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Abstract: The service performance of Al alloy sheets can be improved by controlling the rolling temperature. In this
study, the corrosion resistance of AlI-Mg—Mn—Sc alloy sheets was enhanced through cryorolling (CR). The corrosion
resistance of the CR samples with 50% rolling reduction was superior to that of the room-temperature rolled (RTR)
samples. After the sensitization treatment (ST), the maximum intergranular corrosion (IGC) depth for the CR samples
was 35.2 um, while it was 53.9 um for the RTR samples. Similarly, the mass losses were 56.89 and 73.11 mg/cm? for
the CR and RTR samples after ST, respectively. In addition, the impedance modulus of the CR sample was more than
twice that of the RTR sample. Superior pitting resistance can be attributed to the thicker passivation film and the
Alg(Mn,Fe) phases being broken and interspersed in CR samples. Furthermore, the sub-grains, shear bands, dispersive
Al3(Sc,Zr) phases, fewer high-angle grain boundaries and high-density dislocations in the CR samples impeded the
continuous precipitation of the f (AlsMg») phase along grain boundaries while promoting its formation inside grains
instead. These microscopic characteristics significantly reduced the electrical coupling effect between £ phase and the
Al matrix, leading to a considerable decrease in IGC occurrence.
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The corrosion potential of S phase is lower than that

1 Introduction

The Al-Mg alloys are a series of non-heat
treatment strengthened alloys, which exhibit
excellent fatigue performance, welding performance,
and resistance to corrosion in marine and atmospheric
environments [1]. However, prolonged exposure of
Al-Mg alloys to high temperatures (323—473 K)
causes the Mg element to separate from the solid
solution and diffuse to the grain boundaries (GBs),
thus generating S (AlsMg,) phase precipitates [2].

of the Al matrix, allowing f phase to establish a tiny
battery loop with the surrounding Al matrix. To
prevent the corrosion of the cathode Al matrix, the
anode f phase at the GB is sacrificed [3], which
considerably increases the intergranular corrosion
(IGC) sensitivity of the alloy. If g phase
continuously accumulates at GBs, the corrosion will
progress into continuous IGC [4]. This occurrence
is referred to as “sensitization”. When IGC occurs
within a crystal lattice, it reduces strength at the
GBs, ultimately leading to fracture failure.
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The sensitivity of the IGC is influenced by
several factors, such as the Mg content [5],
misorientation of the GBs [6—8], the secondary
phase [9,10], and dislocation [11]. These factors
impact the position, continuity, and shape of S
phase precipitates [12,13]. Studies [12,14,15] have
verified that incorporating small amounts of rare
earth elements, like Sc, significantly inhibits the
recrystallization and enhances the mechanical
properties and corrosion resistance of Al-Mg
alloys. Furthermore, the IGC resistance of the
AAS5182 sheet may be improved by adding Sc and
Zr elements [12]. This is because the presence of
Als(Sc,Zr) phases inhibits the recrystallization and
the sub-grains prevent the continuous precipitation
of ff phase at the GBs. According to PAN et al [16],
the addition of the Sc element increased the
percentage of the low-angle grain boundaries
(LAGBs) and reduced the diffusion channel of
the Mg element to high-angle grain boundaries
(HAGBs). As a result, the IGC performance is
improved as the breadth of S phase gets smaller and
more discontinuous. However, alloying has its
limitations in solving the local corrosion. It is still
widely concerned research to improve the corrosion
resistance of AI-Mg alloy.

The rolling process is widely used in the
preparation of the Al-Mg alloy sheets. The
influence of rolling temperature on the
microstructure of the alloy is posited to exert
subsequent ramifications on the properties of
the material [17], encompassing the corrosion
properties. Compared with room-temperature
rolling (RTR), cryorolling (CR) can effectively
enhance the properties of pure metals [18,19],
alloys [20—22], and composite materials [23]. The
CR Al alloys showed outstanding resistance to
corrosion. KUMAR et al [24] discovered that the
CR AA6082 samples had a higher corrosion
potential and pitting potential than the RTR samples.
This finding was explained by the higher
dislocation density and dissolution of the MgsAlsSis
phases in the Al matrix, which formed a passive
film. GOPALA KRISHNA et al [25] reported that
the Al-4Zn—2Mg alloy samples subjected to CR
and peak aging exhibited a higher corrosion
potential and a lower corrosion current density than
the coarse-grain samples. This was attributed to the
absence of the coarse MgZn, phase at the GBs
and sub-grain hindrance to the anode phase

precipitation. The corrosion current density of
the CR + peak-aged AA2024 samples was likewise
significantly lower than that of the solution heat
treatment + aged samples [26]. SINGH et al [27]
suggested that the coarse secondary phase caused
the pitting of AAS5083. They found that both the
samples subjected to the CR and CR + annealing at
573 K for 5 min exhibited superior corrosion
resistance compared to the solution-treated samples.
It is attributed to the high density of dislocations
and grain boundaries contributing to the formation
of passive films. However, the effect of CR on the
precipitation of f phase was not investigated. The
above studies indicate that the CR affects the
corrosion properties of the Al alloy. In addition,
upon the occurrence of rolling deformation in the
alloy, there is a concomitant escalation in the
density of dislocations and the generation of
internal stresses. This phenomenon leads to an
instability of the microstructure, which is
manifested as a decrease in the corrosion resistance
of the material. Therefore, stable annealing is
required for rolled alloys. TANG et al [28] and
FANG et al [29] found that the optimal mechanical
properties and corrosion resistance of the RTR
Al-Mg—Mn—Sc—Zr alloy can be achieved after
annealing at 573 K for 1 h.

