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ARTICLE INFO ABSTRACT

Keywords: Multi-step ageing has been developed as a novel treatment for 7xxx aluminium alloys to achieve both high
Creep-ageing strength and superior corrosion resistance. When creep-ageing these multi-step aged Al-Zn-Mg-Cu alloys to
AA7475

fabricate large scale aerospace components, however, effective strategies to enhance their creep deformation
while maintaining a satisfactory balance between strength and corrosion resistance remain lacking. This study
systemically investigated the evolution of deformation, strength and corrosion resistance during creep-ageing of
a multi-aged AA7475 with various pre-treatments including stress-free and stressed pre-ageing. The effects of the
pre-treatments on the material behaviour were examined through uniaxial creep-ageing and subsequent tensile
tests, intergranular corrosion (IGC) tests, and corresponding microstructural investigations. It was found that
during the creep-ageing process, the creep deformation was promoted, while the strength and corrosion resis-
tance were reduced in the pre-treated specimens when compared to the as-received material. Specifically, the
tensile creep aged (TCA) pre-treated specimens exhibited the largest reduction in material strength, while those
with pre-aged initial state have the most decrease in corrosion resistance. Creep-ageing of materials in various
initial states led to the increase in grain boundary precipitate (GBP) size and precipitate free zone (PFZ) width to
varying extents, as well as diverse distributions of precipitates along grain boundaries, which exerted substantial
effects on the deformation, strength evolution, and corrosion resistance of the material. This study provides
valuable insights into developing feasible treatment strategies to improve creep deformation and enhance creep-
ageing efficiency in high strength Al-Zn-Mg-Cu alloys, while maintaining an optimal balance between strength
and corrosion resistance of the material.

Creep deformation
Strength evolution
Corrosion resistance
Microstructural evolution

1. Introduction

Al-Zn-Mg-Cu alloys, also known as 7xxx aluminium alloys, have been
widely adopted as structural materials in the aerospace industry due to
their high strength and low density [1,2]. When the aluminium alloys in
this series are subjected to ageing treatment, the precipitation sequence
typically follows the transformation from a supersaturated solid solution
(SSS) state to Guinier-Preston (GP) zones, following to 7/, and finally to
n, where the GP zones and metastable 7 precipitates contribute most to
the strengthening of the material [3,4]. By utilising precipitation hard-
ening through artificial ageing, the Al-Zn-Mg-Cu alloys can achieve their
peak strength as the T6 temper with appropriate time and temperature.
However, the material’s corrosion resistance is traded off for strength

when achieving T6 temper, which restricts its practical use [4,5]. As a
result, various ageing treatments have been developed to tailor 7xxx
aluminium alloys to achieve the desired synergy of strength, toughness,
and corrosion resistance [6,7].

Multi-step ageing, as a novel artificial ageing treatment method, has
been found effective for 7xxx aluminium alloys in achieving high
strength while maintain satisfactory corrosion resistance [5]. By
applying solution heat treatment (SHT), followed with two-step ageing
at 120 °C for 6 h and 160 °C for 16 h to achieve the T74 temper, the
Al-6.0Zn-2.3Mg-1.8Cu (wt.%) alloy achieved a balanced synergy be-
tween strength and corrosion resistance [8]. Additionally, by employing
a three-step ageing process including pre-ageing, retrogression, and
subsequent re-ageing, the retrogression and re-ageing (RRA) treatment
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provides an alternative approach for the 7xxx aluminium alloys to
achieve high strength comparable to their T6 temper while providing
significantly improved corrosion resistance [7,9]. Extensive in-
vestigations have demonstrated the ageing temperatures and durations
used in multi-step ageing can exert substantial effects on the mechanical
properties of Al-Zn-Mg-Cu alloy, and prominent results have been ach-
ieved by adopting proper ageing treatments to control the precipitation
processes and distribution in these alloys, thereby to favour the
enhancement of strength and corrosion resistance [10,11].

When employing 7xxx aluminium alloys to fabricate large-scale and
thin-walled components such as wing skins and fuselage panels, creep
age forming (CAF) has emerged as a breakthrough technique over the
past two decades [12,13]. This fabrication method combines metal
forming and age hardening by inducing creep deformation in the ma-
terial under controlled temperature and displacement. The effectiveness
of CAF has been adequately demonstrated in fabricating components for
both civil and military aircraft [12]. However, with the continuous
enhancement of material strength driven by advancements in
aluminium alloy manufacturing and ageing treatment techniques,
challenges have emerged in forming these advanced alloys through CAF
[14,15]. When using two-step aged aluminium alloy 7050 (AA7050) to
fabricate single curved strips with a radius ranging from 1500 to 2500
mm, springback in CAF can reach as high as 77 %-85 % [16]. Similarly,
a maximum of 76 % springback can occur when fabricating stiffened
panels using AA7B04 with multi-step ageing treated to T651 temper
through CAF [17]. The high springback in CAF can significantly affect
forming accuracy, especially for components with more complex con-
tours. Therefore, it is crucial to find ways to enhance creep deformation
of these advanced Al-Zn-Mg-Cu alloys during CAF while maintaining
their mechanical properties at an optimal level.

