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Abstract

The precipitation characteristics and grain-boundary structure of Al–Cu–Mg alloys strongly
affect their corrosion behavior, whereas the roles of Si and Ag microalloying in low Cu/Mg
ratio systems are not yet fully understood. In this work, the effects of Si and Ag addi-
tions on age-hardening response, precipitation characteristics, and corrosion performance
were systematically investigated by combining transmission electron microscopy with
electrochemical and corrosion measurements. Si addition significantly accelerated the
age-hardening kinetics, enabling the alloy to reach a hardness of 147 HV after only 6 h
of aging, whereas the base alloy required 24 h to reach a similar level. This accelerated
response was accompanied by refined S-phase precipitation and a markedly narrowed
precipitation-free zone along grain boundaries. Further Ag addition introduced coherent
Ω precipitates and a more complex multi-phase precipitation structure, which increased
microstructural heterogeneity. As a result, the Al–Cu–Mg–Si alloy exhibited the lowest cor-
rosion current density and the shallowest corrosion depth, whereas the Al–Cu–Mg–Si–Ag
alloy showed deteriorated corrosion resistance. These results indicate that Si microalloying
alone can simultaneously accelerate aging and improve corrosion resistance, while further
Ag addition enhances precipitation complexity and strengthening potential but increases
susceptibility to localized corrosion.

Keywords: Al–Cu–Mg alloy; precipitation behavior; precipitation-free zone; intergranular
corrosion; Si and Ag microalloying; electrochemical impedance spectroscopy

1. Introduction
Al–Cu–Mg (2xxx series) alloys are widely used as high-strength structural materials

in aerospace and transportation industries due to their excellent strength-to-weight ratio
and age-hardening capability [1,2]. However, their susceptibility to localized corrosion,
particularly intergranular corrosion (IGC) in chloride-containing environments, remains a
critical limitation for long-term service reliability [3,4].

The corrosion behavior of precipitation-hardened Al–Cu–Mg alloys is governed by
precipitation characteristics and grain-boundary structure. Cu-rich precipitates such as
the S phase (Al2CuMg) and θ′ phase (Al2Cu), together with grain-boundary precipitates
(GBPs), are typically nobler than the α-Al matrix and can form micro-galvanic couples
that accelerate localized dissolution [3]. The precipitation-free zone (PFZ) adjacent to
grain boundaries also plays a critical role. Wide PFZs combined with cathodic GBPs can
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promote continuous anodic dissolution along grain boundaries, thereby increasing IGC
susceptibility [5–8]. Therefore, tailoring precipitation morphology and grain-boundary
structure offers an effective pathway for regulating corrosion behavior.

Microalloying with elements such as Si and Ag can effectively modify precipitation
pathways in Al–Cu–Mg alloys. Si participates in GPB zone evolution and accelerates
aging kinetics, particularly in alloys with low Cu/Mg ratios [5,9], while also promoting the
formation of Q′′ precipitates and modifying S-phase distribution [10]. Ag addition facilitates
the formation of coherent Ω precipitates on {111}α planes through interfacial segregation,
thereby enhancing strength and thermal stability [11,12]. Despite these advances, the
influence of such microstructural modifications on corrosion behavior remains debated,
largely because previous studies often compared alloys under different aging conditions
or strength levels [7,13]. Since strength and corrosion resistance often show competing
trends in precipitation-hardened Al alloys, differences in mechanical state can obscure the
intrinsic effects of microstructure on electrochemical behavior [7,13,14].

Recent atomic-resolution studies have further shown that solute segregation at precip-
itate/matrix interfaces can significantly alter local interfacial chemistry and stability [12,15],
potentially influencing both micro-galvanic coupling and corrosion film evolution [11,12,15].
However, the specific role of these interfacial features in governing corrosion behavior
in Al–Cu–Mg-based alloys remains poorly understood. In this work, the precipitation
characteristics, grain-boundary structure, mechanical properties, and corrosion behav-
ior of low Cu/Mg ratio Al–Cu–Mg, Al–Cu–Mg–Si, and Al–Cu–Mg–Si–Ag alloys were
systematically investigated. By combining TEM, atomic-resolution HAADF-STEM, and
corrosion characterization, this study aims to clarify how Si and Ag additions modify
precipitation pathways, hardening response, and interfacial chemistry, and to identify an
alloying strategy for balancing rapid strengthening with corrosion resistance.

2. Materials and Methods
2.1. Materials and Processing

Three Al–Cu–Mg-based alloys with nominal compositions (wt.%) of Al–3.0Cu–2.0Mg
(ACM), Al–3.0Cu–2.0Mg–0.5Si (ACMS), and Al–3.0Cu–2.0Mg–0.5Si–0.4Ag (ACMSA) were
investigated in this study. These compositions are nominal values provided by the supplier,
Kairui New Materials (Beijing) Technology Co., Ltd. (Beijing, China), and were used as the
target alloy compositions in the present work. Dog-bone tensile specimens were machined
using a CNC wire electrical discharge machine (DK7732CJF), with the geometry shown in
Figure 1b. The heat treatment route applied to the alloys is illustrated in Figure 1a. The
rolled sheets were solution-treated at 520 ◦C for 1 h followed by immediate water quenching
to retain a supersaturated solid solution. Artificial aging treatments were subsequently
carried out in an oil bath at 200 ◦C for up to 48 h.

