential relative to the o-Mg matrix. The
Volta potential of Mg3(Nd, Gd) and RE-rich cuboid
phases is ~130 mV, while that of 8 and Zn—Zr
phases is ~30 mV and ~70 mV respectively. The
Zn—7Zr phase generated during heat treatment acts as
relatively weak micro-cathode, alleviating the micro-
galvanic corrosion in comparison with the as-welded
joint.

(5) As the major components of the corrosion product film
of the EV33 alloy joint, MgO and Mg(OH), are dis-
tributed throughout the whole layer. However, RE,O;3
and RE(OH)3 are mainly distributed in the inner layer
of the corrosion film, which is generated by the inward
propagation of the corrosion and subsequent replace-
ment reactions between RE and MgO/Mg(OH),.
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