Extensive studies on enhancing creep deformation for high strength
aluminium alloys during CAF have been conducted in recent years,
among which pre-deformation and plastic loading become the measures
attracting the most attention [18,19]. By introducing mobile dislocation
through pre-deformation to reduce the threshold stress during subse-
quent creep-ageing, AA2219 demonstrated a 2 times increase in creep
deformation when pre-stretched to 7 % prior to creep-ageing at 165 °C
and 150 MPa [20]. AA7050 demonstrated a continuous increase in creep
deformation during the uniaxial stress relaxation tests as the applied
stress shifted from the elastic to the plastic loading region [21]. Addi-
tionally, increasing attention has been focused on combining multi-step
ageing treatment with the creep-ageing process for Al-Zn-Mg-Cu alloys
to enhance the CAF efficiency. A novel multi-step creep-ageing method
was employed on AA7050 to increase deformation in creep-ageing, in
which the alloy had undergone SHT, pre-stretching, and was creep-aged
at 120 °C for 6 h and 177 °C for 7 h under specific stresses [21]. A
two-step creep-ageing process, including creep-ageing under 300 MPa at
180 °C for 2-3 h following with 120 °C for 4 h, was employed to AA7B50
in T6 temper [22]. This process resulted a noticeable creep deformation
enhancement compared to the one-step creep-ageing at 140 °C under
300 MPa [22]. However, a noticeable decrease in material strength was
identified during creep-aging of AA7050 in plastic region, as well as in
AA7B50 undergone two-step creep-ageing [22,23]. This decrease can be
attributed to the accelerated coarsening of precipitates under higher
stress [23].

In addition, it was observed that the corrosion resistance of Al-Zn-
Mg-Cu alloy is highly sensitive to creep-ageing conditions, and vary-
ing stress and ageing time can exert considerable effects [24,25]. The
corrosion resistance of T6 temper AA7075 was found to initially
enhanced with the elongation of pre-ageing time from 20 to 40 min at
185 °C, while decreased when the pre-ageing time was further increased
from 40 to 60 min at the same temperature [25]. Therefore, challenges
still exist in achieving satisfactory balance among creep deformation
enhancement, material strength, and corrosion resistance for
Al-Zn-Mg-Cu alloys, especially for alloys that have undergone multi-step
ageing treatment to optimise their mechanical state for service.
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This study focuses on addressing the gaps in understanding the ma-
terial behaviours of AA7475 under creep-ageing with various pre-
treatments and aims to investigate measures that improve creep defor-
mation behaviour while optimising their mechanical and corrosion
properties. By employing various pre-treatments including stress-free
and stressed pre-ageing on the multi-step aged AA7475 in the specific
temper for age forming (TAF), along with microstructural investigations
and intergranular corrosion (IGC) tests, the creep deformation behav-
iour, strength evolution, and corrosion resistance of multi-aged AA7475
in creep-ageing across various pre-treatments were systemically inves-
tigated. The variations in microstructural evolution induced by different
pre-treatments during creep-ageing, including size changes in pre-
cipitates and at the scale of grain boundaries, were illustrated along with
the correlations between these microstructural variations and the
observed different material behaviours. Thus, this study provides in-
sights into establishing feasible treatment measures to enhance creep-
ageing efficiency in high strength Al-Zn-Mg-Cu alloys, while maintain-
ing a balanced synergy of strength and corrosion resistance.

2. Material and experimental procedures

The material used in this study was a 100 mm thick 7475 aluminium
alloy plate, with its composition provided by the material supplier
demonstrated as in Table 1. The as-received material had undergone
SHT, followed by 2 %-3 % pre-deformation, and a multi-step ageing
treatment. The ageing was performed between 100 °C and 120 °C for 7
h, and then at 160 °C-175 °C for 1 h respectively. This specially
developed treatment was designed to produce a material condition
referred to as TAF (Temper for Age Forming) and achieve the properties
comparable to T74 while reducing nearly 50 % process time [26].

The specimens used in this study were cut along the rolling direction
of the plate at the depth of 25 mm below the plate surface. The geometry
and dimensions of the specimen are shown in Fig. 1a. Uniaxial creep-
ageing and tensile tests were conducted using this type of specimen.
For subsequent electron backscatter diffraction (EBSD), transmission
electron microscopy (TEM), and intergranular corrosion (IGC) tests, the
middle part of the specimen was cut and used, as shown in Fig. 1b.