In previous studies [18,20], it was discovered
that CR enhances the strength and high-temperature
plasticity of 5xxx Al alloy. These studies belong to
the basic research included in the systematic
research of CR. At present, there is no available
report regarding the evolution of f phase
precipitation in CR AlI-Mg—Mn—Sc alloy. Moreover,
studies are scarce on the effect of CR on the
corrosion resistance of the AlI-Mg—Mn—Sc alloys.
This work aims to fill the literature gap in the
comparison of corrosion properties of the RTR and
CR Al-Mg—Mn—Sc alloys. The microstructure
design of AlI-Mg—Mn—Sc alloys resistant to pitting
and IGC was achieved by introducing more
dislocations, LAGBs, sub-grains, and shear bands
through CR. The findings indicated that the CR
Al-Mg—Mn—Sc alloy sheets exhibited superior
corrosion resistance. Ultimately, the corrosion
mechanism of the CR samples was clarified. This
work provided a theoretical basis for enhancing the
corrosion properties of AI-Mg—Mn—Sc alloy sheets
and supports the application of these alloys in the
field of engineering.
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2 Experimental

The AlI-Mg—Mn—Sc alloy was cast using pure
aluminum (99.9%) and intermediate alloys such as
Al-38Mg (wt.%), Al-2Sc (wt.%), Al-20Mn (wt.%),
and Mg—25Zr (wt.%). The melting temperature
ranged from 993 to 1053 K. The molten aluminum
underwent degassing and slag removal by adding a
refining agent. It was then stirred at 993 K for 1 h
before being placed into the cast iron mold. The
element contents obtained by the Spectro Blue
plasma emission spectrometer are presented in
Table 1. The ingot underwent homogenized
treatment at 733 K for 12 h in a muffle furnace [28],
followed by hot rolling (HR) at 723 K, reducing
the thickness of the ingot from 30 to 6 mm.
Subsequently, the sheets were annealed at 573 K for
1 h and then used as raw material (RM).

Table 1 Chemical composition of AlI-Mg—Mn—Sc alloy
sheets (wt. %)

Mg Mn Fe Si Sc Zr Al
428 044 0.04 005 025 0.09 Bal

Subsequently, the RM sheets were processed
using CR and RTR on a four-high rolling mill with
a work roll diameter of 320 mm. The line speed was
4 m/min, and a thickness reduction of 0.2 mm per
pass was performed until the sheets reached a
thickness of 3 mm. Prior to CR, the sheets were
cooled using liquid nitrogen in an incubator for
30 min for the initial pass and cooled in liquid
nitrogen for 5 min before the subsequent CR passes.
After CR and RTR, the sheets were annealed in a
muffle furnace at 573 K for 1 h [28,29], which were
defined as CR+A and RTR+A, respectively. The
sensitization treatment (ST) involved holding the
CR and RTR sheets inside a constant temperature
blast drying oven at 433 K for 100 h to simulate
the prolonged high-temperature service conditions
and precipitate f phases (defined as CR+ST and
RTR+ST), respectively.

The Barker reagent (5 mL H,O and 200 mL
HBF4) was prepared for anode coating. The
polarizing module of optical microscopy (OM) was
used for observation. The anode coating process
involved applying a power supply voltage of 25V, a
current density ranging from 0.1 to 0.3 A/cm?, and a
working time from 40 to 80 s. The grain size was

estimated by measuring the width of the elongated
grains. The electron backscatter diffraction (EBSD)
analysis was performed to study the microstructures
of the samples along the rolling direction (RD)—
normal direction (ND) plane using a Thermo Fisher
Helios 5 CX scanning electron microscope (SEM).
The samples were prepared with the HITACHI
IM4000 Plus ion milling equipment. The micro-
structures of the Al-Mg—Mn—Sc alloy were
analyzed using the Talos F200X and Tecnai G2 F20
transmission electron microscope (TEM) on two
planes: the RD—ND plane and the RD—transverse
direction (TD) plane. The TEM samples were
prepared using the Thermo Fisher Helios G4 PFIB
instruments. A fast Fourier transform (FFT) analysis
was conducted by Digital Micrograph software to
process the high-resolution TEM (HRTEM) images.

