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Abstract: To effectively improve the corrosion resistance of aluminum alloys without affecting their strength, the effect
of Ce content on the microstructure, stress corrosion, intergranular corrosion, and exfoliation corrosion resistances of
Al-11.3Zn—-3.1Mg—1.2Cu—0.2Zr-0.1Ti alloy was investigated. The results showed that the addition of Ce formed the
(Zn,Al,Cu)2.Ces phase with a size of 100 nm, which enhanced the recrystallization resistance of the alloy, increased the
number of low-angle grain boundaries and dislocation density, refined the grains, promoted the phase transition from
GP zone to ' phase, and promoted the size and discontinuity of precipitates at grain boundaries. All Ce-added alloys
exhibited the higher resistance to corrosion. The alloy with 0.15 wt.% Ce possessed the optimal corrosion resistance
along with the strength and elongation at slow strain rate of 744.8 MPa and 4.6%, respectively, in 3.5 wt.% NaCl
solution. The minimum depth of intergranular corrosion and exfoliation corrosion was achieved as well.
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1 Introduction

Due to its lightweight, high strength, and
fatigue-resistant  properties, the 7000 series
aluminum alloy is extensively applied in modern
aerospace and automotive industries [1,2]. The
vigorous  development of high-performance
aluminum alloys with low production costs
contributes to achieving lightweight design and
enhancing maneuverability in vehicles. Classical
melting and casting (also known as “melt casting”)
is the predominant method for producing Al alloys
due to its economic advantages and suitability
for industrial production. Hence, an urgent
breakthrough is needed in the preparation of ultra-
high strength, high toughness, and corrosion-
resistant Al alloys based on the melt casting
method.

XU et al [3] and CAI et al [4] conducted the
in-depth research on the 800 MPa-grade-strength
aluminum alloys through composition design and
heat treatment. Their findings revealed that the
ultra-high strength alloys possessed a high alloying
(W(Zn)+w(Mg)>13%) degree to obtain abundant
precipitation after aging, resulting in a notable
strengthening effect. Nevertheless, a multitude of
compounds (IMCs) are
inevitably produced during the melt casting of the
highly-alloyed Al alloy. These coarse IMCs serve
as the site for early cracking under the action of
strain. Additionally, the existence of the coarse
undissolved phases significantly impairs the
corrosion in certain environments,
particularly for environmentally-assisted cracking
(known as stress corrosion cracking, SCC), thereby
restricting the alloy’s applicability.

The improvement of the strength, ductility,
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toughness, and corrosion resistance in alloys can be
attained through the addition of trace alloying
elements, such as La [5], Er [6,7], Ce [8], and
Sc [9]. Among them, the introduction of cost-
effective Ce during the melting process is proved to
be a valuable method for enhancing the melt quality,
modifying the microstructure, and reducing the
grain size, which enhances the overall mechanical
properties of the alloys. According to the previous
research [10], the addition of an appropriate
quantity of Ce to aluminum alloys prompts the
formation of the Al4Ce phase. Furthermore,
Ce-containing particles hinder the movement of
dislocations and grain boundary migration during
the recrystallization, resulting in grain refinement of
the alloy. HU et al [11] also believe that the
(Al,Zn)4Ce dispersed particles formed by adding
0.04 wt.% Ce in Al-Zn—Mg alloy effectively pin
dislocations and grain boundaries, stabilize the
substructure of the deformed matrix, suppress the
recrystallization nucleation, and enable to achieve
the refined subcrystals. The Al-Ce alloy is expected
to develop into a high temperature-resistant Al
alloy, primarily due to reinforcement provided
by AliCes particles [12]. The presence of AliiCes
particles in Al—Ce-based alloys ensures good
mechanical properties under both room temperature
and high-temperature conditions [13]. In addition,
Ce forms a highly-stable oxide, decreasing the
surface reactivity and the likelihood of corrosion of
the alloy [11]. Therefore, Al-Zn—Mg—Cu alloys are
expected to possess enhanced corrosion resistance
without losing strength.

In this study, a novel highly-alloyed Al-
11.3Zn-3.0Mg—1.2Cu—0.2Zr-0.1Ti—0.01Sr  alloy
with different contents of Ce was produced using
the standard melt casting. The effect of Ce content
on the microstructure and corrosion resistance
of the highly-alloyed Al-Zn—Mg—Cu alloy was
systematically studied. The aim of this work is
to develop the aluminum alloy with ultra-high
strength and excellent corrosion resistance,
establishing the foundation for further optimizing
the comprehensive properties of aluminum alloy.

