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A B S T R A C T

In this study, the influence of minor Ag addition on the microstructure, mechanical and corrosion properties of
an Al-Zn-Mg-Cu-Zr (7449) alloy with Zn/Mg ratio of 4 was systematically investigated using various materials
characterization techniques, Slow Strain Rate Test (SSRT), Potentiodynamic Polarization (PDP) and Intergran-
ular Corrosion (IGC) measurements. Microstructure characterization by Scanning Electron Microscopy (SEM)
and Differential Scanning Calorimetry (DSC) showed that Ag partitioning in the eutectic Mg(Zn,Cu,Al)2 phase
occurs resulting in an increase in its solvus line. After processing to the T4 condition, Ag was partially in solid
solution with the excess forming an Ag-rich AlAgZnMgCu phase. Scanning-Transmission Electron Microscopy
(STEM) showed evidence of quench-induced η-Mg(Zn,Cu,Al)2 precipitates at the grain boundaries (GBs) in the T4
condition with ~3 at.% Ag in the Ag-modified alloy. STEM and Atom Probe Tomography (APT) confirmed that
~1 at. % Ag was present in both the matrix and GB precipitates in the Ag-modified alloy after T76 aging.
Furthermore, the frequently reported decrease in the PFZ width with Ag addition was not observed after T76
aging, with both alloys having a similar PFZ width. Despite higher hardness/strength in the T4 condition with Ag
addition, no enhanced age hardening response and alteration of the precipitation kinetics was observed during
artificial aging at 121 ◦C. In fact, Ag addition in a 7xxx alloy with Zn/Mg ratio of 4 was found to be detrimental to
mechanical properties, stress corrosion cracking, pitting and IGC resistance after T76 aging, which is attributed
to the presence of the Ag-rich AlAgZnMgCu phase.

1. Introduction

For decades, high-strength 7xxx series aluminum alloys have proven
to be indispensable for structural design in the aviation/aerospace in-
dustry, mainly due to their low cost, high specific strength, high damage
tolerance and moderate corrosion resistance properties [1–3]. However,
the growing need for cost optimization and particularly weight re-
ductions to minimize fuel consumption and reduce CO2 and NOX emis-
sions in the aforementioned industry has led to the promotion of
structural concepts focusing on monolithic design. This design approach
requires alloys with superior strength, improved through-thickness
properties and high damage tolerance. This resulted in the

development of new, advanced 7xxx alloys and the optimization of the
processing route [4]. These new generation 7xxx alloys were developed
mainly by increasing the Zn/Mg ratio up to 5, lowering the Cu content
and impurity levels (Fe, Si) to suppress the formation of coarse inter-
metallic particles (IMPs) and minimize dynamic recrystallization by
particle stimulated nucleation (PSN) [5]. The improved strength prop-
erties of these alloys have, however, been to the detriment of their
resistance to hydrogen environmentally assisted cracking (HEAC)
[6–10].

In the last two decades, attention has shifted to Ag addition in 7xxx
alloys. First studied in 1960 [11], trace amount of Ag is reported to
accelerate the precipitation kinetics in both Cu-free and Cu-containing
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7xxx alloys due to its strong attractive interaction with vacancy and
solute atoms of Zn and Mg [12–22]. Vacancy diffusion to the grain
boundaries (GBs) is believed to be hindered in the presence of Ag,
ensuring enhanced nucleation and dispersion of Ag-vacancy and Ag-
solute co-clusters which act as precursors for the formation of
strengthening phases, resulting in increased hardening. The generally
accepted precipitation sequence from supersaturated solid solution
(SSSS) in 7xxx alloys is [23–25] SSSS→Guinier − Preston (GP) zones→
ή →η − Mg(Zn,Cu,Al)2, with metastable GP zones and η΄ being respon-
sible for enhanced strengthening, particularly after peak aging. How-
ever, depending on the alloy chemistry (Zn/Mg) and the aging
temperature, the hardening polyhedral T –Mg32(Al,Zn,Cu)49 phase may
form [18,26]. Previous investigations by Auld et al. [27], Maloney et al.
[21] and Wang et al. [18], proposed that Ag addition enhanced the
formation of T-type clusters/phase in Al-Cu-Mg, Al-Zn-Mg and Al-Zn-
Mg-Cu alloy, respectively, which contributed to the enhanced
strengthening in these alloys after artificial aging. But, contrary to these
results, Hunsicker et al. [28] in a study on Al-Zn-Mg-Cu 7075 alloy
observed no increase in strength with 0.3–0.4 wt% Ag addition after
isothermal and two-step aging treatments. In fact, lower strength with
minor Ag addition has been reported in previous investigations on 7075
[15] and 7085 alloys [29].

A decrease in the ubiquitous precipitate free zone (PFZ) width at the
GB region after artificial aging is another crucial role of Ag in 7xxx alloys
reported by several investigations [14,16–18]. The mechanism of PFZ
formation is explained by the significant depletion in solute and/or
vacancy concentration adjacent to the GBs during artificial aging
[16,17,30,31]. It is believed that with Ag addition, the enhanced early
Ag-vacancy and Ag-solute co-clusters ensure enhanced precipitation in
the grain interior and adjacent to the GBs, which significantly decreases
the width of the PFZ [16–18,32,33].

Studies on the role of minor Ag addition on corrosion behavior of
7xxx alloys are quite limited. Nevertheless, Ag has been reported to be
beneficial in suppressing fatigue crack propagation [34] and resistance
to stress corrosion cracking (SCC) [14,19,32,35]. SCC resistance with Ag
addition was attributed to a narrower PFZ width and the partitioning of
Ag in the GB η phase, making it more noble and lowering the potential
difference in the GB region. These previous investigations mainly
focused on 7xxx alloys with Zn/Mg of approximately 2 and did not
investigate in detail the influence of Ag on localized corrosion and stress
corrosion cracking behavior. Thus, the objective of this study is to go
beyond the effect of Ag on enhanced cluster formation and age hard-
ening response kinetics and systematically assess the precise impact of
minor Ag addition on the microstructure evolution, mechanical and
corrosion properties of a new generation 7xxx alloy with Zn/Mg of 4,
using a range of materials characterization techniques and aqueous
corrosion testing methods. The use of analytical methods such as
(Scanning) transmission electron microscopy (S)TEM and Atom probe
tomography (APT) facilitated a detailed characterization of the chem-
istry of precipitates, particularly after artificial aging. This enabled a
strong correlation of the final microstructure with the mechanical
properties, SCC and localized corrosion behavior, thus providing
meaningful insights into potential future alloy chemistry modifications
with Ag for high-strength, light weight design in the aviation/aerospace
industry.

2. Material and methods

2.1. Materials and processing

The materials used for this investigation had compositions within the
range of the commercial AA7449. In one alloy, ~0.4 wt% Ag was added
using AlAg50 master alloy, and is herein referred to as 7449+Ag, while
the base alloy is referred to as 7449. The alloys were cast in a Cu-mold as
plates with dimensions (L×W×H) 185mm× 145mm× 100mm. Prior

to casting, the melt was purged with argon gas for 0.5 h to reduce the
hydrogen content and ensure minimum porosity in the as-cast ingot. The
actual composition of the alloys (in wt%) measured by optical emission
spectrometry (OES) using a Hitachi High-Tech OE750 device is pre-
sented in Table 1.

