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Additive manufacturing (AM) enables the production of metallic components from a wide range of alloys, of-
fering advantages such as reduced carbon emissions, efficient material usage, and the exploration of novel
compositions. Among these, the AM of lightweight, high-strength aluminum alloys holds importance for aero-

f\;;%s;gnﬁ allo space applications, although corrosion remains a critical concern. In this study, newly additively manufactured
SVET Y 7075-Ti aluminum alloys, produced by the Selective Laser Melting (SLM) process using Ti-coated aluminum

powder, were subjected to different heat treatments. The corrosion behavior was evaluated by immersion tests in
EXCO solution, according to ASTM G34-18, and monitored by global electrochemical techniques, such as
electrochemical impedance spectroscopy (EIS), and local electrochemical techniques, such as the scanning
vibrating electrode technique (SVET). The microstructure was analyzed and characterized by Electron Back-
scatter Diffraction (EBSD). The results highlight the critical role of heat treatments in influencing the corrosion

modes, resistance and mechanical properties of AM7075-Ti alloys.

1. Introduction

The advent of AM changed the way that metal is manufactured
today. This method has been used to generate metal components from
various metal alloys, and has recently shown exponential growth in
popularity, both in terms of technology and applications [1-7] . Reduced
carbon emissions, net-shape production, efficient material usage,
small-scale flexibility (prototyping), and the opportunity to study alloy
compositions previously unattainable with traditional procedures, are
just a few advantages of this approach [1-7]. The transport and aero-
space sectors are particularly interested in employing AM to produce
aluminum alloys, special Al-Zn-Mg-Cu (AM7075) alloys that are
lightweight, strong mechanically, and widely used in aircraft [1-3,5,8].
Standard high-strength 7075 aluminum alloy typically suffers from is-
sues such as hot cracking, porosity, and composition loss during the SLM
process, and its high cracking susceptibility results in low processability,
leading to parts with mechanical properties which are inadequate for
aerospace applications [9,10]. In this sense efforts have been made to

achieve a crack-free AM7075 alloy, and numerous research projects
have examined AM by optimizing process parameters. Laser power,
scanning speed, hatch spacing, layer thickness, and preheating tem-
perature are the primary topics of these parameters. Crack formation
was found to be greatly impacted by scanning speed and laser power
[11-14]. Another strategy is the functionalization of the feedstock
aluminum alloy powder [15,16]. Among these strategies, the addition of
titanium (Ti) acts as a grain refiner [9]. In this study, the 7075 feedstock
powders were previously functionalized with 1.% Ti via plasma treat-
ment, following the process described in the Sirris/Materia Nova patent
[17] for metal-coated aluminum alloy particles. This innovative tech-
nique forms a Ti coating on the surface of the powder particles, which
helps reduce hydrogen-induced blistering, an issue identified as a pri-
mary cause of increased porosity and defect propagation in additively
manufactured parts [10].

Rapid heating and cooling rates are produced in the AM process, and
the heat treatments applied after production in order to enhance me-
chanical properties result in a microstructure which is significantly
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different from those produced using conventional production methods
[1,7,18]. Nevertheless, the metal’s composition and microstructure
have a major impact on the corrosion resistance behavior [1,7,18,19].

The main strengthening phase for AM7075 is the n-phase (nominally
MgZn,) precipitates, but 6-phase (Al,Cu), S-phase (Al,MgCu), p-phase
(AlgMgs) and T-phase (Al;MgsZng) can also be found [20-22]. From the
corrosion behavior point of view, the presence of anodic intermetallic
particles, in this case n-phase (MgZn,) induces a localized corrosion due
to trenching of the Al-matrix surrounding the particles [1,20,22-26].
For the aerospace and transportation sector, localized corrosion poses a
serious risk that affects the aesthetics and, more importantly, structural
integrity of parts. To date research on the corrosion of Al alloys gener-
ated by AM has mostly focused on the Al-Si alloy class [1]. As mentioned
earlier, the current efforts on the AM7075 alloy have focused mostly on
SLM process optimization as a way to mitigate the creation of cracks [1,
3,7,18,27].

Zhang et al. [28], for the AM7075 alloy, highlighted the preferential
corrosion through holes, which was attributed to the formation of the
local cell due to the non-uniform distribution of n'-phase (nominally
MgZny) on the AM alloy. Beura et al. [29] investigated the corrosion
behavior of an AM7075 alloy processed with the addition of titanium
and boron carbide (B«C) particles in the feedstock. Their EIS results
indicated a reduction in corrosion resistance, characterized by increased
cathodic activity and decreased surface film resistance. This behavior
was attributed to the partially dissolved Ti and B«C phases, introduced
via particle addition, which acted as local cathodic sites and promoted
galvanic effects. Liu et al. [30] investigated the corrosion behavior of an
AM7075 alloy fabricated via friction stir additive manufacturing. Their
electrochemical measurements and microstructure observations high-
lighted that the primary factor influencing its corrosion resistance is the
stability of the passive layer, which is significantly affected by the
anodic dissolution of precipitates. The corrosion rate is largely dictated
by the size and spatial distribution of these precipitates; fine and
continuously distributed precipitates can create a continuous corrosion
path, facilitating intergranular corrosion. They also noted that the
retrogression and re-aging (RRA) heat treatment increases the size and
spacing of grain boundary precipitates, thereby enhancing corrosion
resistance [30]. Choi et al. [31] studied the corrosion behavior of
additively manufactured 7075 aluminum alloy with silicon addition
under different heat treatments. Anodic polarization tests revealed that
the T6 heat treatment significantly improved corrosion resistance. This
improvement was attributed to a more uniform redistribution of alloy-
ing elements within the matrix during solution treatment, along with the
formation of fine, well-dispersed precipitates during aging, which help
reduce pathways for localized corrosion [31]. Gharbi et al. [22] studied
the microstructure, hardness, and electrochemical response for AM7075
with/without T6 heat treatment and identified passive-like behavior for
AM AA7075 without heat treatment and better corrosion resistance than
the conventional AA7075 alloy [22]. Prashanth et al. [32] investigated
the corrosion resistance of SLM AM Al-12Si with varying heat treatments
using weight loss in a strong media (1 M HNOg). They found that the
weight-loss curves of the cast specimens and the as-prepared SLM were
remarkably similar, suggesting that the corrosion behaviors of these
materials are comparable [32].