Unless otherwise stated, microstructural characterization and corrosion tests were
performed on specimens aged to the first hardness peak (6 h) for the Si-containing alloys
(ACMS and ACMSA) and the peak-hardness condition (24 h) for the base ACM alloy.
This condition was selected to ensure comparable strength levels among the alloys and to
minimize the influence of bulk strength on corrosion behavior. The second hardness peak
condition (32–34 h) was only considered for the Si-containing alloys in mechanical testing
to demonstrate their maximum strengthening potential.
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Figure 1. Schematic illustration of the heat-treatment route and specimen geometry: (a) solution
treatment at 520 ◦C for 1 h followed by water quenching and aging at 200 ◦C for 48 h; (b) specimen
dimensions in mm.

2.2. Mechanical Testing

Mechanical properties were systematically evaluated. Uniaxial tensile tests were
carried out on a stress-corrosion testing machine (SCD-50, Shanghai Bairo Testing Instru-
ment Co., Ltd., Shanghai, China) at a nominal strain rate of 10−2 s−1, and strain was
recorded using an extensometer. Dog-bone tensile specimens were prepared according to
ISO 6892-1 [16]. At least three tensile specimens were tested for each alloy condition. Vick-
ers hardness tests were performed using a load of 9.8 N and a dwell time of 10 s. For each
condition, at least ten indentations were conducted and the average value was reported.

2.3. Corrosion Testing

Intergranular corrosion susceptibility was evaluated following ASTM G110. Prior to
testing, the samples were mounted in epoxy resin, ground using SiC papers from 500 to
5000 grit, and polished with 0.5 µm diamond suspension, followed by ultrasonic cleaning
in ethanol. The samples were etched in a mixed solution containing 945 mL deionized
water, 50 mL HNO3 (70%), and 5 mL HF (48%) at 93 ◦C for 1 min. After rinsing with
deionized water, the specimens were immersed in concentrated HNO3 (70%) for 1 min,
rinsed, and air-dried. Subsequently, 57 g NaCl and 10 mL H2O2 (30%) were diluted to 1 L.
The samples were fully immersed in this solution at 30 ± 1 ◦C for 6 h.

Electrochemical measurements were conducted in a 3.5 wt.% NaCl solution at room
temperature using an electrochemical workstation (CH604, Shanghai Chenhua Instrument
Co., Ltd., Shanghai, China) with a standard three-electrode configuration. The alloy
specimen served as the working electrode, with an Ag/AgCl reference electrode and a
platinum counter electrode. After immersion in the electrolyte for 60 min, the open-circuit
potential (OCP) was monitored for 1 h until it stabilized. Electrochemical impedance
spectroscopy was then recorded at OCP by applying a sinusoidal perturbation of 5 mV over
the frequency range of 10−2 Hz to 105 Hz. Potentiodynamic polarization was subsequently
performed by scanning the potential from −250 mV below OCP to +250 mV above OCP at a
scan rate of 1 mV s−1. All electrochemical measurements were repeated at least three times.

Neutral salt spray tests were performed according to GB/T 10125-2012 [17]. Salt spray
exposure was conducted in a chamber (OLT-60, Q-Lab Corporation, Westlake, OH, USA)
for 72 h and 168 h using a 5 wt.% NaCl solution at 35 ◦C with a pH of 6.5–7.2. After
exposure, specimens were rinsed, air-dried, and examined using SEM. Corrosion products
were then removed and the surfaces were re-prepared. Surface morphology and pit
depth were measured using a 3D optical profilometer (Contour X200, Bruker Corporation,
Billerica, MA, USA).
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2.4. Structural and Compositional Characterization

Microstructural characterization was performed using multiple techniques to analyze
fracture surfaces, corrosion morphologies, and grain structures. Fracture surfaces and salt-
spray-corroded morphologies were examined using a Zeiss Sigma 500 SEM (Oberkochen,
Germany). Grain structures were characterized by electron backscatter diffraction (EBSD)
using the same SEM equipped with an Oxford EBSD detector (Abingdon, UK). Prior to
EBSD, samples were mechanically ground and then ion-polished using a Leica RES102
system (Wetzlar, Germany).

Transmission electron microscopy was employed to investigate precipitate structures
and interfacial characteristics using an FEI Titan G2 ETEM (Hillsboro, OR, USA), an FEI
Tecnai F30 (Hillsboro, OR, USA), and a Thermo Scientific Talos F200X G2 equipped with
a Super-X EDS detector (Waltham, MA, USA). TEM foils were prepared by mechanically
grinding to a thickness below 70 µm, punching 3 mm discs, and twin-jet electropolishing
at −25 ◦C in a solution of 30% HNO3 and 70% CH3OH under an applied voltage of 30 V.
Final thinning was performed using a Leica RES102 ion polisher (Wetzlar, Germany).