Post-casting processing of the ingots proceeded with a two-step ho-
mogenization at 420 ◦C/5 h + 480 ◦C/24 h followed by hot rolling in
multiple passes at a temperature of 400–460 ◦C to a final height of ~50
mm, which corresponds to a 50% height reduction. The rolled plates
were solution heat treated at 480 ◦C for 2 h followed by quenching in
water at room temperature to achieve the T4 temper. The samples were
left at room temperature for a minimum of 3 days, followed by a two-
step artificial aging at 121 ◦C/6 h + 163 ◦C/15 h to achieve the T76
condition.

2.2. Microstructure characterization

To pinpoint the precise role of Ag, a systematic approach was
adopted to investigate the microstructure evolution of the alloys. Unless
otherwise specified, samples for the bulk microstructure characteriza-
tion were embedded in a cold-setting epoxy resin, ground using silicon
carbide (SiC) paper, followed by polishing with diamond suspension and
finally with SiO2-based polishing suspension of 0.02 μm particle size. To
characterize the grain size in the as-cast condition, the polished samples
were etched for ~1.5 min using Barker’s reagent, followed by imaging
with polarized light by optical light microscopy (OLM) using a ZEISS
Axio device. Grain size after processing was investigated by scanning
electron microscopy (SEM) using a Zeiss Supra 55 VP (Carl Zeiss Mi-
croscopy, Germany) equipped with an electron backscatter diffraction
(EBSD) detector from Oxford Instruments, UK. EBSD maps were
collected with a step size of ~3.8 μm at an electron acceleration voltage
of 20 kV and a working distance of 19 mm. To understand the coarse
phases present in the as-cast condition and after processing, SEM energy-
dispersive X-ray spectroscopy (EDX) was performed on polished sam-
ples. This was supported by phase evolution analysis by Differential
Scanning Calorimetry (DSC) using a Linseis TG-DSC STP1750 device.
DSC measurements were done on cylindrical samples of ~3 mm diam-
eter and ~ 0.3 mm height, in argon atmosphere from room temperature
(RT) to 650 ◦C and at a heating rate of 10 Kmin− 1. For the purpose of
results reproducibility, three samples were used for each investigated
alloy condition.

(Scanning) transmission electron microscopy (S)TEM was used to
characterize the matrix and grain boundary precipitates (GBPs) present
in the T4 and T76 conditions. Samples for TEM measurements were
thinned in a solution of 25%HNO3 and 75% CH3OH at − 30 ◦C by double
jet electropolishing, using a Struers TenuPol 5 device. (S)TEM imaging
was carried out using a JEOL JEM-F200 operated at an acceleration
voltage of 200 kV and equipped with a GATAN oneView camera and an
EDX detector from Oxford Instruments, UK. Precise characterization of
the chemistry of the GBPs was done using the Cliff-Lorimer (CL)
extrapolation of the matrix-influenced STEM-EDX results [36,37]. Atom
Probe Tomography (APT) was employed to support precise chemistry
characterization of precipitates and grain boundary segregation in the
T76 condition. This was done by first identifying a marked high angle
grain boundary (HAGB) from the EBSD maps, followed by the needle-
shaped specimen preparation using a ThermoFisher Dual Beam Helios
G4 Cxe plasma focused ion beam (Xe+ pFIB) device. The sharpening of
the needle-shaped specimen was done at a low acceleration voltage of 8
kV and a current decreasing from 1 nA to 10 pA as the needle became
sharper, followed by a final cleaning step at an acceleration voltage of 5
kV and a current of 10 pA to remove potential implantation damage
from the top layer. The APT analysis was performed on a Cameca LEAP
5000XR device at 70 K using the high voltage pulsing mode with a
voltage pulse amplitude of 20%, a pulse repetition rate of 200 kHz and a
detection rate of 0.4%. The 3D reconstruction [38] of the analyzed
volumes, as well as the grain boundary and precipitate analysis, were
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carried out using the commercial software IVAS included in APSuite 6.1
(Cameca, USA). Solute clusters were identified using the isoconcentra-
tion surface which is based on local solute concentration. Atoms located
in positions where the local solute concentration (for example Mg) is
higher than a user defined threshold are filtered. This threshold is
determined by calculating the binomial distribution in a random solid
solution exhibiting the same elemental composition as the material of
interest (the whole APT 3D reconstructed volume), and then, estimating
the solute content value corresponding to 10% of the maximum fre-
quency, which is, in our case, equal to ~2–3 at. %. This procedure allows
to distinguish solute-enriched clusters (and precipitates) from simple
composition fluctuations.

The frequently reported influence of Ag on age hardening kinetics
was studied by electrical conductivity measurements and hardness tests
in T4 condition, during artificial aging at 121 ◦C and after T76 aging.
Electrical conductivity measurements were performed using a Sigma-
Check 0.8.1 eddy current conductivity meter from ETHER NDE.
Microhardness tests were performed using a Buehler MICROMET 5104
device with a test force of 0.5 kg (HV 0.5) and an indentation time of 15
s. An average of at least three measurements was taken for each heat
treatment condition.

2.3. Slow strain rate test (SSRT) and localized corrosion test

The investigation of the influence of Ag addition on the stress
corrosion cracking behavior was done by SSRT on smooth-round tensile
samples using a Zwick Roell Kappa 100 DS. Samples were prepared such
that the materials are loaded along the transverse direction. SSRT tests
were performed at room temperature with a strain rate of 10− 6 s− 1 in an
aerated 3.5% NaCl solution (pH ~6.2) under open circuit potential and
in laboratory air as the reference environment. The calculation of the so-
called SCC index (iscc) which describes the susceptibility of the alloys to
SCC was done by the ratio of the elongation-to-failure in NaCl (εNaCl) to
the elongation-to-failure in air (εAir) according to Eq. (1) [39]. Fracture
surfaces after SSRT were analyzed by SEM in secondary electron (SE)
and backscattered electron (BSE) mode at an acceleration voltage of 15
kV.

Iscc =
εAir − εNaCl

εAir
×100% (1)

Pitting susceptibility in the SSRT solution of 3.5% NaCl was further
investigated by potentiodynamic polarization (PDP) to access the impact
of Ag addition on pitting susceptibility. PDP measurements were per-
formed at 25 ◦C with a three-electrode set-up consisting of the alloys as
the working electrode, saturated calomel electrode (SCE) as the refer-
ence electrode and a platinum sheet as the counter electrode. The
samples were polarized from – 0.3 V to 0.3 V with respect to the open
circuit potential at a scan rate of 0.17 mV/s using a Gamry® Reference
600 potentiostat, after 1 h stabilization at open circuit potential (OCP).
This was supported by an intergranular corrosion (IGC) test according to
ASTM G110 standard [40], in order to evaluate the grain boundary
reactivity of the alloys. The samples for the IGC test had a dimension (L
× W × T) of 40 mm × 20 mm × 2 mm. They were prepared in the long
transverse (LT) – short transverse (ST) plane, to ensure IGC penetration
occurs in the longitudinal (L) direction. Three samples were prepared for
each alloy and test condition. To preserve the highly reactive pre-
cipitates, surface preparations were carried by water-free grinding with
SiC paper to remove the surface oxides, followed by cleaning with
acetone to remove any residue from the grinding process and drying in

air. Samples were weighed and then immersed for 6 h in a solution of 57
g NaCl +10 mL of 30% H2O2 per liter (pH ~5.9). For each sample, a
solution volume of 150 mL maintained at a temperature of 30 ◦C was
used. After the test duration, samples were removed from the solution,
cleaned with running water to remove the corrosion products, followed
by ethanol and dried. The samples were weighed after the test to
determine the mass loss. Cross-sections were prepared by the metallo-
graphic procedures described in Section 2.2, followed by the imaging of
the penetration depth by OLM and a more detailed characterization of
the corrosion front by SEM. To support the mass loss and penetration
depth results, the concentration of ions in the solution after the test was
analyzed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
using a NexION 2000 spectrometer from PerkinElmer LAS GmbH, Ger-
many. Prior to the ICP-MS analysis, the test solution was diluted by a
ratio of 1:50 in 2% HNO3.