Uniaxial tensile creep-ageing (CA) tests were conducted using an
Instron 5584 load frame equipped with an elevated temperature
chamber. Before creep-ageing, pre-treatments were carried out and the
creep-ageing tests were conducted under four different initial states,
including the as-received, pre-aged (PA), tensile creep aged (TCA), and
compressive creep aged (CCA) states. As shown in Fig. 2, for the as-
received state, the specimen directly underwent creep-ageing without
any pre-treatment. For PA, TCA and CCA, the specimens respectively
underwent pre-treatment at 174 °C for 1 h at different stress states: no
stress was applied in the PA state, while tensile and compressive stresses
of 120 MPa were respectively applied in TCA and CCA. Regarding the
creep-ageing stage, as exhibited in Fig. 2, the same conditions were
applied to all four initial states, with each specimen creep aged under
135 MPa at 174 °C for 6 h. The temperature was monitored using
thermocouples attached to the centre of the specimen. The same loading
rate of 0.5 kN/min was applied for all creep-ageing tests. Uniaxial tensile
tests were conducted before and after creep-ageing for the initial states
of as-received, PA, TCA, and CCA, using a strain rate of 1 x 1074s7L
Table 2 lists the experimental scheme for creep-ageing and tensile tests
under various conditions.

Microstructural investigations of the material in different initial

Table 1
Chemical composition of the investigated 7475 aluminium alloy.
Element Zn Mg Cu Cr Fe
wit% 5.2-6.2 1.9-2.6 1.2-1.9 0.18-0.25 Min-0.12
Element Si Mn Ti Al
wt% Min-0.1 Min-0.06 Min-0.06 Remainder
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Fig. 1. Specimen geometry adopted in this study (dimension in mm).

states before and after creep-ageing were conducted using transmission
electron microscopy (TEM) and electron backscatter diffraction (EBSD).
TEM specimens were obtained from a 12 mm x 8 mm TEM sample with
a thickness of 0.5 mm, which was cut from the symmetric plane as
shown in Fig. 1b. The sample was mechanically ground to a foil with
thickness less than 80 pm and then punched into 3 mm discs for elec-
tropolishing. Electropolishing was conducted using a mixture with a
volume ratio of 1:3 of nitric acid to methanol, at the voltage of 20 V and
within a temperature range of —30 °C to —20 °C. The EBSD specimen
with dimensions of 8 mm x 4 mm x 2 mm, as shown in Fig. 1b, was cut
along the plane parallel to the rolling direction and the normal direction
from the AA7475 plate at the same depth as the uniaxial specimen. For
EBSD observation, the specimen had undergone mechanical grinding
and electropolishing in a mix solution of 10 vol% perchloric acid and 90
vol% ethanol at a voltage of 15 V and temperature of —30 °C to —25 °C
for 5 s. The specimen was scanned using a ZEISS Sigma 360 field
emission scanning electron microscope with a step length of 1.68 y m.
The test scheme for microstructure investigations including TEM and
EBSD is illustrated in Table 3.

For each treatment condition, the IGC sample was evenly cut into
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three specimens along its length direction as shown in Fig. 1b. During
the test, the specimen was immersed in a mixture solution of 1.0 Mol/L
NaCl, 0.5 Mol/L HNOs, and 0.01 Mol/L H,0,, and maintained at 30 °C
in a water bath for 24 h. Before placing each specimen in the IGC so-
lution, its weight and dimensions were measured. At the end of the test,
the specimen was subjected to ultrasonic cleaning for 30 s, air-dried for
2 h, and then weighed again. Weight loss analysis was performed using
the experimental data to quantitively evaluate the corrosion resistance
of each specimen. The test scheme for IGC test across various treatment
conditions is also listed in Table 3.

3. Experimental results

The creep deformation of AA7475 in various initial states, including
the as-received, PA, TCA, and CCA, is shown in Fig. 3, which demon-
strates the complete creep deformation profiles, including both the pre-

Table 2
Test scheme for creep-ageing and tensile tests under various treatment
conditions.

Treatment condition Test scheme

Tensile test
6 h CA, then tensile test

As-received
As-received & CA

PA PA, then tensile test

PA & CA PA + 6 h CA, then tensile test
TCA TCA, then tensile test

TCA & CA TCA +6 h CA, then tensile test
CCA CCA, then tensile test

CCA & CA CCA +6 h CA, then tensile test

Table 3
Test scheme for TEM, EBSD, and IGC under various treatment
conditions.

Treatment condition Test scheme

As-received TEM, EBSD, and IGC

As-received & CA TEM and IGC
PA TEM
PA & CA TEM and IGC
TCA TEM
TCA & CA TEM and IGC
CCA TEM
CCA & CA TEM and IGC
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Fig. 2. Schematic of thermal and loading profiles for creep-ageing at the conditions of as-received, PA, TCA, and CCA. RT stands for room temperature.
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Fig. 3. Creep deformation curves at 174 °C and 135 MPa, including both the
pre-treatment (PT) and creep-ageing (CA) stages.

treatment (PT) and creep-ageing (CA) stages. During the pre-treatment
stage, the PA treatment was carried out at 174 °C for 1 h without
applied stress. In contrast, the TCA and CCA pre-treatments were
respectively preformed under tensile and compress stress of 120 MPa at
174 °C for 1 h. All the specimens were subsequently creep aged at 174 °C
under the stress of 135 MPa for 6 h. As can be observed in Fig. 3, during
the pre-treatment stage, the creep deformation of TCA reached 0.04 %
after 1 h under the tensile stress of 120 MPa, while CCA accumulated a
strain of 0.025 % under the same stress applied in the compressive di-
rection. The curves in the CA stage from O to 6 h in Fig. 3 illustrate the
creep deformation behaviour of the material in the subsequent creep-
ageing stage with various initial states. It should be noted that the
creep deformation results were obtained under the same creep-ageing
condition of 135 MPa and 174 °C. During the creep-ageing stage, the
deformation with the initial state TCA exhibits the largest deformation,
with a creep strain around 0.13 % after creep-aged of 6 h. In contrast, the
as-received state, which is multi-aged to TAF temper, has the lowest
creep strain of 0.08 % after 6 h. The deformation for initial states of PA
and CCA are both lower than that of TCA, with the PA state showing the
lowest creep strain.