3. Results
3.1. Age-Hardening Response and Tensile Properties

The evolution of Vickers hardness during artificial aging at 200 ◦C for the three alloys
is presented in Figure 2a. All compositions exhibit a characteristic precipitation-hardening
response, namely an initial rapid increase in hardness, attainment of a peak value, and a
subsequent gradual decrease during over-aging. Despite this common trend, significant
differences in precipitation kinetics and peak characteristics are evident among the alloys.

Figure 2. Mechanical characterization of the investigated alloys: (a) age-hardening curves during
aging at 200 ◦C for 48 h; (b) slow strain rate tensile engineering stress–strain curves obtained at a
strain rate of 10−2 s−1.

The base alloy reaches a hardness of 146.7 ± 2.3 HV after 24 h of aging. In contrast,
the ACMS and ACMSA alloys attain comparable hardness values of 146.5 ± 2.1 HV
and 146.8 ± 2.6 HV, respectively, within only 6 h. This accelerated hardening response
indicates that the addition of Si markedly enhances precipitation kinetics during the early
stages of aging. This faster hardening rate can be correlated with an increased number
density and refined size of nanoscale precipitates, as subsequently quantified by TEM
analysis [5,10,18]. A higher number density of finer precipitates reduces the effective
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interparticle spacing, thereby impeding dislocation motion more effectively and allowing
comparable strengthening to be achieved in a shorter time.

Furthermore, the ACMS and ACMSA alloys exhibit a distinct double-peak aging be-
havior, with secondary hardness maxima of 152.8 ± 2.4 HV and 152.1 ± 2.0 HV, respectively,
appearing between 32 h and 34 h. By comparison, the ACM alloy displays a single-peak
response with a lower maximum hardness of 146.7 ± 2.3 HV. In addition to achieving a
higher peak hardness, the Si- and Ag-containing alloys demonstrate improved hardness
retention during prolonged aging, as reflected by their higher hardness values after 42 h.

To enable a meaningful comparison of corrosion behavior under comparable me-
chanical strength levels, specific aging conditions were selected: 24 h for ACM and 6 h
for ACMS and ACMSA. Under these conditions, all alloys exhibit a similar intermediate
hardness (about 147 HV), thereby minimizing the influence of bulk strength differences on
subsequent corrosion analysis.

The corresponding engineering stress–strain curves for these selected conditions are
shown in Figure 2b. The ACM alloy exhibits an ultimate tensile strength of 187.15 ± 5 MPa
with an elongation of 18.97 ± 0.6%. With the addition of Si, the UTS of the ACMS alloy
increases to 220.33 ± 6 MPa, accompanied by a moderate reduction in elongation to
16.27 ± 0.5%. For the ACMSA alloy, the UTS reaches 202.06 ± 5 MPa, while the elongation
decreases further to 11.71 ± 0.4%. At the second hardness peak condition, the ACMS
and ACMSA alloys exhibit higher UTS values of 314.91 ± 7 MPa and 314.47 ± 7 MPa,
respectively, with elongations of 14.80 ± 0.5% and 10.94 ± 0.4%, indicating their strong
strengthening potential.

3.2. Microstructural Characterization

Figure 3 presents SEM micrographs and corresponding EDS elemental mappings of
the investigated alloys under the selected aging conditions. In the SEM images, numerous
second-phase particles with strong contrast relative to the α-Al matrix can be clearly
observed on the alloy surface and along grain boundaries. For the ACM alloy, relatively
coarse second-phase particles are distributed within the matrix and along grain boundaries.
Combined with EDS elemental mappings, several types of intermetallic particles can be
identified, including Al2Cu, Al2CuMg (S phase), Al7Cu2Fe, and Mg2Si. After Si addition,
the second-phase particles appear slightly refined and more uniformly distributed. For the
ACMSA alloy, localized Ag enrichment can also be detected in certain regions, indicating
increased compositional complexity of the intermetallic phases after Ag addition.

EBSD results are summarized in Figure 4. The inverse pole figure maps reveal that
all three alloys exhibit predominantly equiaxed grain structures without pronounced crys-
tallographic texture. The corresponding grain size distributions indicate that the average
grain sizes of the ACM, ACMS, and ACMSA alloys are 18.93 ± 1.50 µm, 18.50 ± 1.30 µm,
and 23.51 ± 1.80 µm, respectively. Compared with the base alloy, the Si-containing alloy
shows a similar grain size, while additional Ag alloying results in slight grain coarsening.
The fractions of low-angle grain boundaries are comparable among the alloys, being 8.1%,
7.71%, and 8.1%, respectively.