The IGC sensitivity of the Al-Mg—Mn—Sc
alloy was evaluated by IGC immersion tests
following GB/T 7998—2005 (ASTM G110—1992).
Prior to testing, the samples were cleaned using a
100 g/ NaOH solution for 5 min followed by
HNOs (30 vol.%) solution for 2 min. Following the
washing process with distilled water, the samples
were submerged in the IGC solution (30 g NaCl,
10 mL HCI, and 1 L distilled water) at (308+2) K
for 24 h. The RD—ND planes of samples were
examined using OM to determine the maximum
corrosion depth.

The nitric acid mass loss test (NAMLT) was
conducted following the guidelines outlined in
GB/T 26491—2011 (ASTM G67). The sample with
dimensions of 50 mm (RD) X 6 mm (TD) x 2.5 mm
(ND) was polished and treated with a 50 g/LL NaOH
solution at 353 K for 1 min. Afterward, the sample
was immersed in a HNOs solution (500 mL HNOs +
500 mL distilled water) for 30 s. Finally, the sample
was immersed in concentrated nitric acid solution
(600 mL HNOs + 400 mL distilled water) at 303 K
for 24 h. The mass loss per unit area was calculated
to determine the IGC sensitivity of the alloy. The
test was repeated three times.

The CR and RTR samples underwent the ST at
433 K for 48 and 100 h, respectively. The Adminal
electrochemical workstation and 3.5 wt.% NaCl
solution utilized for electrochemical
experiments. A three-electrode cell comprising
the test samples served as the working electrode, a
platinum plate electrode served as the counter
electrode, and a saturated calomel electrode (SCE)

WeEre
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served as the reference electrode during the
experiment. The potentiodynamic polarization
tests were conducted with a scan rate of 3 mV/s,
covering a range from —500 to 500 mV relative
to the open circuit potential. Electrochemical
impedance spectroscopy (EIS) was performed
within the frequency range from 100 mHz to
100 kHz, with an amplitude of +5 mV. The Zahner
Analysis software was utilized to analyze the
results.

3 Results

3.1 Microstructure evolution of AlI-Mg—Mn—Sc
sheets
Figure 1 displays the OM images and the
average grain sizes of the RM, CR, RTR, CR+A,
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and RTR+A samples. The grain width along the ND
is counted as the grain size. The size of more than
100 grains was measured for each sample and their
average value was taken as the average grain size of
the sample. Figure 1(b) shows that the grains of RM
samples can be characterized as diamond or oval
shape, with an average grain size of (22.3£7.8) um.
The grains were elongated along the RD after
rolling. As shown in Fig. 1(c), the average grain
size of the CR sample was greatly reduced to
(4.3+£2.0) um. The average grain size of the CR+A
sample increased to (5.8+£2.7) um (Fig. 1(e)).
Compared with CR and CR+A samples, the average
grain sizes of RTR and RTR+A samples were larger,
which were (6.7£2.5) and (8.3+3.3) um, as seen in
Figs. 1(d) and (f), respectively. Besides, the CR and
CR+A samples exhibited universal shear bands.
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Fig. 1 Average grain size and OM images of AlI-Mg—Mn—Sc alloy sheets: (a) Average grain size of different samples;
OM images of RM (b), CR (c), RTR (d), CR+A (e), and RTR + A (f) samples
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The inverse pole figure (IPF) maps of CR+A
and RTR+A samples are depicted in Figs. 2(a) and
(d), respectively. A recrystallized grain is defined as
one having an average directional stretch of less
than 2. According to the grain orientation spread
(GOS) maps (Figs. 2(b) and (e)), the proportion of
recrystallized grains in the CR+A samples (10.84%)
was lower than that in the RTR+A samples

(14.24%). The orientation difference between
adjacent grains is defined as 6. 8>15° was defined
as HAGBs and 2°<6<15° was defined as LAGBs.
The GB distribution maps (Figs.2(c) and (f))
revealed that HAGBs occupied 33.4% in the CR+A
sample and 45.4% in the RTR+A sample.

Figure 3 presents the TEM image and the
corresponding EDS mappings of the RM sample.
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Fig. 2 EBSD images of CR+A (a, b, c) and RTR+A (d, e, f) samples: (a, d) IPF maps; (b, €) GOS maps; (c, f) GB maps
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Fig. 3 TEM images of RM sample: (a) Bright field image; (b) HAADEF of area depicted inside red box in (a); (c—f) EDS

mappings corresponding to (b)
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The grains are elongated along RD. The crystal has
few dislocation lines and Als(Sc,Zr) phases. The
EDS mappings revealed that the spherical phase
located within the red box corresponded to the
Al3(Sc,Zr) phase.