Fig. 4 quantitively illustrates the effects of different pre-treatments
on the creep deformation of AA7475, presenting the creep deforma-
tion rate and deformation ratio at various intervals of the creep-ageing
process. As observed in Fig. 4a, the creep deformation rate during the
initial period of creep-ageing from 0 to 2 h shows significant variance,
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with the rate of TCA 1.94 times higher than the rate of the as-received. In
contrast, the rate during the latter period of creep-ageing from 2 to 6 h
demonstrate minor differences across various initial states, with a
maximum difference of 7 % between the as-received and PA states. In
addition, as shown in Fig. 4b, the creep deformation ratio is calculated
by respectively comparing the creep strain of PA, TCA, and CCA to the
strain of the as-received state over different periods during creep-ageing,
including the total strain accumulated after 6 h of creep-ageing, as well
as during the intervals of 0-2 h, and 2-6 h. The creep deformation ratios
of 0-6 h for PA, CCA, and TCA are all larger than 1. When comparing the
ratios for the periods of 0-2 h and 2-6 h, the ratio of the former is
significantly larger than the latter, indicating that the promotion of
creep deformation for PA, CCA, and TCA primarily occurred during the
initial creep-ageing period between 0 and 2 h. The significant differ-
ences in creep deformation rates during the initial period, as well as the
varying creep deformation promotion effects compared to the as-
received are certainly related to the initial states of PA, CCA, and TCA
treatments and their corresponding influences on subsequent creep
deformation behaviour will be discussed later.

The strength evolution before and after creep-ageing across various
initial states is presented in Fig. 5. Overall, the behaviour is similar for
the different initial states both before and after creep-ageing. Fig. 5a
demonstrates the uniaxial tensile stress-strain curves for specimens with
and without pre-treatments, i.e. the as-received, PA, TCA and CCA,
before creep-ageing. The as-received material exhibits the highest yield
strength, while the pretreated specimens demonstrate reduced yield
strength compared to the as-received state (about 1 % lower) while very
similar to each other (about 2 MPa difference). Fig. 5b shows the stress-
strain curves of the specimens after creep-ageing for 6 h across various
pre-treatments, among which the specimen with the initial state of as-
received again exhibits the highest strength, while the specimen with
the TCA initial state shows the lowest strength. In addition, it can be
observed that the strength of the material decreased after creep-ageing
with all initial states compared to their strength before creep-ageing.
To further confirm the reliability of the observed trend, repeated tests
were performed with the results provided in Appendix A.

Fig. 6 further quantitatively illustrates the strength evolution before
and after creep-ageing across various pre-treatments. Fig. 6a reflects the
values of the specimen across various treatments. Fig. 6b demonstrates
the strength reduction percentage calculated using the equation (So —
Sx)/So, where So and S, denote the yield strength of the as-received
material and yield strength of the material across various pre-
treatments before and after creep-ageing. As shown in Fig. 6, the
strength reduction of specimens subjected to PA, TCA, and CCA pre-
treatments compared to the as-received material is similar, with the
reduction percentage ranging from 1.2 % to 1.6 %. On the other hand,
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(a) Creep deformation rate
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Fig. 4. Creep deformation rate and deformation ratio across different periods of creep-ageing including 0-6 h, 0-2 h, and 2-6 h. The notation “A to B h” in (a) and (b)
indicates the specific time intervals of A h to B h during creep-ageing. The creep deformation ratio indicates the deformation of PA, CCA, and TCA relative to the

deformation of the as-received during corresponding periods.
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Fig. 5. Stress-strain curves with initial states of the as-received, PA, TCA, and CCA shown in (a), and after creep-ageing at 135 MPa and 174 °C after 6 h shown in (b).
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Fig. 6. Yield strength and strength reduction percentage (relative to the as-received) across various pre-treatments, both before and after creep-ageing. “CA” in (a)

and (b) denotes creep-ageing at 174 °C for 6 h.

after creep-ageing for 6 h, the yield strength of specimens in all condi-
tions decreases more significantly compared to the strength reduction
observed in specimens across various pre-treatments before creep-
ageing, with the largest reduction in TCA (10.6 %) and the smallest
reduction in the as-received (7.6 %).