In contrast, the kernel average misorientation distributions reveal noticeable differ-
ences among the alloys. The average KAM values increase from 0.27◦ for ACM and 0.24◦

for ACMS to 0.56◦ for ACMSA. Since KAM reflects the local lattice curvature associated
with geometrically necessary dislocations, the higher KAM value suggests a greater density
of lattice defects and intragranular strain in the Ag-containing alloy [19–21]. Overall, the
EBSD analysis indicates that while Si addition has a limited influence on the grain structure,
the further introduction of Ag increases the level of intragranular lattice distortion and
microstructural heterogeneity.
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Figure 3. SEM microstructures and corresponding EDS elemental maps of the investigated alloys:
(a) ACM, (b) ACMS, and (c) ACMSA.

Figure 5 presents the tensile fracture morphologies of the three alloys. The ACM alloy
exhibits a predominantly ductile fracture surface characterized by deep and uniformly
distributed equiaxed dimples, indicating stable microvoid nucleation and coalescence.
In the ACMS alloy, the dimples become finer and coexist with localized quasi-cleavage
facets, suggesting the onset of mixed-mode fracture behavior and increased strain local-
ization. The ACMSA alloy displays a higher density of secondary cracks and large voids,
together with more pronounced flat facets and regions of crack branching. These features
indicate enhanced damage heterogeneity and earlier void coalescence, consistent with its
reduced elongation.
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Figure 4. EBSD maps of the investigated alloys: (a) ACM alloy, (b) ACMS alloy, and (c) ACMSA alloy.

Figure 5. Tensile fracture surface morphologies of the investigated alloys: (a) ACM alloy; (b) ACMS
alloy; and (c) ACMSA alloy.

Bright-field TEM images of intragranular precipitates are shown in Figure 6a–c. In
the ACM alloy, lath- or plate-like precipitates are observed within the α-Al matrix and are
predominantly identified as S phase, accompanied by a minor fraction of θ′ precipitates.
After Si addition, the intragranular precipitates become noticeably finer and the character-
istic thickness of the S-phase plates decreases. With further Ag addition, the precipitation
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structure becomes more complex and fine plate-like Ω precipitates are observed together
with the existing S-related precipitates.

Figure 6. Bright-field TEM images of intragranular precipitates in the investigated alloys with
corresponding statistical distributions of precipitate thickness and length: (a) ACM, (b) ACMS, and
(c) ACMSA.

Quantitative measurements of precipitate morphology were performed in at least
five independent regions for each alloy, as summarized in Figure 6 and Table 1. In the
base alloy, the average thickness and length of S-phase precipitates are 15.8 ± 1.3 nm and
153.3 ± 12.6 nm, respectively, with an estimated areal number density of 3.72 × 1013 m−2.
After Si addition, the average S-phase thickness decreases significantly to 9.5± 0.8 nm while
the precipitate length remains comparable. With further Ag addition, the average S-phase
thickness increases slightly to 17.2 ± 1.4 nm and the estimated areal number density of S
phase further increases to 1.0 × 1014 m−2. In addition, the Ω precipitates exhibit an average
thickness of 7.4 ± 0.7 nm and length of 65.4 ± 5.8 nm.

Table 1. Estimated areal number density of different precipitate phases in the investigated alloys
(×1013 m−2).

Precipitate Phase ACM ACMS ACMSA

θ′ 6.81 6.81 6.67
S 3.72 7.43 10.00

Q′′ – 8.00 4.00
Ω – – 4.67

The values were estimated from multiple TEM bright-field images based on precipitate counting within measured
observation areas.
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Grain-boundary regions exhibit distinct structural evolution, as shown in Figure 7.
PFZ widths were measured perpendicular to grain boundaries at multiple locations, and the
statistical results are summarized in Table 2. In the ACM alloy, a relatively wide PFZ with a
half-width of 306 ± 21 nm is observed. The grain-boundary precipitates consist of coarse
S-phase particles with an average size of 521 ± 38 nm and a large interparticle spacing of
928.5 ± 74 nm. After Si addition, the PFZ width decreases significantly to 122 ± 11 nm,
accompanied by substantial refinement of grain-boundary precipitates. With further Ag
addition, the PFZ width slightly increases to 143 ± 14 nm, while the grain-boundary
precipitates remain relatively fine.

Figure 7. Grain-boundary precipitation structures of the investigated alloys revealed by TEM and
STEM-EDS analysis: (a–e) ACM alloy, (f–j) ACMS alloy, and (k–o) ACMSA alloy. (a,f,k) Bright-
field TEM images; (b,g,l) corresponding STEM-HAADF images; (c,h,m) Al maps; (d,i,n) Cu maps;
(e,j,o) Mg maps.

Table 2. Grain-boundary precipitate size, spacing, and PFZ half-width for the investigated alloys
(mean ± standard deviation).