2 Experimental
2.1 Alloy preparation

In the melting and casting process, the pure Al,
Al=50.12%Cu intermediate alloy, Al—4.11%Zr

intermediate alloy, Al—9.89%Sr intermediate alloy,
and Al-5.11%Ti—1%B intermediate alloy were
placed in a crucible. The crucible was then placed
in a well furnace heated to 900 °C and held for
1.5-2 h. Then, the furnace was cooled to 750 °C
and refined with the hexachloroethane refining
agent (CClg). After refining, the pure Mg and Zn
(99.9%) were added, and the melt was stirred.
Subsequently, a secondary refining with the
hexachloroethane refining agent (C,Cls) was
conducted and held for 15 min. The Al-10%Ce
intermediate alloy was added to the melt, and the
slag was removed after standing for 15 min. Finally,
the melt was poured into the preheated 400 °C cast
iron mold. The actual compositions of the produced
alloys were determined by the spectrometer
(Table 1) at Ce contents of 0, 0.15, 0.3, and
0.45 wt.%. According to their compositions, the
samples were labeled as 0-Ce, 0.15-Ce, 0.3-Ce, and
0.45-Ce, respectively.

Table 1 Measured compositions of aluminum alloy
samples (wt.%)

Zn Mg Cu Sr Zr Ti Ce Al
0-Ce 11.2 3.1 1.21 0.015 0.265 0.131 0 Bal.
0.15-Ce 11.7 3.05 1.28 0.016 0.249 0.116 0.15 Bal.
0.3-Ce 11.3 3.09 1.21 0.019 0.211 0.123 0.30 Bal.
0.45-Ce 11.3 2.95 1.15 0.013 0.279 0.132 0.45 Bal.

Sample

The homogenization process was performed
as a single-stage heat treatment (450 °C for 24 h,
followed by cooling in the furnace). Subsequently,
the homogenized ingots were hot-extruded into
10 mm diameter rods with an extrusion ratio of 10:1
at a speed of 10 mm/s at 400 °C. The next step
was the solid solution treatment ((450 °C, 2 h) +
(460 °C, 3 h) + (470 °C, 1.5 h) (water quenching)),
after which the samples underwent aging at 120 °C
for 24 h.

2.2 Microstructural characterization

The tensile fractures of specimens were
characterized using the JEOL-IT300 scanning
electron microscope (SEM) equipped with an
energy dispersive spectrometer (EDS). For the
evaluation of the crystal structure of the solid
solution alloys, an EDAX Velocity Super type
electron backscatter diffraction (EBSD) was
employed, and the tested surface was orientated
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perpendicular to the extrusion direction (ED). In
the obtained EBSD results, the grain boundaries
with misorientation angles greater than 15° were
classified as high-angle grain boundaries (HAGBs),
while those with misorientation angles between
2° and 15° were referred to as low-angle grain
boundaries (LAGBs). The grain orientation spread
(GOS) represents the average deviation in
orientation between each point in the grain and
the average orientation of the grain, where the
recrystallized grain is expected to exhibit the GOS
value of less than 3° [14]. The samples were
collected from the centers of the aged alloy rods
(perpendicular to the ED) and analyzed using
the Talos F200X high-resolution transmission
electron microscopy (HRTEM). Subsequently, the
TEM specimens underwent mechanical thinning,
followed by twin-jet electropolishing at —25 °C
using a solution comprising 70 vol.% methanol and
30 vol.% nitric acid.

2.3 Corrosion analysis method

To investigate the SCC behavior of the alloy,
the slow strain rate tensile (SSRT) tests were
conducted separately in air and in 3.5 wt.% sodium
chloride solution at a strain rate of 1x107°s™!. The
schematic diagram of the sample is depicted in
Fig. 1. To quantify the SCC sensitivity of the four
alloys, the ratio of ductility (D) and strength (S)
was measured in 3.5 wt.% NaCl solution and in
air, respectively. The measured values were then
employed to evaluate the SCC sensitivity (Pscc)
according to the following formula [15]:

. D
Py -Elongatlon:DN—aCl x100% (D
S
Py -Strength= g—ac' x100% ()
ED
_—
EBSD and corrosion samples TEM samles
" = = B~aE e
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100
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Fig. 1 Schematic diagram of sampling for corrosion
testing and related characterization (unit: mm)

The intergranular corrosion (IGC) test was
carried out according to the ASTM G110—92
standard [16]. The four alloys were immersed
in an electrolyte consisting of 10 mL H»O,, 57 g
NaCl, and 1000 mL distilled water at (35%1) °C
for 6 h. The resultant corrosion depth was afterward
measured using a LEICA DM-2500M optical
microscope. The exfoliation corrosion (EXCO) was
conducted as per the ASTM G34 standard [17] in a
solution composed of 4.0 mol NaCl, 0.5 mol KNOs,
0.1 mol HNOj3 and 1 L deionized water at 25°C for
48 h. The micro-morphology of the alloys after
EXCO was observed by employing a KEYENCE
VHX-7000 type 3D laser confocal microscope
(LCM).

