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ARTICLE INFO ABSTRACT

Keywords:

This study identified an unreported phenomenon where the Al-8.8Zn-2Mg-2Cu alloy exhibit no intergranular
corrosion in 5.7% NaCl+0.3% H303 solution, which could be attributed to the formation of dispersive MgZny
phase along grain boundaries. Compared with the Mg,Al4Zns grain boundary precipitates in Al-6.6Zn-2Mg-2Cu
alloy, MgZny demonstrates a stronger electron localization tendency, indicating superior bonding capability and
structural stability. The lower density of states value near Fermi energy level suggests reduced susceptibility to
electron transfer of MgZny compared with MgsAl4Zns. Combined with adsorption energy, corrosive solution
tends to accumulate preferentially on Al phase in Al-8.8Zn-2Mg-2Cu alloy, while it distributes relatively uni-
formly across both MgyAl4Zns and Al phases in Al-6.6Zn-2Mg-2Cu alloy. Thus, corrosion propagates along
Mg,Al4Zns phases at grain boundaries, leading to severe intergranular corrosion. Conversely, MgZn, exhibits
corrosion resistance similar to Al, and corrosive medium accumulation on MgZn; is less favored, which sup-
presses the initiation of intergranular corrosion at source.

Al-Zn-Mg-Cu alloys
Intergranular corrosion

Grain boundary precipitates
First-principles calculations
Molecular dynamics simulations

Over the past decade, related research has focused on the mechanical
properties enhancement of Al-Zn-Mg-(Cu) alloys without compromising
their corrosion resistance, to improving the service stability in aerospace
structural components [1,2]. Conventional wisdom states that
increasing the content of main alloying elements, especially Zn, can
increase the number density of aging precipitates, as exemplified by the
evolution of 7050 to 7055 alloys, followed by 7A93 alloys. However,
with the degree of alloying, the resistance to pitting corrosion (PC) and
intergranular corrosion (IGC) significantly deteriorates [3-5]. Gener-
ally, the IGC resistance of Al-Zn-Mg-Cu alloys is closely related to the
composition and distribution of grain boundary precipitates (GBPs),
which can act as anodes and are preferentially corroded, leading to the
initiation and propagation of IGC cracks [6-8]. The degree of corrosion
can also become more severe with more continuous distribution of these
precipitates [9]. Some studies have suggested that impurity phases, such
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as Al;CugFe particles, can induce pitting corrosion and further facilitate
the ingress of corrosive media into the interior of alloy due to their
poorly protective oxide film and galvanic corrosion with Al matrix. The
occur of pitting corrosion further induces and promotes IGC [10,11],
which has been also observed in other systems such as Al-Mg-Si and
Al-Cu-Mg alloys [12,13]. In this study, a novel phenomenon is discov-
ered that the Al-8.8Zn-2Mg-2Cu alloy with high content of Zn and im-
purity Al;CuyFe phase does not mean a decrease of IGC resistance. On
the contrary, IGC does not occur in NaCl+H30; solution. The underlying
mechanisms have been elucidated through a combination of experi-
mental validation and computational modeling, offering new strategies
for the development of ultra-high strength and corrosion-resistant
aluminum alloys.

Three alloys were designed, with the chemical composition pre-
sented in Supplementary Materials Table 1, denoted as A, B and C,
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Fig. 1. Corrosion morphology of the alloys in different solutions: (a, al), (d, d1), (g, g1) the OM and CLSM morphologies of corrosion surface of A, B and C alloys
immersed in NaCl aqueous solution, respectively, (b, b1), (e, el), (h, h1) the OM and CLSM morphologies of corrosion surface of A, B and C alloys immersed in
NaCl+H30, aqueous solution, respectively, (c, f, i) the IGC morphology of the cross section of A, B and C alloys, respectively.