As shown in Figs. 4(a) and (b), the CR and
RTR processes yielded a narrower grain width and a
higher quantity of dislocations in comparison to the
RM process. The CR sample displayed abundant
dislocation tangles. Additionally, Al3(Sc,Zr) phases
were distributed along the RD. The RTR sample

Dislocation tangles
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Alg(Mn,Ee)

s WA S

- TR B
e \y
% » |

Fig. 4 TEM images of CR (a), RTR (b), CR+A (c), RTR+A (d), CR+ST (e), and RTR+ST (f) samples

[

2835

exhibited fewer dislocations. The size of Als(Mn,Fe)
phases in the CR sample is smaller than that in the
RTR sample. Figures 4(c) and (d) depict the
microstructures of the CR+A and RTR+A samples,
respectively. Sub-grains were also detected in these
samples. Figure 4(d) shows S phase in the RTR+A
sample, which can be observed to appear at the
GBs and near the Al¢(Mn,Fe) phase. Similar
findings were reported previously as well in
Refs. [10,12,13,30]. The TEM results of CR+ST
and RTR+ST samples are presented in Figs. 4(e)
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and (f), respectively. It was observed that the
RTR+ST sample had a broader § phase. The shear
bands in the CR+ST sample hindered the
precipitation of f phase. The CR+ST sample
retained a significant number of dislocations,
however, recovery occurred in the RTR+ST sample,
which led to a reduction in dislocation density.

3.2 Corrosion properties of AI-Mg—Mn—Sc alloy

sheets

After the IGC immersion testing, the RD—ND
plane of the Al-Mg—Mn—Sc alloy samples was
analyzed and the results are shown in Fig. 5. The
rolled and annealed samples exhibited pitting
corrosion. Nevertheless, the samples exhibited
distinct IGC characteristics after ST. The pitting
was mostly observed in the CR and RTR samples,
with a maximum pit depth of 9.8 and 21.2 um,

Pitting

Exfoliation

100 pm

respectively. As is visible in Figs. 5(c) and (d), the
annealed samples exhibited both pitting and IGC
characteristics. The maximum corrosion depths in
the CR+A and RTR+A samples were 15.6 and
21.5 pm, respectively. Significant grain exfoliation
took place along the RD, as seen in Figs. 5(e) and
(f). The CR+ST and RTR+ST samples reached
a maximum IGC depth of 352 and 53.9 um,
respectively. The warping of the corrosion surface
due to the accumulated corrosion products exerted
pressure on the surface grains, leading to the
deformation [31].

The IGC sensitivity of the 5xxx Al alloy was
assessed using the NAMLT test and the results are
shown in Fig. 6. The degree of sensitization (DoS)
is attributed mainly to the preferential corrosion of
the intergranular f phase and positively correlated
with the fraction of § phase volume. According to

Pitting

Exfoliati
xfoliation 100 um

Fig. 5 IGC morphology of CR (a), RTR (b), CR+A (c), RTR+A (d), CR+ST (e), and RTR+ST (f) samples
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Ref. [28], a mass loss lower than 15 mg/cm?
indicates IGC resistance, while a mass loss above
25 mg/cm? indicates high sensitivity to IGC. The
DoS values obtained for the RTR and CR samples
(2.81+£0.36) and  (2.65+0.18) mg/cm?,
respectively. These values indicated excellent
corrosion resistance according to the established
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criteria stated above. After annealing at 573 K
for 1h, the DoS values of the RTR+A and
CR+A samples decreased to (2.13+£0.15) and
(1.54+0.22) mg/cm?, respectively. In order to
evaluate the corrosion resistance of the
Al-Mg—Mn—Sc alloy sheets during long-term
service at high temperatures, the alloy sheets were
subjected to 433 K for 100 h to simulate the service
conditions. It was observed that the corrosion
resistance of the Al-Mg—Mn—Sc alloy decreased
significantly after ST, with the DoS values of
(73.1142.63) and (56.89+2.52) mg/cm? obtained for
the RTR+ST and CR+ST samples, respectively.
Figure 7(a) depicts the potentiodynamic
polarization curves of the Al-Mg—Mn—Sc alloy
samples. The passivation behavior was seen within
the range from —0.90 to —0.25V, resulting in the
formation of a passive film on the surface. The
pitting potential (¢pi) is directly proportional to the
pitting resistance of the samples. The CR samples
exhibited a higher @pii (—0.197 V) in comparison to
the RTR samples. After ST, the ¢ of the RTR
samples decreased significantly. The ¢pi of the
CR+ST(48 h) sample (—0.287 V) was significantly
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Fig. 7 Results of electrochemical experiments for different samples: (a) Potentiodynamic polarization curves;
(b) Nyquist plots and equivalent circuit models; (c) Partial enlargement of (b); (d) Bode plots
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higher than that of the RTR+ST (48 h) sample
(—0.618 V), suggesting that CR sample has better
pitting resistance. Furthermore, the CR sample
displayed a corrosion potential (¢cor) of —0.751V,
which was higher than that of the RTR sample
(—0.839 V). The ¢cor values of the CR+ST(100 h)
and RTR+ST(100 h) samples were —0.877 and
—0.928 V, respectively. The @ decreased by
27.6% in the RTR+ST samples and 16.8% in the
CR+ST samples.