3 Results

3.1 Microstructure

The EBSD results for the four solid solution
alloys are shown in Fig. 2. The 0-Ce alloy exhibited
coarse grains and complete recrystallization,
revealing the random texture orientation (Fig. 2(a)).
In contrast, three Ce-containing alloys presented a
substantial reduction in grain size, accompanied by
the texture-orientation shift towards the {001} and
{111} (Figs. 2(b—d)). The previous work has shown
that the kernel average misorientation (KAM)
between the nucleation site and its neighboring
points is related to the local geometrically-necessary
dislocation density [18]. Figures 2(e—h) display the
KAM images for the four alloys generated from the
CHANNEL 5 software. Compared to the 0-Ce alloy,
the Ce-containing alloys displayed prominent green
patches within the crystals, indicating an increase in
intragranular dislocation density. As evidenced by
the corresponding frequency distribution of KAM
values, the low-degree KAM value (below 0.25°) of
the 0-Ce alloy accounted for about 80%, with an
average of about 0.20° (Fig. 2(i)). In contrast, the
KAM distribution for the three Ce-containing
alloys shifted toward the higher degrees, while the
corresponding average KAM values increased to
0.89°—0.95° (Figs. 2(j—1)). This shift is attributed to
the significant recrystallization inhibition induced
by the Al—Ce intermetallic compounds, resulting in
a high dislocation density within the alloys.

Figure 3 depicts the statistical data derived
from the EBSD analysis, including the grain size,
the fraction of deformed and recrystallized grains,
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Fig. 2 EBSD images of solid solutions of four alloys with varying Ce contents: (a—d) IPF maps; (e—h) KAM images;

(i—1) Frequency distributions and average KAM values
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Fig. 3 EBSD results after statistical analysis of four alloys with varying Ce contents: (a) Grain size distributions;
(b) Fractions of deformed recrystallized grains; (c) Proportions of LAGBs (misorientation angle <15°)

as well as the fraction of LAGBs in the alloy. With decreased correspondingly, as illustrated in Fig. 3(a).
the addition of Ce, there was a noticeable rise in the The average grain sizes for the 0-Ce, 0.15-Ce,
percentage of small grains (less than 5 um), while 0.3-Ce, and 0.45-Ce alloys were 12.961, 4.675,
the percentage of large grains (greater than 10 pm) 4.439, and 5.477 pm, respectively. The fraction of
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deformed and recrystallized grains, determined
based on the GOS value, is presented in Fig. 3(b).
The 0-Ce alloy exhibited a recrystallization fraction
of approximately 84.21%, remarkably higher than
that of Ce-containing alloys. According to the
percentages of LAGBs for each alloy in Fig. 3(c),
the proportion of LAGBs in the 0-Ce alloy was only
20.59%, whereas Ce-containing alloys possessed
LAGB fractions above 53%. The LAGB fraction
initially increased and then decreased with the

Matrix precipitates

0-Ce

0.15-Ce

0.30-Ce

0.45-Ce

200 nm || SRRy

[110],, SAED

addition of Ce, correlating with the trend in grain
refinement.

The microstructures of the alloys with the
corresponding selected area electron diffraction
(SAED) are shown in Fig. 4. In the 0-Ce alloy
(Fig. 4(a)), there were numerous fine precipitates
interspersed with several black particles. The EDS
data acquired on the black particles (inset of
Fig. 4(a)) revealed a substantial presence of Zr
in addition to the matrix elements, confirming the

Grain boundary

Fig. 4 TEM images along [110]ar zone axis (a—d), corresponding SAED patterns (e—h) and morphological images of

grain boundary (i—1) in alloys with varying Ce contents
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black particles as Al:Zr. Figures 4(b—d) showed that
the microstructures of the three Ce-alloys were rich
in black AlsZr particles and remarkably similar to
that of the 0-Ce alloy. Besides the diffraction of the
Al matrix, the faint {110} 4 diffraction spots related
to the L1,-AlzZr were discernible in the matching
SAED patterns of the four alloys (Figs. 4(e-h)). It
could be seen that the addition of Ce exerted a
minimal effect on the L1,-Al;Zr. As for the micro-
structures of grain boundaries in the four alloys, the
small and dense grain boundary precipitates (GBPs)
in the 0-Ce alloy were continuously distributed,
displaying a precipitate-free zone (PFZ) width of
approximately 22.03 nm (Fig. 4(i)). In the three Ce-
containing alloys, coarse GBPs were intermittently
arranged along the grain boundaries, while the
PFZs exhibited slight broadening (Figs. 4(5-1)).