The precipitate size in the as-received state, as well as its evolution
after various pre-treatments and undergone subsequent creep-ageing
was investigated using TEM to understand the microstructural evolu-
tion. Fig. 7 shows the selected bright field TEM images of the material at
different treatment states. The specimens of the as-received condition,
after CCA pre-treatment, and creep-aged for 6 h with or without TCA/
CCA treatment, exhibiting noteworthy differences in precipitate mor-
phologies, are selected for comparison in Fig. 7. As shown in the figure,
two different precipitates morphologies with round and needle-like
shapes are observed, which respectively correspond to the two major
strengthening precipitates in the Al-Cu-Mg alloys, i.e. GP zones and 7’
precipitates [27,28]. To further confirm the presence of spherical GP
zones and needle-like i precipitates, the selected area diffraction
(SAED) pattern along [112]a; zone axis was studied, and energy
dispersive X-ray spectroscopy (EDS) analysis was conducted on the GP
zone and 5/ precipitate as demonstrated in Fig. 7b. In Fig. 7b, the
diffraction spots observed near 2/3{220} positions in the SAED pattern
along [112]a; zone axis indicates the presence of semi-coherent 7 pre-
cipitates [29]. In addition, the EDS analysis results for GP zone and 7’
precipitate demonstrate a dominance of Al, Zn, Mg, and Cu elements,
which further verified the identifications of these two precipitates [30,
31].

Fig. 8 shows the statistical results for the size of the GP zone and #
precipitate as well as their quantity ratios in the materials of the as-

received, undergone various pre-treatments, and subjected to
following subsequent 6 h creep-ageing. The statistical results for each
treatment state are obtained from more than 100 precipitates with
corresponding TEM images taken from different locations. As can be
observed in Fig. 8a, when comparing the average size of 5j' precipitate to
GP zone across the as-received state, pre-treated states (PA, TCA, CCA),
and subsequent creep-aged states, ;' precipitate is all larger than the GP
zone. Additionally, little variation in the average size of the GP zone is
identified among different states. Fig. 8b demonstrates the precipitate
size increase before and after 6 h of creep-ageing for the non-pre-treated
state and the pre-treated states. The size increase of i’ precipitate during
6 h creep-ageing is significantly greater than the size increase of the GP
zone across all states, with the highest increase of 13.1 nm for 7 pre-
cipitate and 1.2 nm for the GP zone, both observed in the TCA states.
Fig. 8c illustrates the relative frequency of i precipitate and GP zone
across various states. It can be observed that the ratio of # precipitate
increased after creep-ageing, with the pre-treated and creep aged states
exhibiting higher ratios than the directly creep aged.

Fig. 9 shows the bright field TEM images of grain boundaries from
specimens in various conditions as well as the statistic results of grain
boundary precipitates (GBPs) size and precipitate free zones (PFZs)
width. Along the grain boundaries in these specimens as shown in Fig. 9,
both GBPs and PFZs are observed with different morphologies in the
various states. In Fig. 9a, the GBPs in the as-received state are randomly
distributed along the grain boundary, with larger sizes compared to the
precipitates in the surrounding alloy matrix. Additionally, PFZs are
observed along the grain boundary. After creep-ageing for 6 h, larger
GPBs and clearer PFZs are formed compared to the as-received state. as
shown in Fig. 9b. In the specimen initially PA and followed with 6 h
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creep-ageing as exhibited in Fig. 9¢, more distinctly increased GPBs and
wider PFZs are observed. For the TEM images of grain boundaries that
have undergone TCA/PCA pre-treatment and subsequently creep aged
for 6 h as shown in Fig. 9d and e, the numbers of GBPs for both pre-
treatments are increased compared to the as-received state (Fig. 9a).
On the other hand, the GBP size and PFZ width for TCA and PCA (Fig. 9d
and e) are reduced compared to those of the as-received along the grain
boundary. Fig. 9f illustrates the statistical results of GBP size and PFZ
width across various states. For each state, more than 20 GBPs and 15
locations of PFZ width were measured along different grain boundaries.
The results demonstrate an increase trend in GBPs and PFZs after creep-
ageing compared to the as-received condition, with the PA and CA
specimen exhibiting the largest precipitate size and PFZ width
respectively.

EBSD analysis is conducted to investigate the material in its as-
received state to further understand the microstructural characteristics
at the grain boundary areas. It should be noted that in the circumstances

of creep-ageing under small strain (less than 0.2 %) and low ageing
temperature (less than 1/3 of the material’s melting point), grain
recrystallisation is barely induced leading to very subtle evolutions
regarding the grain size and the misorientation angle, which cannot be
accurately captured by EBSD [32,33]. Therefore, only the material in the
as-received state is selected for investigation. The obtained inverse pole
figure (IPF), geometry necessary dislocation (GND) density maps, and
statistical distributions of kernel average misorientation (KAM) angles
as well as GND densities are shown in Fig. 10. From the IPF map shown
in Fig. 10a, it can be observed that the grains in the TAF temper 7475
aluminium alloy are significantly elongated along the rolling direction.
The statistical results of KAM angles presented in Fig. 10b illustrate the
dominance of low-angle grain boundary (LAGB) and GND in the mate-
rial, with the angles mostly distributed below 3°. The GND density map
shown in Fig. 10c indicates that GNDs are primarily accumulated sur-
rounding the grain boundaries. Fig. 10d shows the statistical distribu-
tion of GND densities, which predominantly fall within the range from
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0 to 1.5 x 10'*/m? The statistical results of KAM and GND density
demonstrate that the grain boundaries are predominantly LAGBs and
concentrated below misorientation angle of 3°, while the GND density
distribution is primarily falling within the range of 0-1.5 x 10'*/m?