In this work, the microstructure, heat treatments (T6 and T6 with
double ageing) and immersion tests are associated with the electro-
chemical response of global (EIS) and localized (SVET) techniques on
AM7075.

2. Experimental design

Plates of additive manufactured AA7075-Ti (Al-0.08Si-0.08 Fe-
1.59Cu-3.06Mg-0.17Cr-4.88Zn-0.9Ti(wt%)) were fabricated by the Sir-
ris Research Center and used for the experiments. The samples were
prepared using a SLM280 of Nikkon SLM solutions, equipped with a
400 W laser in an argon atmosphere with resulting oxygen content of
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< 50 ppm. For comparison, a regular AM 7075-T3 sample was used as
standard. AM7075-Ti samples were heat-treated in T6 and T6 + Double
aging (DA) (110°C for 5 h and 150°C for 14 h) in an argon gas atmo-
sphere, and the non-heat-treated AM 7075 sample was identified as
AM7075-0. The T6 heat treatment for the AA7075 alloy is used in most
mechanical applications and in aviation, and the T6 state has the highest
yield and ultimate strengths [33]. However, the T6 treatment decreases
the alloys corrosion resistance [7,27,33]. The DA process, which consists
in an aging treatment, which solves the line in a two-phase region, and
re-aging the alloy for an extended period of time at a low temperature,
was applied to a set of samples (T6 + DA) in order to get a combination
of strength and corrosion resistance [7,27,33].

All the samples were sequentially polished to a 1 um surface finishing
using SiC papers and diamond pastes before microscopy observation and
global electrochemical tests. For the macrographs, in order to reveal the
grain boundaries, the sample was exposed for 15 s to Weck’s reagent (1 g
NaOH + 4 g KMnO4 + 100 mL deionized water) for a metallography
attack.

An immersion test was carried out during the 24-hour exposition in
EXCO solution (4 mol L™! NaCl + 0.5 mol L™! KNO3 + 0.1 mol L™}
HNOs3) for the exfoliation corrosion test performed according to ASTM
G34-2018.

Macro and microstructural characterizations of the alloys were car-
ried out by optical microscopy (OM) using a KH 8700 Hirox Digital
Microscope, and scanning electron microscopy (SEM-FEG) using a
Model SU8020 microscope, equipped with an energy-dispersive X-ray
spectroscopy (EDX) detector.

The Electron Backscattered Diffraction technique (EBSD, HKL
channel 5, Oxford instrument) was used to characterize the micro-
structure of the samples. Electron microscopy was carried with the
TESCAN GAIA 3 equipment, using an Oxford instrument Nordlys Max3
EBSD detector. For the EBSD analysis, the specimens were embedded,
mechanically polished up to 1 pm with diamond paste and finished with
OPS solution (colloidal silica suspension). Given the difficulty of pol-
ishing aluminum alloys mechanically, some scratches remained present
on the studied maps. Samples were mounted on the stub with silver
paste to avoid image shift during acquisition. EBSD data were collected
on the 70° tilted sample at 20 KV using Oxford instrument AZTEC
software. EBSD data were collected using a 0.08 um step size. Different
crystal phases were included for the EBSD mapping, especially for
samples from additive fabrication. Special attention must be paid to the
indexation of these when the different crystal phases are close to each
other. Raw data were post-processed in Oxford Instruments Channel 5
software by removing spikes and reducing zero solutions with cyclic
iterations (up to 6 neighbors).

EIS tests were conducted in 0.05 M Na3SO4 solution using a Bio-Logic
potentiostat SP-300. A three-electrode system, comprising the working
electrode, Pt counter electrode, and an Ag/AgCl (saturated KCl) refer-
ence electrode, and the sample as the working electrode with an exposed
surface of 1 cm?. EIS measurements were obtained in a Faraday cage
from 50 kHz to 10 mHz at 10 points per decade with perturbation of
10 mV rms. The parameter fitting was performed with Zview® software.

SVET was employed to investigate the effect of heat treatment on
AM7075 alloys immersed in a 15 mM NaCl solution (380 Q cm re-
sistivity). Measurements were performed using Applicable Electronics
equipment, with key operational parameters set as follows: a vibrating
electrode distance of 150 pm from the sample surface, a vibration fre-
quency of 65 Hz, and a vibration amplitude of 45 pm. A platinum/
iridium SVET probe with a 20 pm diameter was used, platinized in a
solution containing 1 % (wt./wt.) lead (II) acetate and 10 % (wt./wt.)
platinum chloride to enhance tip capacitance. The system was calibrated
according to the instruction manual of the instrument, using the same
15 mM NacCl solution. The exposed surface area of the embedded sam-
ples was approximately 1.5 mm?, confined using 3 M™ Scotchrap™ 50
tape. Prior to isolation, the samples were mechanically polished with
sandpapers ranging from 800 to 4000 grit to enhance electrochemical
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activity. To ensure the accuracy and reproducibility of the measure-
ments, two independent SVET scans were performed on each sample,
utilizing a 31 x 31 grid point matrix.