Figure 5 displays the Ce-containing IMCs in
the 0.45-Ce alloy. An elliptical particle of roughly
0.4 um was observed at the grain boundaries of the
alloy (Fig. 5(a)). The subsequent mapping revealed
that the particle primarily consisted of Al, Zn, and
Cu along with a small amount of Ce (Figs. 5(b—g)).
By correlating its SAED (Fig. 5(b)) and elemental
color distribution images, this particle was
identified as Al13(Zn,Cu);3Ce:.

In the 0.45-Ce alloy, several small spherical
particles were also detected, and one of them was
further characterized in Fig. 6. From Fig. 6(a), it
could be seen that the size of the spherical particles

was approximately 100 nm. The corresponding
HRTEM image showed a smooth interface between
the particle and the Al matrix, proving that there
was no orientation relationship (Fig. 6(b)). The
subsequent EDS analysis demonstrated that the
spherical particle contained high contents of Al, Zn,
Cu, and Ce, and trace Mg (Fig. 6(c)). The combination
of SAED patterns with elemental distribution
results enabled the nano-spherical particles to be
identified as (Zn,Al,Cu),,Ce; (Figs. 6(d—h)).

Figure 7 displays (110)a-orientated HRTEM
images of the four alloys. In Fig. 7(a), some
spherical precipitates measuring approximately
2—-3 nm could be observed, which exhibited good
coherence with the Al matrix, hence referred to as
the GP 1 zone. The corresponding Fast Fourier
Transform (FFT) (inset in Fig. 7(a)) showed a weak
diffraction at the 1/3 and 2/3 {220}ai, being
indicative of the #' phase [19]. The weak 1/3 and
2/3 {220} a1 diffraction also suggested the presence
of scarce #' phase in the 0-Ce alloy. The three
Ce-containing alloys possessed analogous micro-
structures, in which the coarse precipitates
interspersed among numerous GP [ zones,
maintaining a semi-coherent relationship with the
Al matrix (Figs. 7(b—d)). The FFT images inserted
in Figs. 7(b—d) revealed the prominent #'-related
diffraction spots, indicating a significant increase
in the quantity of the ' phase in the three Ce-
containing alloys.

Al;3(Zn,Cu)5Ce,

@02 (023)

Rerop.

5 1/nm

Fig. 5 Bright-field TEM images of IMC located at grain boundary (a), corresponding element scan (b—g) and SAED

patterns of IMC (h) in 0.45-Ce alloy
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Fig. 6 TEM image of nano-spherical particle in 0.45-Ce alloy (a); HRTEM image of spherical particle (b); EDS results
of spherical particle (c); SAED patterns of spherical particle (d); Corresponding element scans (e—h)

Fig. 7 (110)4; orientation HRTEM images and corresponding FFT patterns of four alloys with varying Ce contents:
(a) 0-Ce; (b) 0.15-Ce; (c) 0.3-Ce; (d) 0.45-Ce
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3.2 SCC analysis

Figure 8 depicts the SSRT curves obtained in
air and in 3.5 wt.% NaCl solution, and the results
are given in Table 2. The Pscc values corresponding
to the strength and ductility of the four alloys are
listed in Table 2. Under the above conditions, the
mechanical properties and strength ratio of the three
Ce-containing alloys surpassed those of the 0-Ce
alloy, indicating that the addition of Ce effectively
improved the resistance to SCC. With the increase
in the Ce content, the Pscc of strength gradually
decreased. Notably, the best combination of
strength and elongation was achieved in the
0.15-Ce alloy in the 3.5 wt.% NaCl solution.