corresponding to Al-8.8Zn-2Mg-2Cu-0.01Fe, Al-8.8Zn-2Mg-2Cu-0.14Fe our previous studies, A, B and C alloys in this work were added with 0.5
and Al-6.6Zn-2Mg-2Cu-0.01Fe alloys. Given that the addition of TCB % (wt. %, the same below) AI-TCB seed alloy [14,15]. All the raw ma-
seed alloy significantly enhanced the corrosion resistance of the alloys in terials were supplied by Shandong Crystal Seed Materials Co., Ltd. For
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Fig. 2. Electrochemical testing results of the alloys in different solutions: (a-c) CP curve, Nyquist and Bode plots in NaCl aqueous solution, (d-f) CP curve, Nyquist and
Bode plots in NaCl+H,0, aqueous solution.
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Fig. 3. The characteristic of grain boundary precipitates in the alloys. A alloy: (a, al) HAADF-STEM image and its EDS mapping analysis, (a2) EDS lining analysis of
line 1&2 in figure (a). B alloy: (b, b1, b2) description as set forth for A alloy. C alloy: (c, c1, c2) description as set forth for A alloy.

the casting process, the alloys were poured into the graphite cylinder
(®90 mm) at 720 °C. After homogenized at 465 °C for 24 h, the alloys
were hot extruded into round rods with a diameter of 20 mm. Then
solution and aging treatments (T6, 475 °C/1h+120 °C/24 h) were
conducted, which were used for immersion corrosion and electro-
chemical tests.

Two typical corrosion environments were established, including (I)
immersion in 3.5 % NaCl aqueous solution for 72 h, (II) immersion in an
aqueous solution of 57 g/L NaCl+10 mL/L Hy0; (i.e., 5.7 % NaCl+0.3 %
H05) for 6 h. All corrosion tests were conducted at 30+1 °C. Cyclic
polarization (CP) and electrochemical impedance spectroscopy (EIS)
tests were conducted on the above solution. The test parameters can be
found in our previous studies [14-16]. Optical microscopy (OM, DM
2700 M), scanning electron microscopy (SEM, JSM 7800F) and confocal
laser scanning microscopy (CLSM, LSM 800) were employed to analyze
the corrosion morphology. Analysis of GBPs was carried out using a
transmission electron microscopy (TEM, Talos F200X) equipped with a
high-resolution energy dispersive spectrometer (EDS). First-principles
calculations based on density functional theory (DFT) were performed
by the VASP including electron localization function (ELF), density of
states (DOS), work function (WF), differential charge density (DCD) of

GBPs, while molecular dynamics (MD) simulations using by LAMMPS
package were employed to calculate the adsorption energy between
GBPs/Al and corrosion solution. The detailed parameters were provided
in the Supplementary Materials.

The corrosion morphologies of the three alloys in different corrosion
environments are shown in Fig. 1. As shown in Fig. 1 (a, d, g), only PC
with similar morphology can be observed on all the alloys in the NaCl
solution, with corrosion pits distributes along the extrusion direction.
Among them, severe galvanic corrosion occurs between this phase and
Al matrix [17] due to the presence of numerous Al;CusFe phases in alloy
B (Fe content 0.138 %), resulting in the deepest pit depth of 9.5 pm
(Fig.1(d1)). The deepest pits of A and C alloys are 3.5 pm and 6.7 pm,
respectively (Fig.1 (al, g1)). In the NaCl+H50; solution, both A and B
alloys did not undergo IGC (Fig. 1(c, f)), while C alloy experienced se-
vere IGC (Fig. 1(i)), with the maximum depth reaching 148 pm. Rela-
tively large oxide films formed on the surfaces of all alloys. Particularly,
arelatively intact oxide film is observed around the Al,CuyFe particles in
B alloy (Fig.1(e)), with no significant galvanic corrosion, indicating that
the Al;CuyFe phase could not induce IGC. In summary, in the NaCl so-
lution, the PC behaviors of the three alloys are similar, with pit depths
generally within the same order of magnitude. However, in the
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Fig. 4. HRTEM analyses of grain boundary precipitates in A and C alloys: (a, b) HRTEM and the corresponding FFT image of dashed box in figure (a) of A alloy, (c)
high magnification HRTEM image; (d, €) HRTEM and the corresponding FFT image of dashed box in figure (d) of C alloy, (f) high magnification HRTEM image.