Alloy Average Precipitate Size (nm) Average Spacing (nm) PFZ Half-Width (nm)

ACM 521 ± 38 928.5 ± 74 306 ± 21
ACMS 195.2 ± 16 313.3 ± 28 122 ± 11

ACMSA 207.5 ± 18 373.3 ± 32 143 ± 14

High-resolution TEM images of representative precipitates are shown in Figure 8. In
the ACM alloy, plate-like θ′ precipitates coexist with S-phase precipitates within the α-Al
matrix. After Si addition, fine Q′′ precipitates are observed together with θ′ and S phases,
indicating that Si modifies the precipitation sequence and introduces additional metastable
phases. In the Ag-containing ACMSA alloy, multiple precipitate species including Q′′,
θ′, and S phases are present, while thin plate-like Ω precipitates are clearly observed.
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These observations confirm the coexistence of multiple precipitate species after Si and
Ag additions.

Figure 8. High-resolution TEM images of the precipitates in the investigated alloys from representa-
tive regions: (a) ACM alloy; (b,c) ACMS alloy; and (d–f) ACMSA alloy.

To further investigate the atomic-scale interfacial structure, HAADF-STEM analysis
was performed on the ACMSA alloy (Figure 9). The atomic-resolution HAADF image
clearly reveals the S-phase precipitate embedded in the α-Al matrix. The corresponding
EDS line profile across the precipitate/matrix interface shows a distinct enrichment of Si
at the interfacial region, while the Si signal decreases within the precipitate interior. In
contrast, Ag exhibits stronger enrichment inside the precipitate. Such element segregation
indicates a modification of the local interfacial chemistry. Previous studies have shown
that Ag segregation can reduce the interfacial energy of Ω precipitates and stabilize their
coherent morphology [9,11,12,22].

3.3. Intergranular Corrosion Behavior

Representative cross-sectional morphologies of the alloys following accelerated inter-
granular corrosion testing are presented in Figure 10. All three compositions exhibit attack
along grain boundaries, confirming susceptibility to intergranular corrosion under the
employed test conditions. However, the depth of penetration varies significantly among
the alloys. The base ACM alloy displays a maximum corrosion depth of 126.4 µm. With the
addition of Si, the corrosion depth decreases to 118.4 µm for the ACMS alloy, indicating
improved resistance. In contrast, the further addition of Ag results in an increased corrosion
depth of 133.8 µm for the ACMSA alloy, signifying aggravated grain-boundary corrosion.
Accordingly, the ranking of intergranular corrosion resistance among the three alloys is
ACMS > ACM > ACMSA.
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Figure 9. HAADF images and EDS analysis of the ACMSA alloy: (a,b) S-phase precipitate; in (b), the
dashed box indicates the region used for the EDS line-scan analysis shown in (c); (c) line-scan profile
across the precipitate/matrix interface; (d) EDS elemental overlay map; and (e–i) individual EDS
maps for Cu, Mg, Al, Ag, and Si.

3.4. Electrochemical Corrosion Behavior

The electrochemical corrosion behavior of the ACM, ACMS, and ACMSA alloys was
evaluated in 3.5 wt.% NaCl solution. Prior to polarization measurements, the open-circuit
potential (OCP) of the samples was monitored for 1 h to ensure stabilization. The stabilized
OCP values are −0.765 V for Al–Cu–Mg, −0.715 V for Al–Cu–Mg–Si, and −0.745 V for
Al–Cu–Mg–Si–Ag alloys. The relatively more positive OCP of the Al–Cu–Mg–Si alloy
suggests a lower thermodynamic tendency for corrosion, whereas the Al–Cu–Mg alloy
exhibits the most negative OCP, indicating a higher corrosion susceptibility.
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Figure 10. Comparison of intergranular corrosion morphologies in cross-section for the investigated
alloys: (a) ACM, (b) ACMS, and (c) ACMSA.

Subsequently, potentiodynamic polarization and electrochemical impedance spec-
troscopy measurements were carried out, with the results shown in Figure 11 and the
extracted parameters summarized in Tables 3 and 4. All alloys exhibit typical anodic
dissolution behavior in the chloride-containing electrolyte. The ACMS alloy exhibits the
lowest corrosion current density of 0.897 µA cm−2, compared with 2.22 µA cm−2 for ACM
and 5.22 µA cm−2 for ACMSA.

Figure 11. Electrochemical response of the ACM, ACMS, and ACMSA alloys in 3.5 wt.% NaCl
solution: (a) potentiodynamic polarization curves; (b) Nyquist impedance plots; (c) Bode phase-angle
plots; and (d) Bode magnitude plots.
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Table 3. Tafel parameters obtained from potentiodynamic polarization curves in 3.5 wt.%
NaCl solution.

Alloy Ecorr (V) jcorr (µA cm−2)

ACM −0.793 2.22
ACMS −0.687 0.897
ACMSA −0.814 5.22

Table 4. Fitted resistive parameters from EIS equivalent circuit analysis.