3. Results

3.1. Grain structure

The results of the influence of Ag on the grain morphology and grain
size in the as-cast condition and after processing are shown in Fig. 1.
Both alloys show a dendritic equiaxed grain structure in the as-cast
condition as can be seen in Fig. 1 (a) and (b). Interestingly, a larger
average as-cast grain size of 569 ± 56 μm was observed in 7449+Ag
compared with 7449, which had an as-cast grain size of 495 ± 49 μm.

The influence of Ag on the as cast grain size of 7xxx alloys has not
been reported. A recent study [41] on an Al-33Zn-2Cu alloy showed as-
cast grain refinement with up to 0.2 wt% Ag addition. However, the
mechanism behind this was not explained. After processing to T4 con-
dition, the dendritic structure was eliminated and the grains exhibit a
‘pancake’ structure aligned in the longitudinal direction as shown in the
EBSD inverse pole figure (IPF) maps in Fig. 1 (c) and (d). The weighted
average grain size by equivalent circle diameter is 383 ± 91 μm and 416
± 92 μm for 7449 and 7449+Ag, respectively.

3.2. Eutectic and primary phase characterization

The SEM BSE images, the EDX results of the regions marked 1 and 2
and the corresponding element maps showing the eutectic and primary
phases present in the alloys in the as-cast condition and after processing
are shown in Figs. 2 and 3, respectively. In the as cast condition shown in
Fig. 2 (a) – (o), the eutectic Mg(Zn,Cu,Al)2 and Al7Cu2Fe phases were
mainly identified in both the base alloy and the Ag-modified alloy.
Similar to a previous study [42], Ag was found to be incorporated in the
Mg(Zn,Cu,Al)2 phase in 7449+Ag as shown in the EDX corresponding
EDX point measurements. However, due to the overlapping of the EDX
spectra of Ag Lα with 2(Al Kα) [43], the reported Ag amount in the
eutectic Mg(Zn,Cu,Al)2 phase might not be accurate. Although not
shown in Fig. 2, Mg2Si primary phase was equally present in both alloys
in the as-cast condition, which is consistent with previous reports
[3,44,45]. No additional phase was identified due to Ag addition by the
SEM. After processing to the T76 condition as shown in Fig. 3(a) – (o), all
of the coarse eutectic Mg(Zn,Cu,Al)2 phase and the Ag-containing
variant in 7449+Ag are dissolved and replaced by nano-sized pre-
cipitates (formed during artificial aging) which are not clearly visible in
SEM. However, Al7Cu2Fe and Mg2Si remain in the matrix and appear to
have undergone spheroidization. SEM showed no additional coarse
intermetallic phase with Ag addition.

Table 1
Actual composition of alloys (wt%).

Alloys Al Zn Mg Cu Zr Ti Fe Si Ag

7449 Bal. 8.40 2.04 1.97 0.12 0.02 0.08 0.04 –
7449+Ag Bal. 8.30 1.99 1.94 0.12 0.02 0.08 0.04 0.38

C.K. Akuata et al.
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3.3. DSC analysis of phase evolution

Fig. 4 shows DSC results of the phase evolution in the as-cast, the T4
and the T76 conditions. In the as-cast condition as shown in Fig. 4(a),
two endothermic peaks, labelled a and b, corresponding to the

dissolution of the eutectic Mg(Zn,Cu,Al)2 and the α-Al phase, respec-
tively, were identified in both alloys. No distinct peaks for the dissolu-
tion of Al7Cu2Fe and Mg2Si were identified, probably because of their
overlap with the peak for the dissolution/melting of the α-Al phase. The
red box represents the enlarged portion of the curve shown in Fig. 4 (b),

Fig. 1. Barker-etched images of the grains in as-cast condition (a) 7449 (b) 7449+Ag and EBSD IPF maps after processing to T76 condition (c) 7449 and
(d) 7449+Ag.

Fig. 2. SEM BSE images with the EDX results of region marked 1 and 2 and the corresponding element maps, (a) – (g) 7449 and (h) – (o) 7449+Ag showing the
eutectic phases in the as-cast microstructure.

C.K. Akuata et al.
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where a clear shift in the position of the Mg(Zn,Cu,Al)2 dissolution peak
(a) from 481 ◦C in 7449 to 485 ◦C in 7449+Ag can be seen. This shift can
be attributed to the presence of Ag in the eutectic Mg(Zn,Cu,Al)2 phase.

Although such shifts of the eutectic phase to higher temperatures could
necessitate a higher homogenization temperature, this was not the case
in the present study since the incipient melting temperature of the phase

Fig. 3. SEM BSE images with the EDX results of region marked 1 and 2 and the corresponding EDX maps, (a) – (g) 7449 and (h) – (o) 7449+Ag showing the coarse
intermetallics after processing to T76 condition.

Fig. 4. DSC results showing phase evolution in alloys in different conditions: (a) as-cast condition (b) enlarged region in (a) indicated by red box (c) T4 condition and
(d) T76 condition. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

C.K. Akuata et al.
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was ~478 ◦C in both alloys. Hence 480 ◦C was selected for the second
step of the homogenization process in both alloys to avoid local melting.

After solution heat treatment (T4) condition as shown in Fig. 4 (c),
four endothermic peaks I, III, V and VII identified at approximately
130 ◦C, 200 ◦C, 230 ◦C and 300–450 ◦C, respectively, and three
exothermic peaks II, IV and VI identified at 175 ◦C, 225 ◦C and 250 ◦C,
respectively, were observed in both alloys. Peak I corresponds to the
dissolution of mainly GP (I) zones formed at RT and probably during the
DSC measurement [23,46–49], while Peak II and III correspond to GP
(II) zones formation and dissolution/transformation to η΄, respectively
[47,50]. Peaks IV and V are due to the precipitation and dissolution of
the metastable η΄ phase, respectively. The exothermic peak VI is related
to the formation of the equilibrium η phase while the broad endothermic
peak VII corresponds to its dissolution [48,49,51]. No change in the
peak positions and no additional peak were identified in the Ag-
modified alloy. After T76 aging, only peaks V, VI and VII were identi-
fied in both alloys, suggesting the prior existence of η΄, the additional
formation of η phase and its subsequent dissolution. No peak corre-
sponding to T phase was identified. These results, particularly in the T4
condition agrees with the know precipitation sequence of [23,52]:
SSSS→GP zones→ή →η − Mg(Zn,Cu,Al)2.