The Butler—Volmer equation fit curve obtained
using the Zahner Analysis software allowed for the
determination of various parameters [14], including
the corrosion current density (Jeor), anodic Tafel
slope (f.), cathodic Tafel slope (f.), polarization
resistance (R,), and annual corrosion rate. The
values acquired are documented in Table 2. The
rolled samples showed the highest R,, with values
of 6.52kQ-cm? and 4.60 kQ-cm? for the CR and
RTR samples, respectively. The R, value for the CR
samples was 1.42 times that of the RTR samples.
The R, values of the CR and CR+ST(100 h)
samples were higher than those of the RTR and
RTR+ST(100 h) samples, respectively, which
indicated that the CR Al-Mg—Mn—Sc alloy sheets
have superior corrosion resistance. Faraday’s law
states that the corrosion rate (v) is positively related
to corrosion current density (Jeorr) [32]:

JCOITN
p

V= (1)
where K is a constant of 3.27x107° mm-g/(um-a); N
is a constant related to the relative atomic mass of
the materials; p is the density of the materials.
Consequently, a decrease in the Jeorr indicates an
improvement in corrosion resistance. The Jeor
recorded for the CR samples, being 7.03 pA/cm?,
was lower than 10.48 pA/cm?recorded for the RTR
samples. The corrosion rates of the CR and RTR

Table 2 Fitting parameters of polarization curves

samples were determined to be 228 and 340 um/a,
respectively. The corrosion resistance decreased
considerably after ST.

Figure 7(b) illustrates the Nyquist plots of
different samples. Figure 7(c) depicts an enlarged
image of the area highlighted in the red box in
Fig. 7(b). The impedance values of the CR samples
were the greatest, followed by the RTR samples. In
contrast, the impedance values of the ST samples
were reduced by an order of magnitude. Figure 7(d)
depicts the Bode plots, which illustrates the
relationship between the absolute impedance |Z| and
the phase angle as the frequency varies. The CR
samples displayed the greatest absolute impedance
|Z] in the low-frequency range (<1 Hz). Remarkably,
the absolute impedance |Z| decreased significantly
after ST, with the CR+ST(48 h) samples showing
greater values in comparison to the RTR+ST(48 h)
samples. The Nyquist curves were fitted according
to the equivalent circuits depicted in Fig. 7(b). The
fitting results were shown as the black dashed lines
in Figs. 7(b) and (c). A constant phase element
(CPE) was employed instead of a conventional
capacitor. The electrolyte resistance of the solution
is denoted as Rs. The charge transfer reactions on
the alloy surface are represented by Rr and CPE,.
The R reflects the Faraday charge transfer
resistance, which is proportional to the surface
passive film. The fitting results are presented in
Table 3, where n; is the exponent of CPE and is
used to describe the capacitance characteristics of
the electrochemical interface. The R; remained
stable across all samples. The Ry values of the rolled
samples were higher than those of the ST samples.
Specifically, the CR samples exhibited the highest
Rr value of 52.00 kQ-cm?, which was more than
twice as large as the value of RTR samples. The R¢
value of the RTR+ST(100h) samples was only
2.32 kQ-cm?.

Sample Jeor! L Bl | B/ B @eor(vs SCE)/  gpi(vs SCE)/ R,/ i Corrosion 1rate/
(LA-cm™@) (V-dec') (V-dec™) \% \% (kQ-cm?) (um-a™)

CR 7.03 0.326 —0.156 —0.751 —0.197 6.52 228

RTR 10.48 0.343 —0.164 —0.839 —0.301 4.60 340
CR+ST(48 h) 25.10 0.382 —-0.177 —0.836 —0.287 2.10 815
RTR+ST(48 h) 27.13 0.330 —-0.239 —-1.071 —0.618 2.22 881
CR+ST(100 h) 10.69 0.327 —0.168 —0.877 -0.414 4.51 347
RTR+ST(100 h) 12.88 0.258 —0.135 —0.928 —0.646 2.99 418
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Table 3 Electrochemical parameters obtained by fitting
EIS results

Sammple R/ CPE/_ R
(Q:cm?) (pF-cm?) (kQ-cm?)

CR 24.70 5.6 0.90 52.00
RTR 23.30 7.5 0.95 23.50
CR+ST(48 h) 22.50 15.7 0.91 7.00
RTR+ST(48 h)  23.90 19.9 0.89  3.97
CR+ST(100 h) 21.70 12.5 092 3.72
RTR+ST(100 h)  19.70 19.0 0.83  2.32