Mechanical properties were characterized in terms of hardness.
Hardness was measured under 5 kgf with an EMCO device and an
average of 10 measurements was taken.

3. Results
3.1. Microstructural characterization

Fig. 1 displays the initial characterization of AM7075-Ti, using op-
tical microscopy. The cross-section view (surface perpendicular to the
building platform, XZ) is depicted in Fig. 1(a). The distinctive melt pools
(localized molten regions created by a laser source), produced by the AM
method, which have characteristics like a half-cylindrical shape, can be
seen in this illustration. A greater magnification was applied in Fig. 1(b)
to display the melt-pool borders, which consist of a boundary between
the melted zone and the surrounding material.

Fig. 2 shows that the top surface (surface parallel to the construction
platform, XY) exhibits a ladder-like feature due to the extensive laser
traces. These results are consistent with the literature [1,28,34-36].

Fig. 3 shows the EBSD band maps which exhibit a refined micro-
structure as the average particle size is less than 1 pm of ferret diameter
for all conditions (cross-section - Fig. 3(a), (b), and (c), and top-view - 3
(e), (f), and (g), not-heat treated, T6 and T6 + DA, respectively). These
finer grains were due to the high cooling rate associated with the ad-
ditive manufacturing process. For comparison, a Band map of conven-
tionally produced (laminated) AA7075-T3, was displayed and this
presented higher grain sizes, below 40 pm of ferret diameter on the
cross-section view (3(d)) and 69 pum of ferret diameter on the top surface
view (3(h)). In the same sense, Fig. 4 displays the inverse pole figure
(IPF) maps for all samples (cross-sections, Fig. 4(a), (b) and (c), and top-
views 4(e), (f) and (g)). The not-heat treated, T6 and T6 + DA samples
are characterized by a randomly distributed grain orientation on the
cross section and the top view. This suggests that the rapid cooling rate
associated with the SLM process contributes to the random distribution
of grains, primarily due to the thermal gradients that arise during so-
lidification. These gradients create varying cooling conditions across the
material, which hinder the establishment of a uniform grain orientation.
As a result, the microstructure tends to be characterized by a lack of
directional grain growth [1,3].

The EBSD phase maps are presented in Fig. 5. For all three conditions
(not-heat treated, T6 and T6 + DA, respectively), the cross-sections
(Fig. 5(a), (b), and (c)) and top-views (5(e), (f), and (g)) show the dis-
tribution of MgZn, phases in the surface alloy. The MgZn; phase, indi-
cated in blue, is concentrated in the grain boundaries. This location
could be attributed to the segregation of solute elements during solidi-
fication and subsequent thermal treatment. As the aluminum alloy so-
lidifies, the partitioning of magnesium and zinc occurs, leading to the
formation of intermetallic compounds at the grain boundaries. This
phenomenon is often enhanced by the thermal gradients present during
the SLM processing and heat treatments, which promote the

Cross-Section

“Melt-pool”

Direction of construction I 6 7 S 1000 pm

Top Surface

100pm

Fig. 1. Cross-section view of microstructure of AM7075-Ti Alloy.
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Direction of construction

Fig. 2. Top surface view of AM7075-Ti Alloy.

accumulation of these solute-rich phases at the interfaces between
grains [7,18].

Fig. 6 shows the SEM images for AM7075 with and without heat
treatments. Fig. 6(a) and (d) show the surface aspect of the top surface
and cross-section view of the not heat-treated sample respectively. It is
possible to notice the presence of very fine intermetallic networks along
the Al grain boundaries. This intermetallic network is presented in both
views (Top surface and Cross Section). For a similar additive manufac-
tured alloy (7075 not Ti functionalized), Gharbi et al. determined
qualitatively, by transmission electron microscopy (TEM) analysis and
EDS, that the fine network in the SLM7075 alloy is mainly composed of
n-phase (MgZng), Mg-Cu-Zn(-Al) (v-phase), Al-Cu-Fe-O, Mg,Si, and
precursor to 1-phase (MgZny) [22].