Figure 9 displays the fracture surfaces of four
alloys after the SSRT testing in 3.5 wt.% NaCl
solution, and the relevant EDS data are summarized
in Table 3. The fracture morphology of the 0-Ce
alloy, depicted in Fig. 9(a), was mainly composed
of “sugar-like” grains with noticeable coarse
cracks at the grain edges (red arrows). Additionally,
numerous small white particles were observed on
the fracture surfaces. The mapping and EDS results
revealed that most of the fracture surface was
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covered by corrosion products (Figs. 9(b—d)). The
high content of O indicated the cathodic reduction
of O, to generate OH", thus forming the main
corrosion product of AI(OH); [20]. Compared with
the 0-Ce alloy, the fracture surface of the 0.15-Ce
alloy possessed multiple deep and coarse dimples
(about 5 pm in size), indicating a typical ductile
fracture (Fig. 9(e)). The EDS results showed that
the central region (Spectrum B) of dimple on the
fracture surface had Al, O, and Ce elements. The
mapping in Figs. 9(f—h) displayed the substantial
presence of AI(OH); on the local grains alongside
uniformly distributed Ce-oxides. The fracture
surface of the 0.3-Ce alloy was similar to that of
the 0.15-Ce alloy, exhibiting the distribution of
Ce-oxides, but the number of dimples was reduced
(Figs. 9(1,j)). The BSE image in Fig. 9(k) revealed
numerous micro-cracks (red arrows) primarily
originating from the bright IMCs. The EDS analysis
in Fig. 9(k) indicated that these bright IMCs
contained significant amounts of Al, Zn, Cu, and
trace amounts of Ce and O. Following SSRT testing
in 3.5 wt.% NaCl solution, the fracture surface of
the 0.45-Ce alloy exhibited numberous cracks within
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Fig. 8 SSRT curves of four alloys with varying Ce contents: (a) In air; (b) In 3.5 wt.% NacCl solution

Table 2 SSRT results and calculated Pscc values of samples

Sample Environment UTS/MPa  YS/MPa Elongation/% Pscc-UTS/%  Pscc-YS/% Pscc-Elongation/%

Air 745.4 724.4 52

0-Ce 93.2 94.0 63.5
3.5 wt.% NaCl 695.1 681.0 3.3
Air 762.3 738.1 7.1

0.15-Ce 97.7 95.5 64.8
3.5 wt.% NaCl 744.8 704.8 4.6
Air 783.4 749.5 6.5

0.30-Ce 94.5 98.1 63.1
3.5 wt.% NaCl 740.7 735.2 4.1
Air 792.1 737.8 6.1

0.45-Ce 94.5 98.0 67.2
3.5 wt.% NaCl 748.9 723.4 4.1
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Fig. 9 SEM images of typical fracture surfaces of four alloys with varying Ce contents after SSRT in 3.5 wt.% NaCl
solution: (a, b) Low-magnified images of 0-Ce alloy; (c, d) Element surface scans in (b); (¢) Low-magnified image of
0.15-Ce alloy; (f~h) Element surface scans in (e); (i) Low-magnified image of 0.3 Ce-alloy; (j) Ce element scan in (i);
(k) BSE image in (i); (I, m) Low-magnified images of 0.45-Ce alloy; (n) BSE image of crack source in (1)

Table 3 EDS results from various points in Fig. 9 (at.%)

Spectrum Al Zn Mg Cu Ce Cl Na ¢}
A 40.69 1.80 1.57 0.62 - 2.02 0.01 53.30
B 32.01 27.65 2.23 3.57 3.81 - - 30.73
C 21.08 44.03 0.70 24.07 5.12 - - 5.00
D 31.68 0.97 1.12 0.26 - 2.51 - 63.39
E 35.94 40.50 4.24 14.15 1.28 - - 3.89
the corrosion products that were detected to be 3.3 IGC analysis

Al(OH); by EDS (Fig. 9(k)). Additionally, there
were coarse cracks across the entire fracture
surface, which also originated from the white
Al-Zn—Cu—Ce compounds (Figs. 9(1, m)). Under
the combined action of corrosive media and tensile
stress, these coarse IMCs acted as the sources of
cracks.

The IGC cross-sections of specimens with
different Ce contents are depicted in Fig. 10. In
the 0-Ce alloy, a corrosion trace of approximately
200 um was observed (Fig. 10(a). In comparison
to the 0-Ce alloy, the corrosion depths of all
Ce-containing alloys decreased below 100 pm
(Figs. 10(b—d)). Increasing the Ce content from 0.15
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204.61 ym”

Fig. 10 IGC morphology of alloys with varying Ce contents: (a) 0-Ce; (b) 0.15-Ce; (c) 0.3-Ce; (d) 0.45-Ce

to 0.45 wt.% resulted in a rise in the maximum IGC
depth from 88 to 95 um, indicating a slight increase
in the sensitivity of IGC.