3.4. TEM characterization of matrix microstructure

Conventional bright field (BF) TEM images and their corresponding
selected area electron diffraction (SAED) patterns (indexed for Al) of the
alloys in the T4 condition are shown in Fig. 5. BF-TEM images in Fig. 5
(a), (d) for 7449 and 7449+Ag, respectively, show the presence of Al3Zr
dispersoids in the matrix. These were confirmed by the SAED patterns as
spots at the 1/2 {220}Al position which corresponds to the forbidden
{110}Al positions when viewed along the [114]Al and [112]Al zone axes
[5,25,53], as shown in Fig. 5(b), (c) and (e), (f) for 7449 and 7449+Ag,
respectively. Although not shown at the magnification of the BF-TEM
images, diffraction spots related to GP (I) and GP (II) zones are pre-
sent in the T4 condition as shown in the SAED patterns. GP (I) zones are
solute clusters formed from RT – 150 ◦C after solution treatment, while
GP (II) zones are vacancy-rich clusters with Zn-rich layers formed during
rapid quenching from a solution treatment temperature above 450 ◦C,

which explains their presence in the T4 microstructure [24,25,47,51].
No strong diffraction spots related to GP zones were identified in the
[112]Al projection. However, in the [114]Al projection, GP (I) zones
were identified as weak diffuse spots at {1, 3/4, 0} position [49] while
GP (II) zones were observed as irregular-shaped spots close to 1/2
{113}Al which is similar to the observation in the [112]Al projection
[24,47,54]. This indicates that despite some GP (II) zones formation
from the T4 condition as indicated by the shallow exothermic peak II in
the DSC measurements in Fig. 4 (c), they are equally formed during
quenching from the solution treatment temperature in these alloys.
Furthermore, a Ag-rich phase believed to be AlAgZnMgCu phase with a
diameter of 15–35 nm, which was not visible in the SEM, was equally
observed in 7449+Ag in T4 condition as shown in the BF-TEM image in
Fig. 5(d). This phase showed a strong Ag enrichment, as shown in Fig. 6,
making it distinguishable from the Al3Zr dispersoids. No additional
diffraction spot corresponding to this phase was identified along the
[114]Al and [112]Al zone axes. Further analysis of this phase by high-
resolution TEM (HRTEM) and STEM – EDX as are shown in Fig. 6.

The HRTEM image of the AlAgZnMgCu phase (red box in Fig. 5(d))
and the corresponding Fast Fourier Transform (FFT) are shown in Fig. 6
(a) and (b), respectively.

Three lattice (d) spacings of the AlAgZnMgCu phase, namely; d1 =

6.2 Å, d2 = 3.5 Å and d3 = 2.3 Å, were measured as indicated in the
inverse FFT (IFFT) images shown in Fig. 6(c) – (e) of the orange box in
Fig. 6 (a). The IFFT image of the interface (blue box) in Fig. 6(f) shows
minor misfit dislocations, indicating that this phase might be non-
coherent with the matrix. The dark field (DF) STEM image and the
corresponding EDX quantification results shown in Fig. 6(f) and (g),
respectively, suggest a significant enrichment of Ag in the phase. The
precise stoichiometry of this phase is unknown due to the possibility of
bulk Al-matrix contribution during the measurements. The
AlAgZnMgCu phase is believed to have formed due to a decrease in the
solubility limit of Ag resulting from the presence of Mg and the high Zn
content of the alloy, as proposed by Polmear [14,30]. This phase could
be related to the AlAgZn type phase with a hexagonal (HCP) structure
(space group P63/mmc) and lattice parameters a = 2.885 Å and c =

4.662 Å [30]. Also, a calculation of the d-spacings from these lattice
constants for the HCP crystal structure gives 2.3 Å for a (0002) plane,

Fig. 5. BF-TEM image and corresponding SAED patterns in T4 condition taken along the [114]Al and [112]Al zone axes, (a) – (c) 7449 and (d) – (f) 7449+Ag.

C.K. Akuata et al.
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which is equal to the measured d3.
BF-TEM images and their corresponding SAED patterns (indexed for

Al) of the matrix microstructure of the alloys in the T76 condition are
shown in Fig. 7. As expected after T76 aging, several nano-sized, elon-
gated precipitates with length of 5–20 nm and width of 1–5 nm were
present in the matrix of the alloys as shown in Fig. 7(a), (d) for 7449 and
7449+Ag, respectively. No obvious growth of the AlAgZnMgCu phase
was observed.

The nano-sized precipitates are believed to be the elongated/
platelet-type η΄/η precipitates and were confirmed by the SAED pat-
terns taken along the [114]Al and [112]Al zone axes. In the [114]Al

projection shown in Fig. 7(b), (e) for 7449 and 7449+Ag, respectively,
diffraction spots of η΄ were identified at the 1/3 and 2/3 position of the
{220}Al plane, which is consistent with previous observations
[25,49,52,55]. Furthermore, in the [112]Al projection shown in Fig. 7
(c), (f) for 7449 and 7449+Ag, respectively, “streaks” from multiple
diffraction spots of η΄/η precipitates were identified at the (10.l)η΄/η and
(20.l)η΄/η positions [25,52]. The diffraction spots identified outside of
{220}Al and {113}Al planes in Fig. 7(f) for 7449+Ag are related to the η
precipitate [25].

Fig. 6. (a) HRTEM image of AlAgZnMgCu phase highlighted by the red box in Fig. 5 (d) (b) Corresponding FFT pattern (c) – (f) IFFT images showing measured
d spacings (orange box) and misfit dislocation at the interface (blue box) (g) DF-STEM image of the phase and (h) EDX line scan and quantification result of the region
marked by the red box. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. BF-TEM image and corresponding SAED patterns in T76 condition taken along the [114]Al and [112]Al zone axes, (a) – (c) 7449 and (d) – (f) 7449+Ag.
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3.5. TEM characterization of GBP chemistry

The results of the GBP chemistry in T4 and T76 conditions are shown
in Figs. 8 and 9, respectively. In the T4 condition, DF-STEM images and
their corresponding EDXmaps shown in Fig. 8(a) – (e) for 7449 and in (f)
– (k) for 7449+Ag show some of the GBs which are sparsely populated
by the η-Mg(Zn,Cu,Al)2 phase. These are believed to have formed during
quenching from the solution treatment temperature and had a size of
80–280 nm in 7449 and 20–30 nm in 7449+Ag. Ag has been proposed to
promote cluster formation in the matrix by trapping vacancies and so-
lute atoms diffusing to the GBs and suppressing GB precipitation
[12,14,17,32,33]. In the T76 condition, DF-STEM images and their
corresponding EDX for 7449 (Fig. 8(a) – (e)) and 7449+Ag (Fig. 8(f) –
(k)) show an increase in the width of the GBPs and the area coverage of
the GBs. The presence of a PFZ is also visible. However, no decrease in
the width of the PFZ was observed in 7449+Ag, which is contrary to
previous observations in Al-Zn-Mg and Al-Zn-Mg-Cu 7xxx alloys with
Zn/Mg of ~2 [16–18,33]. The GBPs chemistry from the Cliff-Lorimer
extrapolation of the EDX results was determined by fixing the Mg con-
tent at 33 at. % [37,56]. In the T4 condition as shown in Fig. 8(l) and (m)
for 7449 and 7449+Ag, respectively, Ag of ~3 at. %wasmeasured in the
GBPs in 7449+Ag, where they seem to substitute Cu or Zn. A similar
observation was made in T76 condition (Fig. 9(l) and (m)), with the
GBPs having ~2 at. % Ag in 7449+Ag, with minor deviations in Zn and
Al relative to 7449. Furthermore, the Cu content of the GBP (quenching-
induced) in T4 condition was higher than in the T76 condition.