Alloy Rs (Ω) R1 (Ω) Rct (Ω)

ACM 5.648 – 6716
ACMS 5.149 3131 15,472
ACMSA 5.696 3384 2012

Furthermore, the ACMS alloy displays a more noble corrosion potential relative
to ACM and ACMSA. Notably, the trend of corrosion potentials is consistent with the
stabilized OCP values, with the Al–Cu–Mg–Si alloy exhibiting the most positive values,
followed by Al–Cu–Mg–Si–Ag and Al–Cu–Mg. This consistency indicates that the initial
electrochemical state of the alloys is well reflected in their polarization behavior. Based
on the combined consideration of corrosion current density, corrosion potential, and the
overall electrochemical results, the corrosion resistance ranks as ACMS > ACM > ACMSA.

For further comparison, the electrochemical parameters obtained in this study were
compared with those reported for Al–Cu–Mg alloys in the literature [23–26]. Previous
studies report corrosion current densities of 0.267 µA cm−2 for Al–Cu–Mg alloys in the T6
condition [23] and 2.29 µA cm−2 for typical 2024 Al alloy (Cu/Mg = 2.38) [24].

In the present work, the ACMS alloy exhibits a corrosion current density of
0.897 µA cm−2, which lies within the lower range of reported values for Al–Cu–Mg alloys
and is lower than that of typical 2024 Al alloy, indicating relatively favorable corrosion resis-
tance. In contrast, the ACM and ACMSA alloys show significantly higher corrosion current
densities of 2.22 and 5.22 µA cm−2, respectively, indicating poorer corrosion resistance
than ACMS.

These results are consistent with the general understanding that reduced electro-
chemical heterogeneity contributes to improved corrosion performance in Al–Cu–Mg-
based alloys.

The Nyquist plots display depressed capacitive arcs, indicative of non-ideal interfacial
capacitive behavior. Fitted resistive parameters reveal similar solution resistances for all
alloys; however, the interfacial resistances differ markedly. The ACMS alloy exhibits the
highest charge-transfer resistance, substantially exceeding that of ACM and ACMSA. Taken
together, the polarization and EIS results consistently indicate that Si addition enhances the
electrochemical corrosion resistance of the ACM alloy, whereas the further addition of Ag
leads to a pronounced deterioration in corrosion performance.

3.5. Salt Spray Corrosion Behavior

SEM observations of the corroded surfaces after 7 days of salt spray exposure are
shown in Figure 12. ACM exhibits extensive corrosion-product accumulation and pro-
nounced localized attack, while ACMS shows more limited corroded regions with compar-
atively milder surface degradation. ACMSA displays more strongly localized damage with
discrete corroded patches and pits, indicating a higher tendency toward localized corrosion.
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Figure 12. SEM images showing the surface morphology of the investigated alloys after 7 days of salt
spray corrosion: (a) ACM; (b) ACMS; and (c) ACMSA.

After 11 days of salt spray exposure, the investigated alloys exhibited localized cor-
rosion with distinct pitting characteristics. A more quantitative assessment of pitting
corrosion was carried out by white-light profilometry and statistical analysis, as shown
in Figure 13. ACMS presents a markedly reduced pit-depth population compared with
ACM and ACMSA. Specifically, the median and mean pit depths for ACMS are 22.316 µm
and 46.90 ± 59.29 µm, respectively, which are lower than those of ACM and ACMSA.
The empirical cumulative distribution functions further confirm the lowest probability of
deep-pit formation for ACMS, whereas ACMSA exhibits a heavier upper tail. Overall, the
severity of pitting corrosion follows the order ACMSA > ACM > ACMS.
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Figure 13. Characterization of pitting corrosion in the investigated alloys after 11 days of salt spray
testing: (a–c) representative SEM images of the corroded surfaces; (d–f) quantitative pit metrics
showing pit depth, pit area, and pit volume distributions; (g) cumulative distribution function of pit
depth; (h) relationship between pit depth and pit area; and (i) comparison of mean pit depth across
the three alloy compositions.

To further identify the composition of corrosion products formed during the salt
spray test, EDS elemental mapping was performed on the corroded surfaces, as shown
in Figure 14. The results indicate that the corrosion products are mainly enriched in O
and Al, suggesting the formation of aluminum oxides and/or hydroxides. Meanwhile,
localized enrichment of Cu and Mg is observed in certain regions, which can be attributed
to micro-galvanic interactions between the Al matrix and second-phase particles [27]. In
addition, Cl and Na signals are detected, which are mainly associated with residual salt
species deposited during the salt spray exposure.

To further clarify the chemical states of the corrosion products identified by EDS
analysis, XPS measurements were carried out, as shown in Figure 15. The XPS results
indicate that Al is predominantly present in oxidized states, confirming that the corrosion
film is mainly composed of aluminum oxides/hydroxides. The O 1s spectra reveal the
coexistence of oxide (O2−) and hydroxide species, suggesting a mixed structure consisting
of relatively dense oxides and more hydrated components [27].
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Figure 14. SEM morphologies and corresponding EDS elemental distribution maps of the investigated
alloys after salt spray corrosion: (a) ACM, (b) ACMS, and (c) ACMSA.