3.4 EXCO analysis

The surface of the alloy after the EXCO test
was characterized by 3D-LCM, as shown in Fig. 11.
The unevenness of the surface after immersion
in the etching solution reflected the different
degrees of corrosion within the alloy. The surface
of the 0-Ce alloy exhibited numerous deep pits
and corrosion products (Fig. 11(a)). The distance
between the deepest and highest points of the
corroded surface was approximately 103 um,
resulting in a surface roughness (R,) of 11.29 uym
(Figs. 11(a, b)). After corrosion, the 0.15-Ce and
0.3-Ce alloys exhibited flatter surfaces with
abundant cavities. As seen from Figs. 11(c—f), the
differences in depth were reduced to 44—54 um, and
the respective R, values decreased to around 4 um.
With further increase of Ce content to 0.45 wt.%,
the corroded alloy surface became rougher, and the
R, value increased to 7.34 um (Figs. 11(g, h)). This
indicated that the reasonable addition of Ce
effectively reduced the exfoliation corrosion depth
of the alloy, thus enhancing its resistance to severe
corrosion.

4 Discussion

4.1 Effect of Ce on microstructure of alloy

The rare earth elements in aluminum alloys
typically exist in three forms: solid solutions,
segregations at grain boundaries, and compounds
[7]. According to the Hume—Rothery rule [21],
compounds are easier to form when there is a
significant difference in electronegativity between
alloying elements. The electronegativity difference
between Ce (1.12) and Al (1.61), Zn (1.65), or Cu
(1.90) is greater than that between Ce (1.12) and
Mg (1.31). Consequently, Ce in the Al-Zn—Mg—Cu
alloy has a higher tendency to bond with Al,
Zn, and Cu to form secondary phase particles
(nano-spherical (Zn,Al,Cu),Ces in Fig. 6). During
alloy solidification, these secondary phase particles
suppress grain growth by reducing driving force or
inhibiting grain boundary migration. The nanoscale
(Zn,Al,Cu)22Ces and L1,-AlsZr particles effectively
pin dislocations and inhibit their movement,
thereby stabilizing the deformed substructure and
suppressing the recrystallization nucleation [11].

When the concentration of Ce surpasses the
maximum solubility limit, multiple Ce atoms can
combine with other elements in the alloy to form
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Fig. 11 Micro-morphologies (a, c, e, g) and 3D surface topographies (b, d, f, h) after EXCO of alloys with varying Ce
contents: (a, b) 0-Ce; (c, d) 0.15-Ce; (e, f) 0.3-Ce; (g, h) 0.45-Ce

coarse compounds. Therefore, excess Ce atoms
were found in the Ali;3(Zn,Cu)i3Ce, phase, which
also accounted for the absence of Mg in the
Ce-containing IMCs (Fig. 5).

4.2 Effect of Ce on precipitates and grain
boundary characteristics
The effect of Ce on the aging precipitation
process of the Al alloy has been proven in many
studies [22—24]. WANG et al [23] and LAI et al [24]
have elucidated the main factors that delay the

development of the GP zone and accelerate the
precipitation of the 7' phase in Ce-containing alloys.
The Ce atoms possess a high vacancy binding
energy [24,25]. Hence, when Ce is added to the Al
matrix, some Ce atoms occupy vacancies, hindering
the nucleation of the GP zone. Since Ce atomic size
(0.27 nm) exceeds that of Al (0.182 nm), the lattice
distortion of the Al matrix and the increase in the
energy of the system occur. To maintain the energy
balance of the system, Ce atoms gather numerous
vacancies around them, forming Ce-vacancy
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clusters [24]. These clusters act as nucleation sites
for the precipitate phase and facilitate the diffusion
of solid-solution atoms (Zn, Mg, and Cu) into them,
thereby accelerating the phase transition from GP
zones to the #' phase.

The Ce atom with higher vacancy binding
energy also interferes with the nucleation of GBPs.
Likewise, Ce atoms occupy some vacancies
at the grain boundaries, attracting the surrounding
vacancies and forming Ce-vacancy clusters which
afterward serve as nucleation sites for GBPs.
However, the scarcity of vacancies in other regions
hinders precipitation, causing a buildup of solute
atoms at Ce-vacancy clusters within a short period,
ultimately resulting in the coarsening of GBPs.
In Ce-containing alloys, the number of GBPs at
the equivalent grain boundary lengths decreased
compared to 0-Ce alloys, indicating a discontinuous
distribution of GBPs. Furthermore, both GBPs and
PFZs in Ce-containing alloys became thicker and
wider, respectively. With further increase in the Ce
content, vacancies near the grain boundaries were
further occupied and absorbed, leading to a
decrease in the diffusion of solid solution atoms
toward the grain boundaries and the narrowing of
PFZs.