After the T6 heat treatment (Fig. 6(b) and (e) and T6 + DA, Fig. 6(c)
and (f)), this intermetallic network is converted into coarse intermetallic
particles spread over the surface. Fig. 7 presents the EDS maps of the
samples highlighting the distribution of key elements (Cu, Mg, Ti, O, Al,
and Zn). For the AM7075-0 surface, the EDS maps show that Cu, Mg, O,
Al, and Zn are generally homogeneously distributed. However, Cu tends
to concentrate in specific regions. Titanium (Ti), while not part of the
intermetallic composition, exhibits a pattern of accumulation near the
intermetallic network. On the AM7075-T6 surface, Mg, O, and Zn are
evenly distributed. In contrast, Cu is localized within the intermetallic
particles. Like AM7075-0, Ti accumulates near or within these particles.
For the AM7075-T6 + DA surface, the maps display a homogeneous
distribution of Mg, O, Al, and Zn. In this condition, Cu is also concen-
trated within the intermetallic particles, while Ti continues to show
accumulation in their vicinity. The EDS composition analysis on the
intermetallic particles, displayed in Fig. 8, confirms a significant pres-
ence of Cu (4.7 %), Mg (3.4 %), and Zn (9.5 %) within the AM7075-0
network structure. The EDS analysis of the intermetallic particles on the
AM7075-T6 showed a significant presence of Cu (4.4 %), Mg (2.1 %),
and Zn (5.1 %). The comparison between the AM7075-0 and the heat-
treated AM7075-T6 samples reveals significant microstructural
changes resulting from the T6 treatment. As observed earlier in the SEM
images (Fig. 6), the AM7075-0 sample displays a finer, more dispersed
intermetallic network, with elements such as Cu and Mg being more
evenly distributed on the surface. In contrast, the T6-treated AM7075
sample shows the formation of distinct intermetallic particles, with Cu
and Mg becoming concentrated within these particles, as indicated by
the EDS analysis. The EDS composition analysis of the intermetallic
particles on the AM7075-T6 + DA displays high concentrations of Cu
(30.0 %) and Mg (8.1 %) suggesting that these elements are concen-
trated within the intermetallic particles formed during the T6 + DA
process, contributing to the alloy’s precipitation hardening. It is also
observed that the titanium concentration experienced a further decrease
following the T6 treatment. This reduction may be related to the
dissolution of Zn at the 2-phase, coarsening the IM particles within the
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AM7075-T6DA AA7075-T3

Fig. 3. EBSD Band maps - AM7075-0 top surface (a); AM7075-T6 top surface (b); AM7075-T6DA top surface (c); AA7075-T3 top surface (d); AM7075-0 Cross-
section (e); AM7075-T6 Cross-section (f); AM7075-T6DA Cross-section (g), and AA7075-T3 Cross-section (h).

AM7075-0
.

Top Surface

Cross-Section

o

AM7075-T6

P R NG

Fig. 4. Inverse pole figure maps (IPF_Z) - AM7075-0 top surface (a); AM7075-T6 top surface (b); AM7075-T6DA top surface (c); AM7075-0 Cross-section (d);

AM7075-T6 Cross-section (e), and AM7075-T6DA Cross-section (e).

matrix during heating or its precipitation in nanometric forms (n’-phase
n-phase) on the grain boundaries [33,37].

3.2. Electrochemical characterization

3.2.1. Electrochemical impedance spectroscopy (EIS)

Fig. 9 displays the EIS measurements (Nyquist and Bode plots) for the
AM7075-0, heat-treated AM7075-T6, and AM7075-T6DA samples,
measured in a 0.05 M NazSOa solution after 2, 4, and 6 h of immersion.
The choice of 0.05 M NazSO. instead of 0.1 M NaCl was made to facil-
itate the visualization of the passive layer. Sulfate anions are less reac-
tive than chloride ions and do not interfere with the electrode surface as
much, helping to preserve the integrity of the passive layer and allowing
for clearer and more accurate observation of its characteristics during
electrochemical measurements. The AM7075-0 sample exhibited lower
capacitive loops at Nyquist plots, Fig. 9(a), and lower |Z| values at low
frequencies at Bode plot, Fig. 9(b), after 2, 4, and 6 h, suggesting lower
resistance to charge transfer compared to the heat-treated samples.
Although the Nyquist capacitive loops and |Z| values at low frequencies
were very similar for the heat-treated samples, the AM7075-T6 sample
showed greater modulus at low frequency compared to AM7075-T6DA,
indicating slightly better corrosion resistance. In the Bode phase angle

plot, a larger phase angle in absolute value (around —80°) was observed
for the heat-treated samples (AM7075-T6 and AM7075-T6DA), indi-
cating a more capacitive behavior. This suggests the presence of a stable
and protective oxide layer. It is also noteworthy that the phase angle
shifts to more negative values at lower frequencies, which further sup-
ports the presence of a more stable oxide layer. Such changes typically
correlate with improved polarization resistance and a reduction in
corrosion rates, reflecting the protective effect of the T6 heat treatment.
Fig. 9(c) displays how the physical model is fitted for the samples after 2,
4 and 6 h of immersion, using two-time constants. The equivalent
electrical circuit (EEC) model of two-time constants in parallel, which is
used to describe electrochemical systems with both a passive layer and
localized corrosion processes occurring concurrently [38]. For the EECs
proposed, Rso represents the electrolyte resistance. The CPE(oxide)
(Constant phase element) and the resistor R(oxide) are related to a
passive oxide layer formed on the surface, and the CPEy and R are
related to the corrosion processes surfaces, in special localized corrosion
areas. This dual-time-constant model is particularly appropriate for
aluminum alloys like AA7075, which form a passive layer but may also
suffer from pitting corrosion in chloride-containing or aggressive envi-
ronments. The parameter fitting was performed with Zview® software,
which uses the nonlinear least-squares regression method to minimize



R.E. Klumpp et al.

AM7075-0

Top Surface

MgZn,

Aluminium

Cross-Section

AM7075-T6

Journal of Alloys and Compounds 1039 (2025) 183276

AM7075-T6DA

Projet Win2Wal OptiSurFAM | meeting 18/10/2024

Fig. 5. EBSD phase maps - AM7075-0 top surface (a); AM7075-T6 top surface (b); AM7075-T6DA top surface (c); AM7075-0 Cross-section (d); AM7075-T6 Cross-

section (e), and AM7075-T6DA Cross-section (e).