3.6. APT results of precipitate chemistry and GB segregation

The APT images of the alloys in T76 condition (Fig. 10) show dif-
ferences in the morphology of the matrix precipitates which were not
discernible by TEM (Fig. 7) in both alloys. Fig. 10(a) and (b) show the 3D

reconstructed volumes with the individual element enrichments in
precipitates in 7449 and 7449+Ag, respectively. Fig. 10 (c) and (d) are
presented to confirm the position of the GB in (a), since themuch smaller
enrichment could be misconstrued as matrix precipitation. In the base
alloy, the matrix precipitates (MPs) mainly had a spherical morphology
with an average diameter of 6 ± 3 nm and a volume fraction (fv) of
5.9%. However, in the 7449+Ag alloy, the APT showed both spherical
precipitates with an average diameter of 4 ± 1 nm and predominantly
the rod-shaped precipitates with an average length of 13 ± 6 nm and
thickness of 5 ± 1 nm. A comparable MPs fv of 5.4% was determined for
the Ag-modified alloy. The spherical precipitates in both alloys are
believed to be the η‘/η2 plates on the {111}Al lattice, while the elongated
precipitate in 7449+Ag could be a different variant of the η‘/η2 pre-
cipitates [54,57,58]. From the chemistry perspective, the partitioning of
the major alloying elements Zn, Mg and Cu in the MPs, GBs and in the
GBP (in 7449+Ag) was observed. In Fig. 10 (b) for 7449+Ag, Ag was
found to be incorporated in the MPs and GBP, but depleted along the GB.
The presence of Ag in the precipitates implies that some amount of Ag
was present in solid solution and in GP zones during artificial aging, and
not entirely segregated in the AlAgZnMgCu phase. The arrows show the
regions of interest for the 1D composition profiles in Fig. 11 and the
chemistry results of the MPs, GB segregation and the GBP (in 7449+Ag)
in Table 2.

The 1D composition profiles for the MPs in 7449+Ag shown in
Fig. 11(c) are for the rod-shaped precipitates. According to the results
reported in Table 2, the Mg and Cu contents of the spherical MPs in both
alloys are quite similar. A slightly higher Zn content was measured in the
spherical MPs in 7449, giving an average Zn/Mg ratio of 1.4 compared
with a Zn/Mg ratio of 1.1 determined for 7449+Ag. These results are
within the Zn/Mg ratio of 1.2–1.3 reported for η΄ platelets [54,59].
Furthermore, Ag of ~1 at. % is incorporated in these particles, which
agrees with an earlier investigation on 7075+Ag after aging at 150 ◦C

Fig. 8. DF-STEM images and their corresponding EDX maps in T4 (a) – (e) 7449 and (f) – (k) 7449+Ag. The Cliff-Lorimer extrapolation results are shown in (l) and
(m) for 7449 and 7449+Ag, respectively.
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Fig. 9. DF-STEM images and their corresponding EDX maps in T76 (a) – (e) 7449 and (f) – (k) 7449 + Ag. The Cliff-Lorimer extrapolation results are shown in (l) and
(m) for 7449 and 7449 + Ag, respectively.

Fig. 10. 3D reconstructed volumes of APT samples showing microstructural features highlighted with respect to 1 at. % isosurfaces (Mg) and element distributions
(Al, Mg, Zn, Cu and Ag) in precipitates and GB segregation in T76 condition (a) 7449 and (b) 7449+Ag. (c) shows the GB region in (a) and at 90◦ rotation confirming
the observed GB enrichment as solute segregation. The detector events histogram showing the density of events and confirming the GB position is presented in (d).
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for 50 h [18]. On the other hand, the elongated rod-shaped MPs in
7449+Ag had a comparable Mg amount with the spherical MPs. How-
ever, a lower Cu, Ag and a much higher Zn content was measured,
resulting in a Zn/Mg ratio of 1.6. This suggests a different type of η΄/η in
7449+Ag, as indicated by the additional diffraction spots in SAED
pattern in Fig. 7(f) and reported by Stiller et al. [54].

The results obtained regarding the GB segregation (Fig. 11 (b), (d))
and reported in Table 2 show no significant difference in the segregation
amount of Zn, Mg and Cu (maximum segregation level of ~1 at.%) in the
T76 condition. This indicates a strong decrease in the segregation levels
after solution heat treatment, which has been previously reported to be
~4.5 at. % for Zn and Mg and 1.6 at.% for Cu in an Al-6.2Zn-2.5Mg-
2.1Cu alloy [56]. No Ag segregation at the GB in 7449+Ag was
observed. Also, similar amount of solutes in the PFZ was measured in
both alloys. Furthermore, the composition of Zn, Mg, Cu and Al in the
GBP precipitate (Fig. 11(e)) shown in Table 2 was found to be very close
to that estimated from the STEM-EDX results in Fig. 9(m), suggesting a
good agreement of both methods. However, the Ag content was slightly
over estimated by 1 at. % by the STEM-EDX.

3.7. Hardness and conductivity measurements

The results of the influence of Ag on the age hardening response
measured by Vickers microhardness test and electrical conductivity
measurements are shown in Fig. 12. In the T4 condition, 7449+Ag
showed a slightly higher hardness and electrical conductivity of about
3% with respect to the base alloy. This observation can be attributed to
the increase in the density of clusters/GP zones during natural aging in
the 7449+Ag alloy [13,14,21,22] and the presence of the AlAgZnMgCu
phase, shown by the TEM results in Fig. 5. However, contrary to pre-
vious reports on Al-Zn-Mg and Al-Zn-Mg-Cu alloys with Zn/Mg ratio of
≤2 [13,14,17,18,20–22], Ag addition in 7449 did not show an enhanced
age hardening response during artificial aging at 121 ◦C and after T76
aging. In fact, the Ag-modified alloy showed a slightly lower hardness
and comparable conductivity with the base alloy after T76 aging

Fig. 11. 1D composition profiles, measured by APT across matrix precipitates (a) 7449 (c) 7449+Ag, GB segregation (b) 7449 (d) 7449+Ag and GBP in 7449+Ag (e)
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article).

Table 2
Mean value (at. %) of the chemical composition of precipitates and GB segre-
gation in T76 condition measured by APT.

Alloy Feature Zn Mg Cu Ag Al

7449 Spherical
MPs

33 ±

2.3
24 ±

0.3
9 ± 1.2 – Bal.

7449+Ag

Spherical
MPs

25 ±

5.5
23 ±

1.5
10 ±

3.1
1.0 ±

0.1 Bal.

Rod-shaped
MPs

41 ± 8 26 ±

2.7
6 ± 0.8 0.5 ±

0.2
Bal.

GBP 40 ±

0.6
30 ±

0.5
8 ± 0.3 0.9 ±

0.1
21 ±

0.4

7449
GB
segregation

1.2 ±

0.04
0.7 ±

0.03
0.9 ±

0.03 – –

7449+Ag
GB
segregation

0.8 ±

0.03
0.9 ±

0.03
0.8 ±

0.03
0.01 ±

0.004
–

Fig. 12. Vickers hardness test and electrical conductivity results showing age
hardening response.
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treatment. This may be due to the presence of the AlAgZnMgCu particles
in the matrix of 7449+Ag after T76 aging, which are relatively larger
than the strengthening η΄/η precipitates that are mainly present in the
matrix of the base alloy as shown in Fig. 7.