IGC tests were performed to evaluate the effect of processing on the
corrosion resistance. Fig. 11 presents the results of the IGC tests,
including the observed metallographic images of specimens’ cross-
sections after 24 h immersion and the calculated corrosion rates across
various initial states. Figs. 11a and b demonstrate the cross-sectional
images after 24 h immersion of specimens of the as-received and PA
with subsequent 6 h creep-ageing respectively. Different corrosion
morphologies can be observed after 24 h immersion in these two
different states. When evaluating the IGC penetration depth of the as-
received (Fig. 11a) and PA & CA (Fig. 11b), the latter is more prone to
activating corrosion paths to the former, resulting in a larger corrosion
depth at the end of the test. In addition, a larger area of intragranular
corrosion can be observed in the PA & CA specimen compared to the as-
received. The differences in corrosion morphologies indicate that the
material’s corrosion resistance varies with the applied treatment.

To quantitively compare the effects of various treatments on the
corrosion resistance of the material, the corrosion rates in the IGC tests
are calculated using the widely adopted equation as [34].
_Wo—W1

CR
Atp

(€8]

where wy and w; represent the specimen weight before and after the IGC
test, A is the exposed specimen surface area in the IGC solution, and t is
the total immersion time i.e. 24 h in the current study, and p is the
material density. According to this definition, the corrosion rate CR hasa
unit of mm/h, and a higher value of CR indicates a lower corrosion
resistance of the material in practical service. Fig. 11c demonstrates the

corrosion rate results. Across all the treatment conditions, the PA & CA
condition exhibits the highest corrosion rate at 0.03 mm/h, while the as-
received has the lowest rate at 0.019 mm/h. The corrosion rate for the
PA & CA condition is 1.57 times higher than that of the as-received. For
the remaining conditions including CA, TCA & CA, and CCA & CA,
similar corrosion rates are identified with a maximum difference of
0.002 mm/h between TCA & CA and CCA & CA.

4. Discussion
4.1. Microstructural evolution across various pre-treatments

This study introduced three different pre-treatments, i.e. pre-ageing,
tensile creep-ageing, and compressive creep-ageing, all conducted at the
same temperature of 174 °C for 1 h. The key difference among the three
treatments lies in the applied stress that PA was stress-free, while TCA
and CCA were performed under 120 MPa along the tensile and
compressive directions respectively. In addition, when compared to the
as-received material, the ageing (PA) and creep-ageing (TCA, CCA) pre-
treatments induced the variations in microstructure that influenced the
microstructural evolutions during the subsequent creep-ageing process.
Therefore, it is crucial to discuss the effects of ageing/stress ageing
adopted in the pre-treatment stage on the observed differences in
microstructural evolution among various pre-treated conditions, as well
as in comparison to the as-received condition.

4.1.1. Precipitates evolution

As shown in Fig. 8, the size increase for both the GP zone and 7’
precipitate has a unified trend across all treatment conditions, with the
extent of increase much more significant for 5 precipitate than GP zone.
The competition in precipitation evolution among the major
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Fig. 9. TEM images and statistical results of grain boundaries from specimens in the as-received state, creep-aged for 6 h, and subjected to different pre-treatments
with subsequent 6 h creep-ageing. The notations “GBP” and “PFZ” respectively represent the grain boundary precipitate and precipitate free zone.

strengthening phases has been observed in both 2xxx and 7xxx
aluminium alloys [35,36]. The attraction of the same limited solute
atoms in the alloy matrix by various precipitates can promote the size
increase of one phase at the expense of others [36]. Zn and Mg are the
dominant solute atoms composing both the GP zone and 7 precipitate,
supplied by the MgZny precursor clusters in the alloy matrix and
transported through diffusion [31,37]. In addition, the activation energy
required for Zn and Mg solute atoms migration to # precipitate is
approximately twice that required for GP zone [37]. With the supple-
ment of excessive kinetic energy induced by the ageing and creep-ageing
treatment, the higher energy barrier for ;' precipitate to capture Zn and
Mg solute atoms can be satisfied. This promotes the further evolution of
the ' precipitate beyond the GP zone, driven by the system’s tendency to
reduce total Gibbs free energy and achieve improved stability, since 5
precipitate possesses a lower free energy than GP zone [38,39]. As a
result, the number ratios of 5 precipitate all increase with the
creep-ageing treatment as shown in Fig. 8c. As more Zn and Mg solute
atoms are consumed during the evolution of 5 precipitate causing the
restraint of GP zone evolvement, the size and number ratio of #

precipitate become greater than that of GP zone during creep-ageing
process across various conditions as demonstrated in Fig. 8.