AM7075-0

Top
Surface

Cross-
Section

AM7075-T6

AM7075-T6DA

Fig. 6. SEM surface microscopy observation - AM7075-0 top surface (a), AM 7075-T6 top surface (b), AA7075-T6DA AA top surface (c), AM7075-0 cross section (d),

AM7075-T6 cross section (e) and, AM7075-T6DA cross-section (f).

the difference between the experimental and simulated impedance
spectra. The quality of the fit was assessed using the chi-square (3?)
statistic and by visual comparison (supplementary material) of the fitted
curves with the experimental Bode plots. The fitting results are pre-
sented in Table 1.

As observed in Table 1, the AM 7075-0 showed very high CPEdl
values combined with an increasing Rct indicating a formation of a
highly defective passive film. This behavior suggests poor passivation
over a labyrinth-like network microstructure, Fig. 6(a), which is
composed of nanometric n-phase (MgZn.) precipitates, n (MgZnz), and a
small fraction of dissolved Cu within the phases. This complex micro-
structure provides a highly electrochemically active area. The AM7075-
T6 and AM7075-T6DA samples show initial values (6.35 x10°° F.cm™.
S®1D and 6.62 x 10° F.em2.8™D respectively), indicating the initial
capacitance behavior of their passive layers. The R(oxide), which rep-
resents the protection given by the oxide, showed significant differences
between the alloys, particularly with the heat-treated samples (absent at
the AM7075-0). The AM7075-T6 and AM7075-T6DA exhibited initial

Rox Vvalues, starting at 43,504 Q.cm? and 58,958 Q.cm? respectively.
Over time, both alloys showed a significant increase in Rox, with AM
7075-T6 reaching 64,364 Q.cm? and AM7075-T6DA reaching 70,360 Q.
cm? at 6 h. This suggests that the T6 heat treatment and the additional
aging process for AM7075-T6DA result in a more robust passive layer
with better corrosion resistance in comparison. The capacitance value
(CPE(dD)) is related to capacitance in the interface areas (metal-elec-
trolyte in active corrosion areas). The results suggest, for all samples,
that the overall electrochemical response of the surface becomes more
stable over time. On the other hand, the R values, which provide in-
formation about the resistance to electrochemical and charge transfer
reactions at the electrode interface, also showed significant variation
among the samples. AM7075-0 had lower R values, starting at 42457
Q.cm? at 2 h and increasing to 75347 Q.cm? at 6 h, indicating moderate
improvement in the charge transfer resistance, due the absorbed
corrosion products acting as a barrier at the defects. AM7075-T6 and
AM7075-T6DA exhibited higher initial R values, with AM7075-T6
starting at 61,976 Q.cm? and reaching 123,000 Q.cm? at 6 h, and
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AM7075-0 AM7075-T6 AM7075-T6DA
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Fig. 7. SEM and Elemental EDS maps of AM7075-0, AM7075-T6 and AM7075-T6DA top surfaces.
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AM7075-0
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Fig. 8. EDS composition plots of intermetallic particles of AM7075-0,
AM7075-T6 and AM7075-T6DA at top surface.

AM7075-T6DA starting at 83,547 Q.cm? and reaching around 100,000
Q.cm? by 6 h. The higher R, values in these samples suggest that both
the T6 heat treatment processes result in a more resistant surface, with
improved electrochemical stability and lower corrosion rates compared
to the AM7075-0 alloy. The AM7075-T6 showed higher resistance to
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charge transfer and more stable electrochemical behavior, suggesting
that the T6 treatment led to the formation of a more robust and pro-
tective passive layer.

The AM 7075-T6 condition exhibits a non-monotonic variation of
CPEdI (12.0 —» 12.4 — 11.0 x 10 F-cm™2.5"") alongside a steadily
increasing Ret. This behavior probably arises because, at this stage, the
alloy has not undergone complete aging and thus still contains meta-
stable n' (MgZnz) precipitates at the surface, which is a nanometric
needle-like precipitate dispersed on the surface [38-40], with segrega-
tions at the grain boundaries and defects. These Mg-rich particles pro-
mote localized galvanic interactions, reducing the homogeneity of the
passive film. During the initial exposure (2-4 h), selective dissolution of
n' (MgZn2) particles leads to a peak in electrochemical activity. Once
these particles are consumed, repassivation occurs, and a more compact
and stable oxide film is formed compared to AM 7075-T6DA. This in-
crease is also observed in the np values (0.731 — 0.743 — 0.819),
suggesting surface becoming more homogeneous.

In contrast, the AM 7075-T6DA condition, which results from double
aging, promotes the transformation of metastable 1’ into stable n
(MgZn2) precipitates (coarser) [38-40] [1-3]. The predominance of
stable 1 precipitates and other coarse particles increases the galvanic
activity between the aluminum matrix surface and intermetallic parti-
cles, as observed with higher CPEdI values (23.9 — 24.2 — 25.1 x 10°®
F-cm™8"') and lower np values (0.716—0.712—0.752) than AM
7075-T6. As a result, the oxide film formed under the T6DA condition is
more susceptible to localized corrosion, as confirmed by SVET

8.0x10" r y y 2.0x10% : : ; 2.0x10% : : ; ;
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Table 1
Fitting results.