3.8. SSRT test and fracture surfaces

Fig. 13(a), (b) shows the stress-strain curves from the SSRT test in T4
and T76 conditions, respectively. In the reference (air) environment as
shown in Fig. 13 (c), a slightly higher yield strength (σ0.2) and ultimate
tensile strength (σm) were measured in 7449+Ag relative to 7449 in the
T4 condition. The 7449 alloy showed a σ0.2 of 357 ± 2 MPa and a σm of
478 ± 12 MPa, which increased to 401 ± 5 MPa and 504 ± 6 MPa,
respectively after Ag addition. This observation is consistent with the
hardness and conductivity results, where higher values were measured
in 7449+Ag in the T4 condition, indicating an enhanced response to
natural aging. However, this increase in strength was to the detriment of
ductility (Fig. 13(d)), with 7449+Ag having a lower elongation to fail-
ure (ε) of 8 ± 1% compared to 10 ± 1% for 7449. Again, similar to the
hardness and conductivity results, Ag addition did not show an increase
in strength after T76 aging. A σ0.2 of 542 ± 4 MPa and a σm of 560 ± 4
MPa were measured in the 7449 alloy, while the Ag-modified alloy
showed a slightly lower σ0.2 of 531± 13 MPa and a σm of 552± 11 MPa.
In terms of ductility after T76 aging (Fig. 13(d)), a slightly lower elon-
gation to failure (ε) of 6 ± 1% was determined in 7449+Ag compared to
7 ± 1% measured in the base alloy.

These results are consistent with a previous study [29] where lower
strengths and elongation were reported with 0.2 wt% Ag addition in an
Al-8Zn-1Cu-1.3Mg-0.1Zr alloy after T77 aging treatment. As expected,
the tests in a 3.5% NaCl solution under OCP showed a loss in ductility (ε)
relative to the tests in air in both alloys and in T4 and T76 conditions.
Furthermore, a minor increase in the σ0.2 and σm was observed in T4.

The Iscc calculated from the Eq. (1) are inserted in Fig. 13 (d). In the T4
condition (with higher Iscc compared to T76), Ag addition did not show
any effect on the SCC sensitivity, with both alloys having an Iscc of 74%.
However, after T76 aging, 7449+Ag showed a higher SCC susceptibility
(Iscc = 33%) compared to the base alloy (Iscc = 24%).

SEM images of the fracture surfaces of the samples tested in NaCl
solution are shown in Fig. 14. The samples showed several regions of
brittle SCCwhich are highlighted by the red dashed lines in the overview
images in Fig. 14 (a), (c) and (e), (g), followed by regions of ductile
overload fracture. Fig. 14 (b), (d) and (f), (h) for 7449 and 7449+Ag in
T4 and T76, respectively, represent the regions marked by the blue
boxes. In the T4 condition, both alloys show a combination of inter-
granular SCC (IGSCC) and cleavage-like transgranular SCC (TGSCC)
mainly at the rim zone, with the former dominating. Grain boundary
gaps (yellow arrows) were also observed in both alloys in the T4 con-
dition. After T76 aging, TGSCC was mainly observed, indicating a
decrease in the sensitivity of the GB region to SCC propagation. No
change in the fracture mode with Ag addition was observed. Both IGSCC
[60–62] and cleavage-like TGSCC [7,63–66] fracture modes have been
reported in 7xxx alloys after mechanical tests in NaCl solution, and are
believed to result from hydrogen absorption, diffusion and trapping at
microstructural features. Diffusion and trapping of hydrogen atoms at
microstructural features ahead of a crack tip can result in the brittle
fracture of a ductile material. The proposed mechanisms of hydrogen
embrittlement phenomena and mechanisms in Al include Hydrogen
Enhanced Decohesion (HEDE), Hydrogen Enhanced Localized Plasticity
(HELP) or by Adsorption-Induced Dislocation Emission (AIDE) [62,67].
These mechanisms are discussed in the next chapter.

Fig. 15 and Table 3 show the results of the PDP measurements. The
initial OCP (Fig. 15 (a)) shows potential stabilization over time, prior to
PDP. Table 3 indicates that Ag addition did not influence the OCP in T4
and T76 conditions. However, considering the two aging conditions, the

Fig. 13. Stress-strain curves (SSRT) showing the mechanical properties in air and in 3.5% NaCl solution in (a) T4 and (b) T76. The strength (σ) and maximum
elongation (ε) are shown in (c) and (d), respectively. The calculated Iscc in T4 and T76 conditions are shown in (d).
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samples in T76 had a higher OCP relative to the T4 condition. After PDP
as shown in Fig. 15 (b), a shift to higher corrosion potentials (Ecorr) in
T76 relative to T4 was equally observed and Ag was found to have no
influence on the Ecorr determined from the Tafel extrapolation. This shift
of the Ecorr to higher potentials after T76 aging indicates a decrease in
susceptibility to corrosion [5,19].

The anodic region of the PDP curves in Fig. 15 (b) shows a rapid
increase in the current density from Ecorr, with no clear pitting potential,
suggesting the occurrence of pitting at OCP. The corresponding current
density (icorr) results from the Tafel extrapolation in Table 3 indicate an
increase in the corrosion rate with Ag addition, despite no change in

Ecorr. This could be due to an increase in microgalvanic activity between
the Ag-rich phase and the Al-matrix in 7449+Ag.

The IGC test results are shown in Fig. 16. The SEM BSE images in
Fig. 16 (a) – (d) show that the corrosion morphology is a combination of
grain boundary and pitting/adjacent matrix attack. A higher corrosion
rate was observed in 7449+Ag relative to 7449 as indicated by the
corrosion penetration depth and mass loss results in Fig. 16 (e). As ex-
pected, a decrease in the corrosion rate after T76 aging was observed.
These were supported by the ICP-MS results in Fig. 16 (f), where a higher
concentration of Al ions in the test solution was observed in 7449+Ag
relative to the base alloy in both aging conditions, with the samples in

Fig. 14. SEM images showing fracture surfaces of the alloys tested in 3.5% NaCl in T4 condition (a), (b) 7449 (c), (d) 7449+Ag and in T76 condition (e), (f) 7449 (g),
(h) 7449+Ag. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article).
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T76 condition having lower values than in T4 condition as expected.
This again confirms that 0.4 wt% Ag addition is detrimental to the
corrosion resistance of 7449 alloy after 6 h of immersion in the IGC test
solution, which agrees with both the SSRT and the PDP test results.

4. Discussion

4.1. Influence of Ag on microstructure, precipitation behavior and
chemistry

Ag addition in 7xxx alloys was revisited by investigating its influence

Fig. 15. OCP measurements for 1 h (a) and the corresponding PDP curves (b) in T4 and T76 conditions.

Table 3
Summary of results from PDP measurements of alloys in T4 and T76 conditions.

Alloys OCP (VSCE) Ecorr (VSCE) icorr (μAcm− 2)

7449 (T4) − 0.803 ± 0.008 − 0.783 ± 0.012 0.993 ± 0.387
7449+Ag (T4) − 0.808 ± 0.008 − 0.794 ± 0.003 1.627 ± 0.370
7449 (T76) − 0.763 ± 0.004 − 0.751 ± 0.009 1.061 ± 0.273
7449+Ag (T76) − 0.756 ± 0.004 − 0.751 ± 0.002 1.529 ± 0.626