When comparing the size increase of i precipitate subjected to
various pre-treatments followed by 6 h creep-ageing, the evolution with
TCA and CCA conditions demonstrates the largest increases with a size
increase of 13.1 and 12 nm respectively, as shown in Fig. 8b. In contrast,
the conditions of as-received & CA and PA & CA exhibit lower precipi-
tate size increases, with the former exhibiting the least increasing of 6.5
nm, less than half of the increase of TCA & CA condition. In addition, the
number ratios of # precipitate in the TCA & CA and CCA & CA states are
higher than the PA & CA and CA states as shown in Fig. 8c. The variation
in evolution of ;' precipitate at the end of creep-ageing across different
conditions can be attributed to the effect of dislocations introduced prior
and during creep-ageing. Dislocation cores can work as channels for
transportation of solute atoms at a rate magnitudes higher than those
through diffusion in the alloy matrix [40,41]. Therefore, in this study,
with the pre-introduced extra dislocations in the pre-treatment stage of
TCA and CCA, along with the higher deformation induced dislocations
in the subsequent creep-ageing stage, the evolution of ' precipitates in
these two conditions surpassed that observed in the other treatment
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conditions. Fig. 12 demonstrates the evolution of observed precipitates
in AA7475 TAF temper with creep-ageing across various states.

4.1.2. PFZs and GBPs evolution

The precipitate free zones observed in Fig. 9 demonstrate a consis-
tent morphology across various conditions where grain boundary pre-
cipitates are nucleated and grow along the grain boundary, with PFZs
forming on each side of the boundary. The grain boundary serves as a
sink for vacancies providing heterogeneously nucleation sites for pre-
cipitates, which leads to solute depletion and formation of PFZs along
the boundary [42,43]. In Al-Zn-Mg-Cu alloys, the GBPs are predomi-
nantly composed of coarsened 5 precipitate and E phase particles
Al;gMgsCry [44,45], possessing a larger average size than precipitates
within the grain as demonstrated in Fig. 9. On the other hand, also
shown in Fig. 9, variations in the width of the PFZ, as well as the dis-
tribution and size of the GBPs can be identified across different
pre-treatments.

Previous investigation observed that when the material is subjected
to low deformation (strain less than 10 %), the corresponding induced
dislocations are prone to accumulate within PFZs as softer regions
compared to the grain interior [46]. In addition, LAGBs act as barriers
that cause dislocations propagated within the grain to impinge on the
boundary networks during deformation, driven by the geometric and
structural stabilisation effects of LAGBs [47]. For the TAF temper
AA7475 adopted in this study, as demonstrated in Fig. 10, the grain
boundaries of the material are predominantly composed of LAGBs.
Additionally, the GNDs mostly surround the grain boundaries. There-
fore, with the existing dislocations and additional ones accumulated
along the grain boundary during creep-ageing that provides more solute
diffusion paths and enhances diffusion rates, a general increasing trend
in the GBPs can be observed when compared to the as-received state.
Variations in grain boundary evolutions can also be identified under
different pre-treatment conditions as shown in Fig. 9f. In the PA & CA
specimen, the GPB size is larger than the other three conditions. This
difference can be attributed to the dissolution of smaller precipitates
near the grain boundary as well as GBPs during the pre-ageing treat-
ment, which enriches the limited solute atoms such as Mg, Zn, and Cu in
the grain boundary area, thus further facilitating the evolution of the
existing GBPs driven by the sink effect of the grain boundary in the
subsequent creep-ageing [45,48]. In addition, with the acceleration of
solution depletion with increasing GBPs, a wider PFZ resulted from
creep-ageing of the PA specimen. In specimens undergone TCA or CCA
pre-treatments, more densely distributed GBPs can be observed as
demonstrated in Fig. 9d and e. The additional dislocations introduced by
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TCA and CCA treatments increase the heterogenous nucleation sites,
thereby enhancing the number of GBPs while restraining their size due
to more intense competition for the limited solute atoms within the grain
boundary area. Moreover, the increased dislocations can provide new
sites for precipitates nucleation in the PFZ area, leading to a narrower
PFZ in the TCA/CCA & CA specimens. The schematic of microstructural
evolutions within grain boundary areas of TAF temper AA7475 across
various treatments is further illustrated in Fig. 13.

4.2. Material behaviour across various pre-treatments

A reduction in material strength to varying extents after pre-
treatment, as well as subsequent creep-ageing compared to the as-
received state is demonstrated in Fig. 6. The strength variation in the
ageing and creep-ageing processes is closely related to the evolutions of
the precipitate and dislocation interactions throughout the processes
[18,35]. When dislocations encounter precipitates as obstacles during
glide and climb in deformation, the interaction mechanisms include
dislocations cutting through smaller precipitates (i.e. shearing) or
bypassing coarsened ones. The evolution of precipitate size in these
interactions leads to variations in the critical resolved shear stress
(CRSS) and affects the material’s strength as described by the following
equations [18].