Journal of Alloys and Compounds 1039 (2025) 183276

sample exposure time (h) CPE(oxide) np R(oxide)(.cm?) CPEg n, Rt (Q.cm?) (¢®) Chi-squared
(F.cm2.8™1) (F.em2.8™1)
AM7075-0 2 8.11 x 107 0.899 25229 0.000199 0.759 42457 0.0004
AM7075-0 4 8.96 x 10°° 0.898 34574 0.000137 0.755 65463 0.0003
AM7075-0 6 9.59 x 107° 0.897 37891 0.000130 0.744 75347 0.0002
AM7075-T6 2 6.35 x 10°° 0.905 43504 12.00 x 107° 0.731 61976 0.0002
AM7075-T6 4 6.20 x 107°° 0.902 51384 12.4 x 10°° 0.743 86155 0.0001
AM7075-T6 6 6.01 x 10°° 0.896 64364 11.0 x 10°° 0.819 123200 0.0001
AM7075-T6DA 2 6.62 x 107° 0.896 58958 23.9 x 107° 0.716 83547 0.0003
AM7075-T6DA 4 6.57 x 107° 0.892 69670 24.2 x 107° 0.712 100330 0.0003
AMz7075-T6DA 6 6.53 x 10°° 0.892 70360 25.1 x 107 0.752 99414 0.0003

measurements, Fig. 10.

3.2.2. Local electrochemical examination (SVET)

The SVET analysis (Fig. 10), combined with optical and FESEM ob-
servations (Fig. 11), was performed on the mounted sample after 16 h of
immersion in a 15 mM NaCl electrolyte, where the exposed area was
restricted to 1.5 mm?. In the AM7075-0 sample, localized anodic ac-
tivity (red spots) was initiated early during immersion and intensified
over time. Consistent with previous discussions, the susceptibility of the
alloy to localized corrosion is considered a significant drawback. The
images captured at the end of the test clearly illustrate bright regions
corresponding to anodic activity and dark regions associated with
cathodic activity. Both the SVET maps and imaging confirm the local-
ized corrosion of AM7075-0, mainly at a specific spot within the
exposed area, which progressively intensified over the immersion
period. For the AM7075-T6 alloy, localized corrosion was initiated early
during immersion, as depicted by the reddish-orange zones. However,
the anodic activity decreased progressively over time, eventually tran-
sitioning to an inactive or cathodic site. This observation, which corre-
lates well with the EIS data, highlights the ability of the alloy to re-
passivate and mitigate localized corrosion. The formation of corrosion
products with effective barrier properties contributed to this behavior,
leading to the development of a homogeneous layer, as observed in the
imaging after the test. The localized electrochemical response of the
AM7075-T6DA sample lies between that of the other two samples. From
the beginning to the end of exposure, progressive anodic activity was
observed, although its intensity remained lower compared to the
AM7075-0 sample. Optical and FESEM images at the end of the test, in
strong correlation with the SVET map, revealed the presence of corro-
sion products in the cathodic regions, appearing as black spots. The
applied heat treatment caused a redistribution of elements, particularly
Cu, shifting from homogeneous enrichment at the grain boundaries to
being concentrated predominantly in coarse IMPs. This redistribution
altered the corrosion behavior, transitioning from both intergranular
and transgranular corrosion observed in AM7075-0 to predominantly
intergranular corrosion in the heat-treated samples. The intensification
of the corrosion phenomenon from AM7075-T6 to AM7075-T6DA is
likely attributed to the increased concentration of Cu in the IMPs
resulting from the double-aging process.

3.2.3. FESEM/EDS observation after SVET

After immersion in 15 mM NaCl, the SVET samples underwent
FESEM/EDS analysis to investigate the corrosion products in terms of
both chemical composition and morphology (Fig. 11). Three distinct
topographical features of the corrosion products were identified across
the alloys, revealing the critical role of the heat treatment process in
determining corrosion resistance. For the AM7075-0 sample, relatively
intense localized corrosion manifested as a pit surrounded by cracks.
The EDS mapping revealed a depletion of Al and Mg near the cracks and
pit, while Si and Mg were enriched in the corrosion products, indicating
the formation of silica-based and partly magnesium-based compounds.
For the AM7075-T6 sample, a uniform protective film was formed, with

no signs of significant corrosion deterioration. This observation aligns
well with the EIS and SVET results, which highlighted the development
of a barrier layer during immersion. EDS analysis revealed a homoge-
neous distribution of Al, O, Zn, Mg, Si, Cu, and Ti across the surface.
Notably, the depletion of aluminum, the primary component of the
alloy, was considerably less pronounced compared to the AM7075-0
sample, further emphasizing the superior corrosion resistance imparted
by the heat treatment. For the AM7075-T6DA sample, degradation had
taken place in the form of severe localized corrosion, which was larger in
size compared to the AM7075-0 sample. As previously discussed, heat
treatment led to the accumulation of elements within the coarse IMPs,
transferring the fine network of IMPs typically observed at the grain
boundaries to accumulation in coarse IMPs. During immersion, these
coarse IMPs were subjected to corrosion, dissolving and leaving pits in
the alloy. The localized accumulation of IMPs resulted in higher
elemental concentrations, contributing to the formation of larger pits
than those observed in AM7075-0, but without the presence of cracks.
The dissolution and subsequent detachment of these coarse IMPs from
the alloy’s surface likely explains the observed corrosion mechanism in
AM7075-T6DA. However, the presence of cracks, particularly for
AM7075-0, indicates the selective dissolution of the nanometric
n-phase at the grain boundaries. The cracks in AM7075-0 are attributed
to the presence of fine intermetallic particles in grain boundaries that
were dissolved selectively, connected, and became bigger. Electro-
chemically, the dissolution sequence follows the order of Mg > Al > Zn,
with magnesium dissolving first at the n'-phase, primarily located at the
grain boundaries, followed by aluminum dissolution of the matrix. This
observation is in parallel to the EDS maps, which show a depletion of Mg
and Al in the affected regions. In this localized electrochemical cell,
other elements, such as Cu and Ti, act as cathodic sites. Notably, the EDS
map shows the absence of Ti in corrosion products, indicating that it
does not play a significant role in the corrosion process. This is consis-
tent with the well-documented behavior of titanium, which forms a
stable and protective oxide layer (TiO2) in chloride electrolytes, effec-
tively reducing its corrosion rate, even when in contact with more noble
metals like copper [41,42].