Figure 15. XPS spectra of the investigated alloys after salt spray corrosion: (a) survey spectra; high-
resolution spectra of (b) Al 2p, (c) Cu 2p, (d) Mg 1s, (e) Si 2p, (f) O 1s, (g) Na 1s, (h) Cl 2p, and (i) C 1s
for Al–Cu–Mg (ACM), Al–Cu–Mg–Si (ACMS), and Al–Cu–Mg–Si–Ag (ACMSA) alloys.
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Comparative analysis of the XPS spectra indicates that the corrosion film formed on
the ACMS alloy exhibits a more concentrated oxide-related signal and a relatively uniform
chemical environment, suggesting a relatively more compact and stable film structure. In
contrast, the ACMSA alloy shows a broader distribution of oxygen-related species and a
more heterogeneous chemical environment, suggesting a less uniform and possibly more
porous corrosion film.

These combined observations from SEM, EDS, and XPS demonstrate that the introduc-
tion of Si promotes the formation of a more stable and protective corrosion film, thereby
improving corrosion resistance. In contrast, the addition of Ag leads to a less uniform
corrosion film and enhanced localized electrochemical activity, resulting in more severe
pitting corrosion.

4. Discussion
4.1. Influence of Si and Ag Additions on Precipitation Behavior and Hardening Response

The accelerated hardening behavior observed in the Si-containing alloys is closely
related to the modification of precipitation behavior in low Cu/Mg ratio Al–Cu–Mg alloys.
Previous studies have shown that minor Si additions can participate in the early clustering
process and promote the formation of Si-modified GPB zones, which serve as effective
precursors for subsequent S-phase precipitation [5,10,18]. These Si-containing clusters pro-
vide additional heterogeneous nucleation sites, thereby accelerating precipitation kinetics
during the early stages of aging.

As a result, the Si-containing alloys reach a comparable hardness level within a
significantly shorter aging time than the base alloy. From a strengthening perspective, the
refinement and increased number density of nanoscale precipitates reduce the effective
interparticle spacing for dislocation motion. A smaller obstacle spacing leads to a higher
resistance to dislocation glide, allowing comparable strengthening to be achieved at shorter
aging times [1]. Therefore, the accelerated hardening response in the ACMS alloy can be
mainly attributed to the enhanced nucleation kinetics and refined precipitation structure
induced by Si addition.

When Ag is further introduced, the precipitation characteristics become more complex
due to the formation of additional metastable phases. Previous studies have reported
that Ag strongly segregates at the precipitate/matrix interface and reduces the interfacial
energy of Ω precipitates, thereby stabilizing their formation on {111}α planes [11,12,22].
The introduction of Ω precipitates leads to a multi-phase precipitation structure consisting
of S, Q′′, and Ω phases. Although this multi-phase structure can still contribute to rapid
hardening, the coexistence of different precipitate species may also increase microstructural
heterogeneity within the matrix.

Overall, Si addition mainly promotes a refined and dense precipitation structure
that accelerates early-stage hardening, whereas further Ag addition introduces additional
precipitate phases and increases structural complexity. These differences in precipitation
characteristics not only influence the hardening kinetics but also contribute to the distinct
corrosion behaviors observed among the investigated alloys.

4.2. Corrosion Behavior and Mechanisms

Figure 16 schematically summarizes the corrosion mechanisms inferred for the in-
vestigated Al–Cu–Mg-based alloys based on the combined evidence from the grain-
boundary precipitation structure and PFZ characteristics (Figure 7), the intergranular
corrosion cross-sections (Figure 10), and the electrochemical/localized corrosion behavior
(Figures 11 and 13). This figure serves as a mechanistic illustration, rather than represent-
ing a direct one-to-one experimental observation. The identification of corrosion products
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is supported by the SEM–EDS (Figure 14) and XPS (Figure 15) analyses conducted in this
study. Therefore, the distribution of corrosion products along the corrosion path, as illus-
trated in the figure, should be regarded as a mechanistic interpretation based on the results
presented here, which aligns with previous reports on aluminum alloys in the literature [28].
The differences in corrosion behavior primarily arise from variations in grain-boundary
structure, intragranular precipitate distribution, and the presence of coarse intermetallic
particles, all of which contribute to the electrochemical heterogeneity within the alloy.

Figure 16. Schematic representation of the corrosion processes occurring in the investigated alloys
under chloride exposure: (a) ACM, (b) ACMS, and (c) ACMSA.

The base ACM alloy contains relatively coarse grain-boundary precipitates with
large spacing together with a wide PFZ. The solute-depleted PFZ becomes anodically
active relative to the surrounding matrix, while Cu-rich S-phase precipitates and grain-
boundary particles act as local cathodes. This combination produces strong electrochemical
heterogeneity along grain boundaries and promotes localized dissolution [3,7,13,20,29].