NaCl+H30- solution, A and B alloys with higher content of Zn demon-
strate excellent resistance to IGC. The Fe contents are 0.013 %, 0.138 %
and 0.011 % for A, B and C alloys, while the Zn contents are 8.83 %, 8.79
% and 6.64 %, respectively. It indicates that the Fe content has no effect
on IGC in this study, rather, it is the Zn content that exerts the funda-
mental influence.

Fig. 2 shows the CP and EIS testing results of the three alloys in
different corrosive environments, with relevant parameters provided in
Supplementary Materials Table 2 and Table 3. The CP results indicate
that, compared with C alloy, A and B alloys exhibit lower I, and higher
Egw-Ecorr values in both NaCl and NaCl+H0- solutions, demonstrating
that the A and B alloys with higher Zn have a slower corrosion rate and
mitigated corrosion degradation in these two corrosive environments
[18-20]. Notably, in the NaCl+H303 solution, C alloy does not show an
Epp value, indicating that the localized corrosion processes such as PC
and IGC cannot self-repair. According to the EIS testing result, all three
alloys exhibit capacitive arcs in the high and medium frequency regions,
while inductive arcs are observed in the low frequency region. This in-
dicates that the corrosion behavior at the interface between alloy surface
and corrosive solution involves both the oxide film and the alloy itself,
corresponding to two time-constants. Although the fitting current in-
cludes three constant phase elements, the initial time-constant in the
high frequency region represents the electrochemical characteristics of
the instrument and connecting wires, which has no practical significance
[7,19,21,22]. The appearance of inductive arc in the low frequency re-
gion suggests the initiation and growth of metastable or stable PC
[23-26]. In the NaCl+H>0- solution, it also includes the initiation and
propagation of IGC. In the NaCl solution, compared with C alloy, A and B
alloys exhibit higher Rt and R¢ values, indicating that the two alloys own
higher polarization resistance. Furthermore, the connection mode of
such constant phase elements in the circuit demonstrates that, the
corrosion medium attacks the oxide film and alloy in a certain sequence
of time from earlier to later in the NaCl solution. While in the
NaCl+H305 solution, the corrosion process occurs almost

simultaneously on both the oxide film and the alloy based on the
connection mode of the two constant phase elements. Additionally, Bode
plot of the B alloy exhibits three peaks, fitted using three constant phase
elements, respectively. This suggests that the oxide film structure of the
alloy is relatively complex, with significant differences between the
naturally formed oxide film and the corrosion induced oxide film. As a
result, these two types of films can be considered to coexist on the alloy
surface, which may be attributed to the presence of Al;CuyFe phase. In
the NaCl+H>0; solution, A and B alloys still exhibit higher R and R¢
values compared to C alloy, which indicates that at more vulnerable
locations such as grain boundaries, the alloy and oxide film can resist the
attack of corrosive medium more effectively, and inhibit the occurrence
of IGC. Therefore, the electrochemical analyses further corroborate the
findings mentioned above, demonstrating that A and B alloys with
higher content of Zn exhibit excellent IGC resistance in the NaCl+H302
solution.

To elucidate the mechanism for the excellent IGC resistance of the
alloys with higher content of Zn mentioned above, TEM and EDS ana-
lyses was conducted on the characteristics of GBPs in the three alloys. As
shown in Fig. 3(a, b, ¢), no obvious precipitate free zones are observed in
the three alloys. However, the distribution of GBPs in A and B alloys is
relatively discontinuous, while that in C alloy exhibits a more contin-
uous characteristic. From the compositional perspective, the GBPs in all
three alloys primarily contained Mg and Zn elements (Fig. 3(al, b1, c1)),
while extensive statistical analysis reveals differences in their compo-
sitional ratios. The Zn/Mg ratio in A and B alloys is approximately
1.7-1.9, close to that of the typical aging precipitate MgZny [27,28]. In
contrast, the Zn/Mg ratio in C alloy is approximately 1.0-1.4, with a
higher content of Al, approaching that of the typical aging precipitate
MgoAl4Zng [29-31]. Therefore, the characteristics of GBPs clearly play a
critical role in influencing the IGC behavior of the alloys.