3.3. Corrosive immersion test

In order to evaluate the susceptibility of the AM7075 alloy samples to
exfoliation corrosion, an exfoliation corrosion test was conducted in a
standardized EXCO (exfoliation corrosion ASTM G34) solution. This
solution is widely recognized for its ability to accelerate exfoliation,
simulating conditions that can lead to the degradation of the alloy’s
surface layer due to localized corrosion. The samples were immersed
24 h at room temperature. The test aimed to simulate the impact of
aggressive, chloride-rich environments typically encountered in aero-
space and marine applications, where corrosion is a major concern.
Fig. 12 displays the cross-section view of the AM7075-0 alloy after
corrosive exposure. This figure shows localized corrosion composed of
cavities and trenches. It is important to notice that the attack propagated
along the grain boundaries and the defects penetrated the alloy. The
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Fig. 10. SVET maps, optical images, and FESEM micrographs of the AM 7075 alloys after 16 h of immersion in 15 mM NaCl electrolyte.

AM7075-0 alloy presented a selective corrosion attack at grains, that
spread by intergranular corrosion (indicated by yellow arrows), but
developed transgranular corrosion (indicated by white arrows). The
literature indicates the susceptibility to intergranular corrosion for
AA7075 alloys [1,22,37,40,43,44]. This susceptibility is attributed to
the presence of nanometric n-phase (which nominally MgZny) pre-
cipitates, which is the major strengthening phase, and n(MgZny) pre-
cipitate distribution at the grain boundaries [1,7,22,37]. The main
elements (Mg and Zn) in this intermetallic contribute to decreasing the
potential difference between the n phase and the a-Al matrix, a small

quantity of Cu is additionally dissolved in the n-phase [37]. As observed
earlier in the EDS analysis, Zn, Mg, and Cu were found in the fine
network located in the grain boundaries. In the EDS maps, in Fig. 7(b), it
is apparent that Cu is separated at the grain boundaries while Zn is
uniformly distributed throughout the Al matrix. The remaining mag-
nesium is employed for producing intermetallic complexes at the grain
boundaries, while some of it dissolves in the Al matrix. In contact with
the aggressive, chloride-rich environments, a preferential dealloying of
MgZn, (anodic in relation to Cu and Al-matrix) provides a path for
aggressive solution penetration and the remaining Cu undergoes a role
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Fig. 11. SEM and Elemental EDS maps of corrosion of the samples after immersion in naturally aerated 15 mM NaCl electrolyte solution after exposure of 16 h.
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Fig. 12. SEM surface microscopy observed after AM7075-0 exposure for 24 h in Exco solution.

for pitting, and intergranular and transgranular corrosion.

Fig. 13 displays the cross-section view of the AM7075-T6 alloy after
corrosive exposure. The figure shows that after the T6 treatments an
intergranular corrosion attack propagated along the grain boundaries,
and defects penetrated the alloy. It is worth noticing that transgranular
attack was not observed after the heat treatments. As for AM7075-0, the
preferential dealloying of MgZn, particles (anodic in relation to Cu and
Al-matrix) located at the grain boundaries provides a path for aggressive
solution penetration. However, as observed earlier in Fig. 6, AM7075-T6
does not show the fine intermetallic network, as AM7075-0 instead
presents coarse intermetallic particles. The AM7075-T6DA, Fig. 14, ex-
hibits a similar behavior. As was noted earlier in the EDS investigation,
the Cu in these surfaces (AM7075-T6 and AM7075-T6DA) is concen-
trated in the coarse intermetallic particles, in contrast to AM7075-0. A
preferential dealloying of MgZn, particles (anodic in relation to Cu and
Al-matrix) in these samples creates a pathway for aggressive solution
penetration in chloride-rich environments. This solution reaches Cu-rich
coarse intermetallic particles, which are cathodic in relation to Al-
matrix, initiating a corrosive attack in the borders of the particles
consuming the anodic Al-matrix, indicated with white arrows in Figs. 13
and 14. These particles participate in pitting and localized corrosion.

Fig. 15 shows the comparison bar plot of weight-loss measurements
after 24 h of exposure to Exco solution. The weight loss corresponding to
the AM7075-T6 was 13.7 g/m?, slightly lower than presented by
AM7075-0 and AM7075-T6DA, at 14.9 g/m? and 15.1 respectively. This
result shows that corrosion resistance of the T6 treated samples is
improved and agrees with the EIS and SVET results, presented earlier.

3.4. Mechanical characterization

Part AM7075-0 exhibits a hardness of 115 + 2 HVs. The two heat

Fig. 13. SEM surface microscopy observed after AM7075-T6 exposure for 24 h
in Exco solution.
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Fig. 14. SEM surface microscopy observed after AM7075-T6DA exposure for
24 h in Exco solution.
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Fig. 15. Weight-loss bar plot samples after exposure for 24 h in Exco solution.

treatments increase the hardness by 35 %, to reach 154 + 5 HVs and
153 + 2 HV5 for AM7075-T6 and AM7075-T6DA parts respectively. The
increase in hardness is explained by the strengthening effects of 7xxx
aluminum series (precipitation hardening process) as the heat treat-
ments modify the size and dispersion of the precipitates and reduce the
residual stresses obtained after 3D printing [27,38].