4.3 Effect of Ce on mechanical properties

According to the Hall-Petch equation, the
equation for grain boundary strengthening Aoy
is [26]

Acg=kd 3)

where d represents the grain diameter obtained from
EBSD data, and & is a constant (0.12 MPa-m™'"? for
A7075 alloy). The EBSD results revealed that the
average grain sizes of the alloy with Ce contents
ranging from 0 to 0.45 wt.% were 12.961, 4.675,
4.439, and 5.477 um, respectively, and the
corresponding grain boundary strengthening values
were 33.3, 55.5, 56.9, and 51.3 MPa. In comparison
to the 0-Ce alloy, the grain boundary strengthening
of the three Ce-containing alloys increased by
approximately 20 MPa.

As aforementioned in Section 4.2, Ce atoms
play a significant role in the precipitation of the
alloy by interacting with crystal defects. The
statistical analysis was conducted on at least 200
precipitates from the HRTEM images obtained from
each alloy, and the average radius of the precipitate

phase was evaluated, as illustrated in Fig. S1 (in
Supplementary Materials). It was observed that
with the increase in Ce content, the average radius
of precipitates gradually increased. Under identical
aging durations, the aging of three Ce-containing
alloys was accelerated, accompanied by the
increase in the proportion of #' precipitates. This
trend became more pronounced with increasing
Ce content. The increase of 7' precipitates was an
important factor contributing to the gradual
enhancement of the tensile strength of the alloy
(Fig. 8 and Table 2). Furthermore, Ce can also
absorb hydrogen, nitrogen, and other gases in the
as-cast structure, causing the disappearance of
defects including holes and cracks [27]. This is also
another crucial factor contributing to the improved
mechanical properties of Ce-containing alloys.
However, the presence of coarse Al-Zn—Cu—Ce
intermetallic compounds in alloys with high Ce
content was inevitably detrimental to the ductility
of the alloy.

4.4 Effect of Ce on corrosion resistance

The outcomes of all the corrosion tests
highlighted that the 0-Ce alloy exhibited the higher
corrosion sensitivity and the poorer corrosion
resistance. The corrosion resistance of three Ce-
containing alloys was improved by the following
microstructural modifications: (1) altering the grain
boundary characteristics; (2) inhibiting the
recrystallization and grain refinement as well as the
existence of numerous dislocations; (3) forming
Ce-rich phases.

4.4.1 Effect of grain boundary characteristics on
corrosion resistance

As a region where precipitates, defects, and
impurities tend to segregate, the grain boundary
shows higher activity compared to the interior of
grains. Hence, the grain boundary characteristics
substantially affect the sensitivity of the alloy
to IGC, EXCO, and SCC. These -corrosion
mechanisms are primarily influenced by a
combination of anodic dissolution and hydrogen
embrittlement (HE) [28,29].

The corrosion potentials (¢cor) for PFZ, 7’
phase at grain boundaries, and Al matrix of the aged
7A04 alloy were reported to be —0.57, —0.86, and
—0.68 V, respectively [30]. The difference in @cor
values between the 7' phase and the Al matrix
surpasses that between PFZ and the Al matrix. This
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indicates that the corrosion potential of the 7' phase
is more anodic compared to both the Al matrix and
PFZ, leading to its preferential dissolution followed
by the formation of hydrogen and corrosion pits.
The reactions are as follows [31]:

AP +H,0—AIOH?+H" )
AP +2H,0=Al(OH); +2H* (5)
APB43H,0=Al(OH);+3H" (6)

As a product of the dissolution reaction, the
Al(OH); accumulates on the surface of the alloy
(Fig. 9). Some H atoms combine to form H,, while
the remaining hydrogen infiltrates the Al lattice
along dislocations and grain boundaries, resulting in
lattice embrittlement and intergranular fracture. In
the initial stage of SCC, the pre-existing oxide film
on the alloy surface gradually breaks down under
tension. Subsequently, CI infiltrates the ruptured
oxide film, resulting in the generation of AI**, CI,
and H' ions on the exposed surface. The continuity
of GBPs in the 0-Ce alloy accelerated the
dissolution of grain boundaries, facilitating crack
formation and propagation under the SSRT.
Additionally, the narrow PFZ in the 0-Ce alloy
easily extends corrosion paths into the grains,
accelerating the occurrence of HE and further
diminishing the SCC resistance [30]. The presence
of numerous cracks on the fracture surface of SCC
in the 0-Ce alloy indicated that grain boundaries
were the preferred paths for crack propagation.