To further determine the crystal structures of the two grain boundary
precipitates, high-resolution TEM (HRTEM) analysis and the corre-
sponding fast Fourier transforms (FFT) were performed on A and C
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Fig. 5. The DFT and MD calculation results of Al, MgZn, and Mg,Al,Zn3 phases: (a) WF, (b) The MD modeling of the phases in (5.7 %NaCl+0.3 %H;05) aqueous
solution corrosion environment, in which (100) Al, (1010) Mg,Al;Zn3 and (1010) MgZn, are in contact with the solution, and the adsorption energy of such phases in

solid-liquid system displayed in figure (c), (d) 2D ELF cut plane, (e) Total DOS.

alloys, as shown in Fig. 4. The crystal structures of the two grain
boundary precipitates are different. Indexing the FFT diffraction spots of
the grain boundary precipitate in A alloy reveals that it corresponds to
the structure of the MgZny phase, consistent with mp-1124 material
from the Materials Project database [32]. Similarly, indexing the FFT
spots of the grain boundary precipitate in C alloy indicates that it
matches the structure of the MgsAl4Zns phase, in agreement with the
mp-1189,454 material from the same database [33]. The crystallo-
graphic parameters of both phases are provided in the Supplementary
Materials, which is used for modeling and calculation.

Based on the above analysis, two typical aging precipitates, MgZny
and MgyAlsZngs, as well as Al were first modeled (Fig. 1 and crystal
structure of MgZn, and MgsAl4Zns in Supplementary Materials), and
first-principles calculations based on DFT were performed to reveal their
intrinsic characteristics. As shown in Fig. 5(a), the WF values of both
MgZn, and MgsAlsZns phases are lower than that of Al, indicating that
both phases tend to act as anodes in galvanic corrosion and are prefer-
entially attacked [34,35]. Corrosion behavior occurs in a corrosive
medium, with the interaction between these phases and medium envi-
ronment considered crucial, serving as the dominant factor determining
the corrosion tendency. Thus, a corrosive environment with the same
concentration as the actual IGC solution, i.e., (5.7 % NaCl + 0.3 % H205)
aqueous solution was constructed, and the solid-liquid system models
were established (Fig. 5(b)). For crystallographic plane selected for
exposure to the corrosive solution, the most stable low-index surfaces for