After Si addition, the precipitation structure is significantly refined. The grain-
boundary precipitates become smaller and more closely spaced, while the PFZ width
decreases markedly. The reduced PFZ width alleviates solute depletion near the grain
boundary, and the refined precipitate distribution promotes a more homogeneous elec-
trochemical environment. As a result, the driving force for micro-galvanic coupling is
weakened and the corrosion process is effectively suppressed [13,20,29,30].

With further Ag addition, the precipitation structure becomes more complex due to
the coexistence of multiple precipitate species, including S, θ′, Ω, and Q′′ phases. The
presence of multiple precipitate types increases interfacial complexity and enhances lo-
cal electrochemical heterogeneity within the matrix. Although the PFZ width remains
narrower than that of the base alloy, the coexistence of multiple intermetallic particles
and precipitates further increases microstructural heterogeneity, which can promote the
formation of localized cathodic sites and enhance pit initiation [7,31].

Consequently, the combined effects of grain-boundary structure, precipitate structure,
and intermetallic particle distribution determine the corrosion behavior of the investigated
alloys. Among them, the ACMS alloy exhibits the most homogeneous microstructure and
therefore the lowest electrochemical heterogeneity, which explains its lowest corrosion
current density and shallowest corrosion depth.
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The corrosion products formed on the alloy surfaces were further analyzed based
on the combined EDS and XPS results. The EDS elemental mapping reveals that the
corrosion products are mainly enriched in Al and O, indicating the formation of aluminum
oxides and/or hydroxides. Local enrichment of Cu and Mg is also observed, which can
be attributed to the redistribution of alloying elements during corrosion and the micro-
galvanic interactions between the Al matrix and second-phase particles.

XPS analysis further suggests that the corrosion products primarily consist of Al2O3

and Al(OH)3, with minor contributions from Cu- and Mg-containing species. The detected
Cl signal is mainly associated with residual chloride ions from the salt spray environment
rather than stable corrosion products.

The anodic dissolution of aluminum during corrosion can be described as:

Al → Al3+ + 3e−

followed by the hydrolysis and precipitation reactions:

Al3+ + 3OH− → Al(OH)3

Based on these observations, the corrosion mechanism illustrated in Figure 16 can be
rationalized. The initiation of corrosion is associated with micro-galvanic coupling between
the Al matrix and second-phase particles, leading to localized anodic dissolution [23,32].
The subsequent formation of corrosion products partially covers the surface; however, their
non-uniform distribution and limited protectiveness may facilitate further localized attack [7].

5. Conclusions
This work systematically investigated the effects of Si and Ag microalloying on precipita-

tion behavior, mechanical properties, and corrosion performance of low Cu/Mg ratio Al–Cu–
Mg-based alloys. By combining detailed microstructural characterization with mechanical and
corrosion testing, the relationships between precipitation regulation, grain-boundary structure,
and corrosion behavior were clarified. The main conclusions are summarized as follows:

1. Si addition significantly accelerated the age-hardening response of the low Cu/Mg
ratio Al–Cu–Mg alloy. The Si-containing alloys reached a hardness of about
147 HV after only 6 h of aging, whereas the base alloy required 24 h to achieve a
comparable level.

2. Si addition refined intragranular S-phase precipitates and increased their estimated
areal number density, while also markedly narrowing the PFZ from 306 ± 21 nm in
ACM to 122± 11 nm in ACMS. Further Ag addition introduced coherent Ω precipitates
and resulted in a more complex multi-phase precipitation structure.

3. Among the investigated alloys, ACMS exhibited the best corrosion resistance, showing
the lowest corrosion current density (0.897 µA cm−2), the highest interfacial resistance,
and the shallowest intergranular corrosion depth (118.4 µm).

4. Further Ag addition increased precipitation complexity and strengthening poten-
tial, but deteriorated corrosion performance. The ACMSA alloy showed the high-
est corrosion current density, the lowest charge-transfer resistance, and the deep-
est intergranular corrosion depth (133.8 µm), indicating enhanced susceptibility to
localized corrosion.

Overall, this work demonstrates that Si microalloying provides an effective strategy to
simultaneously accelerate aging kinetics and improve corrosion resistance in Al–Cu–Mg
alloys, whereas further Ag addition enhances precipitation complexity and strengthening
potential but may adversely affect localized corrosion behavior.
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ACM Al–Cu–Mg alloy
ACMS Al–Cu–Mg–Si alloy
ACMSA Al–Cu–Mg–Si–Ag alloy
IGC Intergranular corrosion
PFZ Precipitation-free zone
SEM Scanning electron microscopy
TEM Transmission electron microscopy
EBSD Electron backscatter diffraction
EDS Energy-dispersive spectroscopy
EIS Electrochemical impedance spectroscopy
OCP Open-circuit potential
UTS Ultimate tensile strength
KAM Kernel average misorientation
GOS Grain orientation spread
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