The SCC mechanism for Ce-containing alloys
is summarized in Fig. 12(b). The addition of Ce

causes the intermittent distribution of coarse GBPs,
which hinders anodic dissolution along the grain
boundaries. This further reduces the generation of
atomic H and inhibits the occurrence of HE. The
coarse and discontinuous GBPs serve as the H
trapping sites, diminishing the H concentration,
alleviating the stress concentration at the crack
source, and effectively inhibiting the propagation of
corrosion cracks [32]. The decrease in the amount
of coarse cracks in Ce-containing alloys after the
exposure to 3.5 wt.% NaCl solution under the SSRT
confirmed this point. Furthermore, the appropriate
broadening of the PFZ in the Ce-containing alloys
further alleviated the expansion of corrosion-
induced cracks, obstructing the diffusion of the
corrosive solution into the interior of grains, which
also increased the SCC resistance of the alloys.
4.4.2 Effect of grain refinement and crystal defects

on corrosion resistance

As per the EBSD findings, Ce addition refined
the grain size, significantly increased the density of
crystal defects (subgrain boundaries, dislocations,
etc), and suppressed the recrystallization. Because
of the lower energy of LAGBs and sparse
precipitates, the generation of GBPs is more
inclined to form along HAGBs, thereby leading to
the initiation and development of corrosion along
them [15,33]. The high density of dislocations and
subgrain boundaries can also provide more stored
energy for the rapid formation and growth of
passive films [34,35], accelerating the repair
process of oxide films. In Ce-containing alloys,
the grain refinement significantly increases the
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proportion of grain boundaries, and more grain
boundaries can carry more external loads, thus
reducing the possibility of cracking at grain
boundaries [36,37]. Similar results were reported by
ARGADE et al [38], where grain refinement also
facilitated the formation of dense and stable passive
films. Additionally, TSAI and CHUANG [39] found
that the significant reduction in grain size induced
a wave-like dislocation slip pattern in the alloy,
leading to the uniform distribution of strain, which
significantly improved the SCC resistance of the
7475 alloy.

4.4.3 Effect of Ce-rich phases on corrosion

When the Ce-containing alloy is exposed to
the corrosive medium, Ce and Al atoms can
simultaneously oxidize to produce a composite
oxide film (Al,O3 and Ce;0s, and (Al,Ce)203) [11].
MICHALIKA et al [40] also believed that
in an environment containing chloride ions, the
Ce within the alloy may form a passive film
primarily composed of Ce(OH); and CeO;. This
phenomenon was also confirmed in Fig. 9.

Since the electrode potential of the Ce atom is
more negative than that of the Al atom, electrons
generated by Ce—O bonds will be transferred to
the Al—O bonds. This process increases the
electron cloud density, thereby enhancing the
bonding force of the Al—O bonds [11]. The
enhanced consolidation and stabilization of the
passive film effectively suppress the extensive
dissolution of the alloy. Additionally, the extensive
coverage of the passive film reduces the available
surface area for corrosion, subsequently reducing
the corrosion rate. However, with the increase
in Ce content, the size and quantity of coarse
Ce-containing IMCs in the alloy gradually increase.
These coarse IMCs become the sites for the source
of SCC (Fig. 9), increasing the depth and the range
of corrosion damage to the alloy. Consequently,
excessive Ce addition can degrade both the
corrosion resistance and toughness of the alloy.

5 Conclusions

(1) The addition of Ce formed (Zn,Al,Cu)».Ce;
phases with dimensions of 100nm in the
alloy. These (Zn,Al,Cu)»Ces suppressed the
recrystallization of the alloy, which significantly
increased the dislocation density and the proportion
of LAGBs, leading to grain refinement. The

Ce-vacancy cluster facilitated the phase transition
of GP zones to the #' phase, enabling the
discontinuous distribution of coarse GBPs and the
appropriate broadening of the PFZ.

(2) The introduction of Ce into the alloys
resulted in a significant modification of the grain
boundary, notably decreasing the likelihood of HE
and impeding the formation and spread of cracks.
By suppressing recrystallization and enhancing
internal crystal defects, the alloy effectively
restricted the expansion of HE and accelerated the
formation and repair capability of the passive film.
The presence of Ce-rich phases within the alloy
further enhanced the stability of the passive film
and impeded its dissolution. The modifications
induced by the addition of Ce notably enhanced the
overall corrosion resistance of the investigated
alloy.

(3) With the increase in Ce content in the alloy
from 0.15 to 0.45 wt.%, an excess of Ce atoms
formed the bulk IMCs, consequently diminishing
the corrosion resistance of the alloy. The alloy
containing 0.15 wt.% Ce achieved the best
corrosion resistance.
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