Fig. 16. SEM BSE images showing the corrosion morphology in T4 (a) 7449 (b) 7449+Ag and in T76 (c) 7449 (d) 7449+Ag. The measured corrosion penetration
depth with mass loss after test and the corresponding ICP – MS results of the Al ion concentration are shown in (e) and (f), respectively.
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on grain size, eutectic phase solvus, matrix precipitates/intermetallic
particles, GBP composition, PFZ width and GB segregation in 7449 alloy
(Zn/Mg of 4). The incorporation of Ag atoms in the eutectic Mg(Zn,Cu,
Al)2 phase stabilizes it by increasing the solvus temperature, as shown by
the DSC results in Fig. 4 and reported in a previous investigation on an
Al-Zn-Mg-Cu-Ge-Ag alloy [68]. It is unclear when the Ag-rich
AlAgZnMgCu phase, which was first observed in the T4 condition,
formed in 7449+Ag. However, as earlier stated, the presence of Ag in the
MPs and in the GBP in 7449+Ag suggests that some Ag atoms were in
solid solution after solution heat treatment. Ag exhibits a high solid
solubility limit of ~56 wt% at 566 ◦C (eutectic temperature) in binary
Al–Ag alloys which decreases drastically to 0.4 wt% at 460 ◦C in an
alloy containing 4 wt% Zn and 3 wt% Mg and even further down to 0.15
wt% when the Zn content is increased to 8 wt% [30]. Hence, it can be
concluded that the AlAgZnMgCu phase is formed due to the high Zn
content and the presence of Mg in 7449 alloy which lowered the solu-
bility limit of Ag. After solution treatment, Ag in solid solution enhances
stable cluster formation at RT or during early stages of artificial aging
due to the strong attractive interaction of Ag with vacancies (Va) and
solute atoms in Al [14,18]. Density functional theory (DFT) calculations
in Table 4 show that the driving force for cluster formation is enhanced
with Ag as indicated by the high solute-solute, solute-Va and solute-
solute-Va binding energies. These stable clusters act as precursors for
GP zones formation and increase the number density of the strength-
ening ή precipitates [18,21]. Since Ag contributes to cluster formation,
the partitioning of Ag in the precipitates is therefore expected and ex-
plains the presence of Ag in the MPs and GBP (Table 2)

Although not observed in the present study, enhanced polyhedral T-
type clusters are believed to form with Ag addition in Al alloys during
the early stages of aging, which contributes to enhanced strengthening
[18,27]. The absence of the T-Mg32(Al,Zn,Cu)49 phase in the studied
alloys after T76 aging is not surprising since this phase mainly pre-
cipitates in alloys with a low Zn/Mg ratio or after prolonged aging [14].
Also, the measured Zn/Mg ratio of the MPs by APT shown in Table 2 are
well above the Zn/Mg ratio (≈ 0.9) of the T-type phase [18]. Never-
theless, the presence of a rod-shaped η-type MPs with a high Zn content
in 7449+Ag could be interpreted as precipitation from Zn-rich clusters
resulting from the high Zn content of the alloy. Since PFZ formation is
strongly dependent on the solute/vacancy concentration adjacent to the
GBs after solution treatment [17,31], the precipitation of the Ag-rich
AlAgZnMgCu phase in 7449+Ag will essentially deplete vacancies and
solute atoms necessary to form stable clusters and precipitates in the
matrix during the T76 aging. This could explain why no decrease in the
PFZ width in 7449+Ag relative to 7449 was observed.

4.2. Ag impact on hardness and mechanical properties

Precipitation hardening in the studied 7xxx alloys entails the inter-
action of precipitates with dislocations, with maximum strength ach-
ieved by the particle shear mechanism described by the Kochs statistical

model in Eq. 2 [70].

σ = 0.6MGb

⎡
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⎣

2√fv
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/(
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))

⎤

⎥
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Where σ: Strengthening effect, M: Taylor factor, G: Shear modulus, b:
Burgers vector, fv: Precipitate volume fraction and d: Average diameter
of precipitates. This strengthening mechanism is obtainable in the
presence of coherent/semi-coherent precipitates of a critical size above
which a change from particle shear to Orowan hardening mechanism,
due to coherency loss, occurs leading to a decrease in strength [23]. The
Ashby-Orowan relationship [71] in Eq. 3 describes the strengthening
mechanism in the presence of non-shearable (hard) particles.
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d

]
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Where σ, G, b, fv and d are as described above. According to Eqs. (2)
and (3), a higher volume fraction of precipitates and a smaller precipi-
tate radius (up to the critical radius) result in increased strengthening.

The interplay of particle shear and orowan hardening mechanisms
can be seen in the hardness results in Fig. 12 where hardness increases
during artificial aging at 121 ◦C from the T4 condition due to the for-
mation and growth of fine precipitates to optimum size, and decreases
slightly after moderate overaging to the T76 condition when precipitate
coarsening occurs. Figs. 12 and 13 show that the addition of Ag clearly
results in an increase in strength in the T4 condition which could suggest
enhanced cluster formation or a natural aging response relative to the
base alloy. In fact, this behavior could also be attributed to the presence
of the AlAgZnMgCu phase which contributed to an increase in strength.
Although this observation in the T4 condition corroborates previous
findings in moderate Zn 7xxx alloys [14,18,19,21], an unforeseen slight
decrease in strength after T76 aging was observed in 7449+Ag. Refer-
ring to the APT results on precipitate size and volume fraction in the T76
condition, the strength contribution by spherical MPs in 7449 and the
dominant rod-shaped MPs in 7449+Ag can be calculated from Eq. (3).
Using M = 2 [70], G and b for Al = 26,200 MPa and 0.286 nm [71],
respectively, the results of the calculation in Table 5 indicates no sig-
nificant difference in the average strength contribution by precipitates
with Ag addition in 7449 after T76 aging. However, it is important to
note that the total yield strength is defined by the sum of the intrinsic
strength (σα), GB (Hall-Petch) strengthening (σGB), solid solution
strengthening (σSS) and strengthening due to precipitates (σMPs) as
shown in Eq. (4) [70].

σ = σα + σGB+ σSS + σMPs (4)

Since σα is constant (10–18 MPa) [70] in both alloys, the marginal
decrease in strength in 7449+Ag after T76 aging would have resulted
from lower σGB and σSS relative to 7449, owing to the larger average
grain size and the depletion of solute atoms from solid solution by the
AlAgZnMgCu phase, respectively.

4.3. Stress corrosion cracking (SCC) and localized corrosion behavior
with Ag addition

SCC of 7xxx alloys in NaCl solution initiates from critical defects
resulting from localized corrosion after the breakdown of the protective
native oxide layer which occurred under free corrosion potential in the

Table 4
DFT binding energies of solute-solute, solute-Va and solute-solute-Va clusters in
Al [69].

Solute-
solute
cluster

Binding
energy x
10− 3 (eV)

Solute-
Va
cluster

Binding
energy
x 10− 3

(eV)

Solute-
solute-Va
cluster

Binding
energy
x 10− 3

(eV)

Cu – Zn 30 Mg – Va 10 Mg – Va –
Zn

100

Mg – Zn 40 Zn – Va 50 Mg – Va –
Cu

100

Mg – Cu 20 Cu – Va 30 Mg – Va –
Ag

190

Mg – Ag 90 Ag – Va 110
Zn – Ag 55a

a Extracted from Ogura et al. [17].

Table 5
Estimation and comparison of strength contribution of precipitates with Ag
addition in 7449.

Alloy d of MPs (nm) fv of MPs (%) σMPs (MPa)

7449 6 ± 3 5.9 408 ± 99
7449+Ag 5 ± 1 5.4 409 ± 36
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studied alloys as shown by the PDP results in Fig. 15 (b). These defects
form in the vicinity of cathodic IMPs (Al7Cu2Fe or Mg2Si after selective
Mg dissolution) as pits in the matrix or as fissures at the GBs due to an
electrochemical potential gradient [63]. Localized corrosion near the
IMPs and at the GBs was observed in the fractography images in Fig. 14
and the IGC cross section images in Fig. 16, respectively. Furthermore,
going by the high Ag content of the AlAgZnMgCu phase in 7449+Ag, it is
presumably strongly cathodic and could have directly resulted in
accelerated localized corrosion and increased critical surface defects, as
indicated by the higher current density and IGC rate in Table 3 and
Fig. 16, respectively. However, the verification of the evidence of
localized corrosion at the nano-size AlAgZnMgCu phase was not possible
at the resolution of the SEM and remains to be investigated. During SSRT
in NaCl solution, a rapid change in the electrolyte conditions inside these
flaws occurs due to metal cation (Al3+) hydrolysis leading to local
acidification and the subsequent atomic hydrogen production by
cathodic reaction as shown in Eqs. (5)–(7) below [7,61,63].