4 Discussion

The IGC immersion tests, NAMLT tests,
potentiodynamic polarization test, and EIS tests are
reliable techniques for assessing the corrosion
resistance of Al alloy. The results showed that
pitting corrosion and IGC are two common
corrosion types. In this work, the CR Al-Mg—
Mn—Sc alloy sheets demonstrated superior
corrosion resistance. In contrast, the corrosion
current density of CR samples in the present study
(7.03 nA/cm?) was significantly lower than that of
the AAS5052 plates treated with micro-arc oxidation
(32.5 nA/cm?) [33]. Furthermore, the maximum
IGC depth in the AI-Mg—Mn—Sc—Zr alloy prepared
by the selective laser melting plus annealing at
598 K for 4 h was 46.76 um [14]. QIU et al [33]
reported a maximum corrosion depth of 69 um for
friction stir welded Al—4.5Mg—0.3Mn—0.1Sc—0.1Zr
sheets. The above maximum corrosion depth is
higher than the results in this work. In addition,
there is a significant difference in . between
different samples in this work, indicating that the
rolling temperature affects the corrosion properties.
The corrosion potentials of forged AA5080 alloy
before and after annealing were —890.5 and
—891.3 mV, respectively [34]. SINGH et al [27]
reported that the @cor of CR AAS083 remained at
—0.879 V after annealing at 573 K for 5 min. PAN
et al [16] added Zn and Sc elements in AlI-Mg alloy
and the @cor Of the alloy was less than —1.2 V. The
@corr 0f CR samples in this work was higher than the
above results. The improvement of CR on the
corrosion properties of the AI-Mg—Mn—Sc alloy
was discussed from the perspectives of passivation
film, pitting, and IGC.

4.1 Effect of CR on passive film
The stable passive film could inhibit both
pitting corrosion and IGC. The pitting resistance of

Al alloys is greatly affected by the passive films,
especially in terms of their hydration level and
porosity [35]. Prior studies [36,37] have revealed
that Mn can substantially enhance the corrosion
resistance of Al alloy. The selective dissolution of
Mn is believed to augment the free space at the
metal/oxide interface, thereby facilitating the
formation of a denser passive film.

The potentiodynamic polarization curves
(Fig. 7(a)) revealed evident passivation behavior in
all samples, except for RTR+ST(48 h) and RTR+
ST(100 h). In terms of EIS results, a lower CPE,
value indicates an increased difficulty in the
penetration of water molecules, oxygen, and
chloride ions, which reduces their absorption on the
surface. Table 3 reveals that both CR and RTR
samples exhibited lower CPE,, indicating lower
porosity and better uniformity of the passive film.
The CR samples had the lowest CPE, compared
to the other samples, therefore providing further
evidence of their superior passive film and
corrosion resistance. The Ry value decreased
significantly after ST, suggesting an augmentation
in the contact area between the electrolytes and
the samples. Additionally, there was an infiltration
of water molecules and oxygen ions on the
surface, leading to the activation of the corrosion
process [38]. The EIS results revealed that the Ry
value of RTR samples is only 45.2% that of CR
samples. The Ry of both CR and RTR samples
decreased after ST, however, the R¢ of the CR+ST
samples remained higher than that of the RTR+ST
samples under the same treatment conditions. This
result indicates that the charge transfer layer
passivation was improved upon the CR processing.
Furthermore, Fig. 7(d) indicated that the phase
angle peak was the widest for the CR samples, and
narrower for the RTR and ST samples. A broader
phase angle peak indicates a more stable protective
barrier across a wider range of frequencies [39].
The protection frequency domain of the CR
samples was wider, which ultimately led to better
corrosion resistance. Notably, the correlation
between the corrosion resistance and grain size
conformed to the Hall-Petch relationship [40]. The
non-equilibrium grain boundaries resulting from the
fine grains led to an increased number of nucleation
sites for the formation of a denser passive film [28].
In addition, the CR samples exhibited a finer
grain structure, which formed thicker and more
uniform passive films in comparison to the RTR
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samples [41].

When Al alloys are immersed in NaCl solution,
passive films are formed on their surfaces [14]. The
thickness of the passive films (d) was estimated as
follows [38,42]:

g A

d C )
where ¢ is the dielectric constant (relative electric
permittivity) of barrier-type alumina (=20); & is
the vacuum dielectric constant (0=8.85%107* F/cm)
[38,43]; A is the area of samples exposed to the
solution (~1 cm?); C is the capacitance from CPE,.
Hence, the calculated passive film thickness of CR
samples is 3.16 nm, which is thicker than that of
RTR samples (2.36 nm). After ST processing,
the RTR+ST(100 h) sample had a passive film
thickness of merely 0.89 nm, whereas the
CR+ST(100 h) sample had a thickness of 1.41 nm.
The thicker passive films on the CR samples are
also reflected in the larger R, and Rrvalues [42].