4. Discussion

The results presented in this work highlight the impact of heat
treatments on the corrosion resistance AM7075-Ti alloys. The study
identified that surface modification after heat treatments has a special
role in the corrosion modes and resistance. As observed in the SEM
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images (Fig. 6), AM7075-0 has a fine intermetallic network surrounding
the grain boundaries. As indicated in the EDS analysis, (Figs. 7, 8, and 9)
and EBSD phase maps, (Fig. 5), the network is mainly composed of Cu
(4.7 %), Mg (3.4 %), and Zn (9.5 %), and the literature indicates that
this fine network is mainly composed by nanometric n'-phase (which
nominally MgZn,) precipitates, n(MgZny) and a small quantity of Cu is
additionally dissolved in the phases [37]. As previously discussed,

(a)
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Mg-rich particles are anodic relative to the Al matrix and Cu-rich par-
ticles, which enables them to sustain anodic currents leading to high Mg
dissolution rates [1,25,45]. In contrast, Cu-rich particles are cathodic
relative to both the Al-matrix and Mg-rich particles, and thus can pro-
mote dissolution of the Al matrix and Mg particles, which means that
these particles are capable of sustaining cathodic currents with result in
Al-matrix and MgZn; particle dissolution. When exposed to a corrosive
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Fig. 16. Proposed corrosion mechanism.
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environment, selective corrosion of anodic MgZn, particles (nanometric
and coarse intermetallic particles) starts with an electrochemical cell
between Cu particles and Al-matrix. In a second step, after the con-
sumption of these particles, a remnant of Cu-particles is located at the
borders, creating a cathodic network related to the Al matrix at the grain
center. An electrochemical cell between the borders and the centers
results in a dissolution of the Al matrix of the grain center as trans-
granular corrosion (Fig. 12). Following heat treatments, the previously
fine intermetallic network transforms into coarser intermetallic parti-
cles, as observed in SEM images (Fig. 6). In the heat-treated sample,
corrosion is propagated by the grain boundaries, as an effect of nano-
metric n-phase precipitates and develops surrounding the coarse inter-
metallic particles. Upon exposure to a corrosive environment, MgZny
selective dealloying occurs. After the consumption, these Cu-rich par-
ticles (cathodic related to Al-matrix) start a local dissolution surround-
ing the particles, as observed in Figs. 13 and 14 (indicated by white
arrows).

Based on the experimental results, a corrosion mechanism (Fig. 16),
is proposed to explain the behavior of AM7075 alloys before and after
heat treatments. In the as-built condition (AM7075-0 - Fig. 16(a)), the
microstructure features a fine intermetallic network composed mainly of
Cu, Mg, and Zn, distributed along the grain boundaries. These in-
termetallics, particularly the nanometric n' phase (MgZn.), are electro-
chemically active in a corrosive environment (Fig. 16(b)). The Mg-rich
particles, being anodic relative to both the Al matrix and Cu-rich par-
ticles, dissolve preferentially, initiating localized corrosion. This selec-
tive dissolution of Mg establishes micro-galvanic cells between the
anodic Mg-rich regions and the cathodic Cu-rich areas. As the corrosion
process progresses and the Mg is consumed, the remaining Cu particles,
now concentrated at the grain boundaries, form a cathodic network
(Fig. 16(c)). This arrangement promotes further galvanic activity, now
driving the anodic dissolution of the Al matrix at the center of the grains.
The result is a characteristic transgranular corrosion attack, where the
central region of the grains is selectively corroded, as observed in the
microstructural analysis. After heat treatment, the fine intermetallic
network is transformed into coarse intermetallic particles dispersed
throughout the matrix, (Fig. 16(d)). Around these particles, nanometric
1’ precipitates tend to form. Upon exposure to a corrosive medium, se-
lective dealloying of MgZny IM particles again occurs. Once these par-
ticles are depleted, the Cu-rich particles—being cathodic relative to the
surrounding Al matrix—facilitate localized dissolution of the matrix in
their vicinity. This leads to the development of pitting and intergranular
corrosion paths.

The weight-loss after immersion tests and electrochemical results
indicate a superior corrosion resistance for the AM7075-T6 compared to
AM7075-T6DA. This improved corrosion resistance could be attributed
to the fact that the double aging heat process applied to AM7075
increased the amount of Cu (4.4 % for T6 and 30 % for T6DA) and Mg
(2.1 % for T6 and 8.1 % for T6DA) in the coarse intermetallic particles.
The presence of this high amount of Cu particles on the surface decreases
the resistance of the alumina passive layer, as observed using EIS mea-
surements and SVET analysis.

5. Conclusion

This study has highlighted the critical role of heat treatments in
influencing the corrosion resistance and mechanical properties of
AM7075-Ti alloys. The results show that the surface modifications
induced by the heat treatments considerably alter the corrosion mech-
anisms by affecting the intermetallic network at the grain boundaries.
The proposed corrosion mechanism reveals that Mg- and Cu-rich parti-
cles within the network contribute to selective corrosion through elec-
trochemical interactions, leading to transgranular corrosion of the Al-
matrix. The transformation of the fine intermetallic network into
coarser particles after heat treatment further promotes corrosion along
grain boundaries.
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The findings also indicate that heat-treated AM7075-Ti alloys,
particularly AM7075-T6, exhibit improved corrosion resistance and
enhanced hardness, owing to the redistribution of Cu and Mg within the
intermetallic phases.
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