Al→Al3+ +3e− (5)

Al3+ +3H2O→Al(OH)3 +3H+ (6)

H+ + e− →H (7)

The hydrogen can diffuse into the lattice or readily along the GBs and
lead to embrittlement and SCC propagation from the critical defects
(prone to high stress concentrations) which can occur in synergy with
anodic dissolution of the GB precipitates [48,62]. The GB microstruc-
ture, particularly the composition of the η-Mg(Zn,Cu,Al)2 phase, con-
trols the anodic dissolution rate which also affects the rate of cathodic
hydrogen generation [7]. In 7449+Ag, Ag partitioning of up to 1–3 at. %
in the GB η-Mg(Zn,Cu,Al)2 phase was observed. However, it is unclear to
what extent this increases the nobility of the GB η-Mg(Zn,Cu,Al)2 phase
in 7449+Ag, since the alloy showed a higher SCC and IGC susceptibility
after stable precipitation in T76 condition due to the presence of the
AlAgZnMgCu phase.

On the influence of aging condition, the grain boundaries are
sparsely populated by the small quench-induced η-Mg(Zn,Cu,Al)2 phase
in the T4 condition relative to the GBPs in the T76 condition as shown by
the STEM images in Fig. 8. This means that in the T4 condition, anodic
dissolution of the η-Mg(Zn,Cu,Al)2 phase is less favorable and hydrogen
migration and embrittlement along the GBs can occur easily. In addition,
equilibrium and non-equilibrium segregation of Zn and Mg by solute
partitioning or vacancy drag effect occurs at the GBs during quenching
from solution heat treatment. Mg segregation levels of up to 4.5 at.% has
been measured in the as-quenched condition of an Al-6.2Zn-2.5Mg-
2.1Cu alloy [56], which is much higher than the segregation level
after artificial aging, as indicated by the APT results in Table 2. Mg at the
GBs has been reported to promote hydrogen uptake, transport and HEDE
[7,65,72,73], which will occur readily in the T4 condition relative to the
T76 condition due to solute supersaturation during quenching. There-
fore, in the T4 condition (Fig. 14 (b) and (d)), hydrogen at the GBs
weakens the interatomic bonds (at the critical concentration) leading to
tensile detachment of atoms and resulting in IGSCC by the HEDE
mechanism [62,73].

The observed regions of TGSCC near the sample edges in the T4
condition would have initiated from pits in the matrix, followed by
atomic hydrogen at the crack tip weakening the cohesive force (HEDE)
or facilitating dislocation movement and subsequent crack propagation
by the HELP and/or the AIDE mechanisms [62]. In the AIDE mechanism
proposed by Lynch [67], adsorbed hydrogen at the crack tip weakens the
interatomic bonds, thereby facilitating dislocation movement on slip
planes and micro- or nano-void formation at the interface of second
phase particles ahead of the crack tip. This results in transgranular crack
propagation by alternate slip and void coalescence. These voids can
form at the interface of the small quench-induced η-Mg(Zn,Cu,Al)2 phase

in the T4 condition by the HELP or HEDE mechanism, indicating that
these mechanisms often occur in synergy. Recent investigations [74,75]
supported by DFT calculations have shown that preferential hydrogen
trapping in high-Zn Al-10Zn-1Mg alloys occurs at the η–MgZn2/Al-ma-
trix interface rather than at GBs or dislocations, resulting in the deteri-
oration of the cohesive force of the interface when the critical hydrogen
concentration is reached, and leading to quasi-cleavage fracture. Since
IGSCC was largely not observed in the T76 condition, it can be
concluded that the rate of hydrogen entry and transport during SSRT in
3.5% NaCl solution is higher than the anodic dissolution rate of the
GBPs. Therefore, the dominance of TGSCC after T76 aging could be
explained by the enhanced hydrogen trapping at the interface of the
η-Mg(Zn,Cu,Al)2 phase and the presence of less sensitive GBs due to
decreased Mg segregation level owing to precipitation [65,72]. The
increased sensitivity in 7449+Ag in T76 condition will therefore result
from enhanced hydrogen production at the cathodic AlAgZnMgCu
phase, which can diffuse ahead of a crack tip and get trapped at the
η/matrix interface, thus decreasing the time required to reach the crit-
ical hydrogen concentration necessary to cause embrittlement.

Hence, in order to further explore the potentials of minor Ag addition
in current or future high-strength 7xxx alloy developments, alloy
chemistry modification with Ag should be carried out at concentrations
below the solubility limit, which is believed to be strongly dependent on
the Zn content. This will suppress the formation of the Ag-rich
AlAgZnMgCu phase. Whether this will result in improved mechanical
and aqueous corrosion properties in a high-Zn 7xxx alloy remains to be
investigated.

5. Conclusion

The influence of 0.4 wt% Ag addition on the microstructure, me-
chanical properties, stress corrosion cracking and localized corrosion
behavior of a 7xxx alloy with Zn/Mg ratio ≈ 4 was investigated using a
range of complementary characterization techniques and established
mechanical and corrosion testing methods. The following can be
concluded.

1. Ag dissolves in the eutectic η-Mg(Zn,Cu,Al)2 phase and increases the
solvus temperature of the phase in the as-cast condition. After solu-
tion treatment, Ag is partially in solid solution with the excess
forming nano-sized Ag-rich AlAgZnMgCu phase due to a decrease in
its solubility limit at high Zn content. This phase is presumably
cathodic with the Al matrix going by its high Ag content.

2. Ag partitioning in the matrix precipitates (MPs) and grain boundary
precipitates (GBPs) occurs with Ag addition in 7449. In the T4 con-
dition, nano-sized quench-induced η-Mg(Zn,Cu,Al)2 precipitates
form at the GBs, in the base alloy and in the Ag-modified alloy. The
Mg, Zn and Cu contents of the quench-induced η-Mg(Zn,Cu,Al)2
remain similar in both alloys and Ag of about 3 at. % dissolves in the
phase. After T76 aging, the MPs and GBPs in the Ag-modified alloy
dissolve only about 1 at. % Ag. No decrease in the PFZ width occurs
with Ag addition in 7449 alloy after T76 aging.

3. Although an increase in hardness and tensile properties occurs with
minor Ag addition in the T4 condition, enhanced age hardening
response and precipitation kinetics during artificial aging at 121 ◦C
do not occur. No difference in strength contribution by precipitates
occurs with 0.4 wt% Ag addition in 7449 after T76 aging.

4. Ag addition in the high-Zn 7449 alloy is detrimental to SCC under
continuous loading and localized corrosion in the T4 and T76 con-
ditions. Regardless of the Ag partitioning in the GBPs in the Ag-
modified alloy, SCC, pitting and IGC susceptibility increase relative
to the base alloy. This is mainly due to enhanced corrosion resulting
from the increased electrochemical potential gradient at the cathodic
AlAgZnMgCu phase.
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