4.2 Effect of CR on pitting corrosion and IGC
Pitting corrosion in Al-Mg—Mn—Sc alloy is
mainly caused by two microstructures: the
coarsened Als(Sc,Zr) phase [43] and Al¢(Mn,Fe)
phase. Sc element improves the corrosion resistance
of the Al-Mg alloy [12]. The corrosion potential of
the Al3(Sc,Zr) phase is lower than that of the
Al matrix, and Als(Sc,Zr) phase is found to be
spontaneously passive with a low self-dissolution
rate [32,44]. Furthermore, Al3(Sc,Zr) phase, which
exhibits coherence with the Al matrix, shows a high
resistance to pitting corrosion. Nevertheless, the Sc
and Zr atoms migrate short distances at high
temperatures, leading to the coarsening of a few
Als(Sc,Zr) phases and the formation of secondary
Als(Sc,Zr) phases. Figures 4(a) and (b) depict the
Al3(Sc,Zr) phases in the CR and RTR samples,
respectively. The Al3(Sc,Zr) phases in the CR
samples exhibited greater dispersal, thereby
inhibiting the coarsening occurrence. Figure 8(a)
shows the coarsened Als(Sc,Zr) phases in the
RTR+A sample. The coarsened Als(Sc,Zr) phases
then serve as a cathode, causing local corrosion of
the surrounding Al matrix [14]. However, this
kind of cathodic reaction is sluggish compared to
the reactions of other intermetallic compounds.
Therefore, the influence of the coarsened Al3(Sc,Zr)
phase on pitting corrosion is less than that of

Als(Mn,Fe) secondary phase.

The Als(Mn,Fe) phase is the primary
secondary phase in AlI-Mg alloys and exhibits a
lower corrosion potential than the Al matrix.
Consequently, this phase serves as an anode in the
corrosion system [44], causing localized corrosion
in the exposed Als(Mn,Fe) phase. The size of the
Als(Mn,Fe) phase is related to the pitting depth
and area. Specifically, CR affects the size and
distribution of the Alg(Mn,Fe) phase significantly.
The size of the Als(Mn,Fe) phase is shown in
Figs. 8(b) and (c¢). The size of the Als(Mn,Fe) phase
of the RTR samples was (343.2+157.8) nm, which
was larger than that of the CR samples
((167.3£102.7) nm). The Als(Mn,Fe) phase in the
CR samples was smaller than that in the RTR
samples, aligning with the results of a prior
investigation [20]. This was attributed to the fact
that Als(Mn,Fe) phase exhibits brittleness at
low-temperature and is prone to fracture under
shear stress during the CR process [45]. Therefore,
reducing the size of the Als(Mn,Fe) phase leads to
smaller pits in the CR samples.

f phase in the Al-Mg alloy plays a crucial role
in the IGC, and the distribution, size, and continuity
of S phase impact corrosion resistance [13]. IGC
initiation occurs resulting from the penetration of
the CI” ion through the dense AlLO; film [14].
Consequently, local microscopic inhomogeneity
within the alloy creates an electrical potential
difference, which leads to the second stage of
pitting corrosion and IGC, in which the secondary
and f phases serve as anodes. The rapid increase
in IGC sensitivity growth is caused by the
precipitation of S phase at the GBs. Figure 8(d)
depicts the HRTEM image of S phase in the CR+ST
sample. f phase was located near the GBs [46],
corroborating the results illustrated in Fig. 4. The
Al matrix on both sides of the GBs exhibited
orientations along the [110] and [100] crystallo-
graphic directions. The following reactions occur
during the IGC [12,28]:

Mg=Mg*"+2¢ 3)
Mg +2H,0—=Mg(OH),+2H" &)

f phase dissolves in the IGC solution and
forms active hydrides, resulting in the creation of
high local hydrogen concentrations and fresh active
surfaces near the GBs. This results in a continuous
dissolution of 8 phase [28,47]:
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Fig. 8 TEM images of AlI-Mg—Mn—Sc alloy sheets: (a) Al3(Sc,Zr) phases in RTR+A sample; (b, ¢) Al¢(Mn,Fe) phases
and phase sizes in CR and RTR samples, respectively; (d—f) f phase and its EDS mappings in CR+ST samples (The
FFT patterns were generated from the regions indicated using orange boxes (Al matrix) and the white box (f phase))

AlLMg,+13H+13e=2MgH,+3AlH; (5)
MgH,+2H,0=Mg(OH),+2H, (6)

Reactions (3)—(6) indicate that the rapid corrosion
diffusion is closely related to the continuous
distribution of f phase. To inhibit the spread of IGC,
it is necessary to decrease the quantity of S phases
and disperse the arrangement of § phase [2,6,11].
The addition of Mn in AlI-Mg alloy can accelerate
the uniform distribution of Mg within the Al matrix,
thus inhibiting the formation of § phase in Al-Mg
alloy [46,48]. GBs serve as nucleation sites for f
phase, while the numerous vacancies in these
GBs provide channels for the diffusion of Mg
atoms [5,14]. Therefore, the nucleation, growth, and
coarsening of S phase are more probable at GBs.