each phase were used, the Al is (100), the Mg2Al4Zns and MgZn, are
(1010). MD simulations were then performed to calculate the adsorption
energy of this solution on the surfaces of such second phases [36,37].
The results are shown in Fig. 5(c). Judging from the adsorption energy
values, MgZn, phase has the weakest adsorption energy relative to the
corrosive solution, MgAl4Zng phase ranks second, and the Al phase has
the strongest adsorption energy relative to the corrosive solution. In
comparison, for the system composed of MgZny and Al phases, the dif-
ference in adsorption energy is 460 kcal-mol™, while for the system
composed of MgsAlsZn3 and Al phases, the adsorption energy difference
is only 160 kcal'‘mol™. Considering the significant difference in
adsorption energy values, in the former system, the corrosive solution
tends to preferentially accumulate on the surface of Al phase, whereas in
the latter, the corrosive solution distributes relatively uniformly on the
surfaces of both the Mg,Al4Zns and Al phases. Therefore, in systems
composed with the Al matrix and one of the second phases, the inter-
action between MgZn, phase and the corrosive medium is very weak,
while the interaction between Mg,Al4Zns phase and the corrosive me-
dium is relatively strong. In addition, the intrinsic characteristics of the
phases, namely their bonding capability and structural stability, should
be considered, as these are also key factors influencing the corrosion
behaviors. First, the analysis of ELF is shown in Fig. 5(d). For Al phase,
the ELF value in the Al-Al bond region is approximately 0.5, indicating a
delocalized state of valence electrons, which reflects the typical metallic
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bonding nature. In MgZn, phase, high ELF values appear in Mg-Mg and
Mg-Zn bond regions, suggesting a strong tendency for valence electrons
to localize. This electron distribution indicates that the bonding in
MgZn, exhibits certain covalent characteristics. For MgAl4Zng phase,
some electrons still demonstrate strong delocalization features, such as
in the Mg-Mg and Al-Zn bond regions, which exhibits metallic bonding
characteristics, while certain localized Al-Mg regions show covalent
components based on ELF values. Therefore, the MgZn, phase exhibits
stronger bonding capability and superior structural stability compared
to the MgsAlsZng phase [38]. Generally, the electron transfer rate in the
double electric layer is proportional to the DOS of the phase, which can
be used to evaluate corrosion resistance from the perspective of corro-
sion kinetics [38,39]. This is because, during the corrosion process,
valence electrons near the Fermi level are readily transferred to ions in
the solution. Therefore, the DOS near the Fermi level determines the
electrochemical activity, i.e., a higher DOS near the Fermi level facili-
tates the charge transfer process in electrochemical reactions. Thus, the
DOS of MgZny, MgoAl4Zng and Al phases were calculated. The Fermi
level was set to zero on the energy axis, which is the highest energy level
occupied by electrons in the band structure at absolute zero (0 K). The
results (Fig. 5(e)) show that Mg,Al4Zng has the highest DOS value near
the Fermi level, while the values of MgZn, and Al are close to each other.
This indicates that the charge transfer process encounters the least
resistance for MgpAl4Zns, indicating that it is more susceptible to cor-
rosive dissolution. By contrast, the DOS values near the Fermi level for
MgZn, and Al are similar, suggesting that MgZn, is less prone to cor-
rosive dissolution compared with MgoAl4Zns.

In summary, a previously unreported phenomenon was presented in
this study. The Al-8.8Zn-2Mg-2Cu alloy with higher content of Zn ex-
hibits no IGC in a (5.7 % NaCl+0.3 % H302) aqueous solution, whereas
the Al-6.6Zn-2Mg-2Cu alloy with lower content of Zn demonstrates
typical IGC behavior, with a maximum depth reaching 148 pm. Elec-
trochemical test results further confirm this phenomenon. TEM analysis
reveals that the GBPs in the former are relatively dispersed MgZn,
phase, while in the latter, they are relatively continuous MgsAlsZn3
phase. Therefore, DFT calculations and MD simulations were employed
to analyze the intrinsic characteristics of the MgZny and MgsAlsZng
phases and their interactions with the corrosive medium. The WF values
indicate that both the MgZn, and Mg,Al4Zng phases tend to act as an-
odes and are preferentially corroded in galvanic corrosion. However,
based on the MD simulations, for the system composed of MgZn, and Al
phases, the corrosive solution tends to preferentially accumulate on the
surface of Al phase, whereas in the system composed of Mg>Al4Zn3 and
Al, the corrosive solution distributes relatively uniformly on the surfaces
of both the MgyAlsZns and Al phases. That is, the interaction between
MgZny and corrosive medium is much weaker than that of MgyAlsZns.
As indicated by the ELF analysis, compared with MgsAl4Zng, MgZny
exhibits enhanced bonding capability and greater structural stability.
Meanwhile, the lower DOS value of MgZn, near the Fermi level suggests
a lower propensity for charge transfer and dissolution by corrosive so-
lution. According to the above analyses, the MgZn, phase demonstrates
superior corrosion resistance compared to the MgsAlsZns phase, and is
not susceptible to be attacked in a NaCl+H30O, environment. This
finding provides theoretical guidance for designing the composition and
heat treatment processes of Al-Zn-Mg-Cu series alloys with enhanced
IGC resistance.
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