Numerous Al3(Sc,Zr) phases promoted hetero-
geneous nucleation during the casting process,
resulting in the grain refinement and increased
GBs [12,33], which Iengthened the diffusion
channel of the Mg element, thereby improving the
corrosion resistance of AlI-Mg—Mn—Sc alloys [49].
Fine and dispersed Al;(Sc,Zr) phases could pin at
GBs and sub-GBs as well as induce the nucleation

of S phase [28]. The uniform distribution of
Al3(Sc,Zr) phases in the CR samples (Fig. 4(a))
induced a homogeneous dispersion of S phase in the
Al matrix, thereby effectively preventing the
formation of continuous S phases. As a result, the
IGC sensitivity of the CR+ST samples was
significantly reduced.

The misorientation of GBs exerts a significant
impact on the formation of S phase corrosion
resistance [8,9]. ORLOWSKA et al [50] revealed
that corrosion mainly occurs along high-energy
interfaces, such as HAGBs. QIU et al [12] observed
that f phase precipitates only along the GBs of
recrystallized grains. The previous study [8]
showed that HAGBs with higher energy promote
the growth of £ phase compared to LAGBs. An
increase in the proportion of HAGBs increases the
breadth of S phase. This phenomenon may be
explained based on the GB precipitate growth
theory [51,52]. A higher proportion of LAGBs leads
to a reduced average width of GBs, which hinders
the growth of f phase, the diffusion of the solute
atoms inside the GBs, and the nucleation of £ phase.
CR induces more shear stress than RTR, resulting in
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Fig. 9 Schematic diagrams of various microstructures and corresponding corrosion behaviors

a higher proportion of LAGBs. As depicted in
Fig. 2, the proportion of HAGBs in the CR+A
and RTR+A samples was 33.4% and 45.4%,
respectively. The increased proportion of HAGBs
facilitated the nucleation and growth of S phase
during ST, leading to the heightened IGC sensitivity
of these samples. The depiction of this mechanism
is illustrated in Fig. 9.

Previous studies [12,53] suggested that the
precipitation of f phase can be impeded by sub-
grains. As depicted in Figs. 4(c) and (e), annealing
and ST partially converted the high-density
dislocations in the CR samples into sub-grains.
These sub-grains hindered the precipitation of f
phases (Fig. 4(e)). Furthermore, the shear bands
obstructed the continuous precipitation of S phase.
As seen in Fig. 4(e), f phase precipitated along
the GBs, while its precipitation was significantly
limited in the shear band region. As shown in
Fig. 1, there are more shear bands in the CR
samples due to extra shear stress. Figure 9
illustrates how shear bands and sub-grains hinder £
precipitation effectively.

Besides GB diffusion, the dislocation pipe
diffusion is another significant pathway for Mg
atoms diffusion [7,11]. Figure 4 illustrates that the
CR samples exhibit a higher density of dislocations
compared to the RTR samples. This can be
attributed to the inhibition of dynamic recovery

during the deformation at low temperatures.
However, the reduced proportion of HAGBs in the
CR samples leads to difficulty in f phase nucleation
at GBs. Numerous dislocations diffused the Mg
atoms, leading to the formation of a fusiform f
phase within the grains as depicted in Fig. 8(e) [4,7].
This phenomenon has not been reported in the
existing literature. Since f phase within the grains is
not continuous with f phase at GBs, the corrosion
of f phase within the grain does not occur
continuously. Thus, the IGC sensitivity is
effectively reduced.

5 Conclusions

(1) The CR Al-Mg—Mn—Sc alloy showed
superior corrosion resistance compared to the RTR
samples. The maximum pitting depth of CR
samples was only 9.8 um. The pitting potential of
the CR and RTR samples was —0.197 and —0.301 V,
respectively. The IGC of Al-Mg—Mn—Sc alloy
mostly occurs after ST. The CR+ST samples had
the maximum corrosion depth of 35.2 um, while the
RTR+ST samples had a maximum corrosion depth
of 53.9 um. Notably, the former constituted just
65.3% of the latter. The DoS values were
(56.89+2.52) and (73.11+2.63) mg/cm? for the
CR+ST and RTR+ST samples, respectively.

(2) The CR Al-Mg—Mn—Sc alloy exhibits
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enhanced corrosion resistance, due to the formation
of thicker and more uniform passive films, which is
facilitated by the finer grain structure and the
beneficial role of manganese. The passive films of
CR samples, with lower porosity and a broader
protection frequency domain, provide a more stable
barrier against pitting and IGC, as evidenced by the
lower CPE, values and larger resistance values.

(3) The enhanced pitting corrosion resistance
in the CR samples can be attributed to the thicker
passivation film, the smaller size Als(Mn,Fe) phase,
and the even distribution of Al3(Sc,Zr) phase.
Furthermore, the sub-grains and shear bands,
together with a lower fraction of HAGBs in the
CR samples effectively hindered the continuous
precipitation of f phase at the grain boundaries,
enhancing the IGC resistance of the CR samples.
The undesirable precipitation of § phase in the CR
samples was prevented, resulting in a significant
reduction in the electrical coupling effects. The
occurrence of pitting corrosion and IGC in CR
samples is reduced.
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