{

where 04 and op are respectively the precipitation hardening contrib-
uted by dislocation shearing through and looping over precipitates, 7 is
the precipitate size, and A, B, m,; and my, are material constants. It should
be note that as manifested by the equation, an increase in precipitate size
can enhance the resistance to shearing but decrease resistance in looping
over. Therefore, the reduction in strength and the observed increase in
precipitates size of TAF temper AA7475 with further ageing and creep-
ageing indicate that precipitate coarsening is the dominant factor. The
coarsening of precipitates transforms the strengthening mechanism from
shearing to bypassing during deformation, leading to a decrease in
material strength.

On the other hand, a contrast is observed between the minor di-
vergences in strength and the varying degrees of precipitates coarsening
among the pre-treated specimens (PA, TCA, and CCA), as shown in
Figs. 6 and 8. It should be noted that apart from precipitate hardening,
material strength can also be influenced by other factors such as dislo-
cation density. The presence of PFZs can be detrimental to the material
strength due to the lack of finely distributed strengthening precipitates
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Fig. 13. Schematic of microstructural evolutions within grain boundary areas of TAF temper AA7475 across various treatments.

within the areas [49,50]. Furthermore, the accumulation of dislocations
as pile-ups can act as obstacles during deformation, which can increase
the contribution of dislocation hardening to material strength. There-
fore, the reduced width of PFZs, as well as the increased dislocations
introduced in the TCA and CCA pre-treated specimens, can be beneficial
to the material strength. This compensates for the loss in strength caused
by more coarsened precipitates, maintaining the strength at a level
comparable the PA specimen.

The creep deformation behaviour of AA7475 in TAF temper dem-
onstrates significant differences after the 1 h pre-treatments, with a
deformation ratio ranging from 1.4 to 1.6 compared to the as-received
state as shown in Fig. 4. Creep deformation behaviour is known to be
significantly influenced by dislocations and their interactions with the
precipitates within the alloy [51,52]. For the pre-treated specimens, the
coarsened precipitates provide less resistance to dislocation movements
through bypassing, thereby promoting creep deformation under the
same stress and temperature compared to the as-received specimen.
Furthermore, the pre-deformation introduced additional moveable dis-
locations can effectively decrease the threshold stress required to initiate
creep deformation [14,53]. As a result, more dislocation slips and climbs
can be activated, leading to an increased creep deformation rate [54,
55]. Therefore, in the TCA and CCA pre-treated specimens, the extra
moveable dislocations introduced during the pre-treatment stage pro-
mote creep deformation in the subsequent creep-ageing stage. It should
also be noted that the PFZs can also exerts effects on creep deformation
as softer regions lacking finely distributed strengthening precipitates,
with a wider PFZ leading to a lower creep resistance [50].

4.3. Corrosion resistance across various treatments

As shown in Fig. 11, the corrosion resistance of AA7475 generally
decreased after subsequent creep-ageing tests across various states. For
Al-Zn-Mg-Cu alloys, anodic dissolution is widely recognised as the
dominant corrosion mechanism, which is an electromechanical behav-
iour strongly influenced by the microstructures within the grain
boundary regions [4,9]. The differences in corrosion potentials in the
alloy matrix (—0.68 V), PFZs (—0.57 V), and GBPs (—0.87 V) of
Al-Zn-Mg-Cu alloys constitute an electrochemical system with multiple
couples among these components [8,46]. In this system, GBPs and the
alloy matrix act as anodes when coupled with PFZs, making GBPs and
the alloy matrix more susceptible to be corroded during intergranular
and intragranular corrosions [30,46]. It should be noted that the elec-
trochemical coupling between PFZs and GBPs exhibits the largest
corrosion potential difference, indicating a dominant susceptibility to
corrosion within the system. After creep-ageing of TAF temper AA7475,
the evolutions of PFZs and GBPs can reduce corrosion resistance and
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accelerate IGC in the creep-aged specimens across various states as
shown in Fig. 11. Specifically, for the PA pre-treated specimen, the
lowest corrosion resistance is induced by the largest average PFZ width
and GBP size when compared to the others.

In addition, among the corrosion resistance of the creep-aged spec-
imens of as-received, and pre-treated with TCA and CCA, the latter two
demonstrate a lower resistance trend despite having similar or even
smaller PFZ width and GBP size when compared to the directly creep-
aged condition, as illustrated in Figs. 9f and 11c. This discrepancy can
be attributed to the distribution of GPBs when acting as the anode in IGC
process to influence the progression of corrosion. When GBPs are more
continuously distributed along the grain boundary, the GBPs create a
more active corrosion path for galvanic reaction which promotes the
susceptibility to IGC [7,30]. As shown in Fig. 9c and d, the TCA and CCA
pre-treatments create a more continuous distribution of GBPs during the
subsequent creep-ageing, and thus provide more corrosion paths in the
IGC process. On the other hand, a larger spacing of GBPs in the directly
creep-aged specimen prevents further reactions along the grain bound-
aries and leads to higher corrosion resistance, despite having similar PFZ
width and GBP size compare to the TCA and CCA pre-treated and
creep-aged conditions.

4.4. Treatment strategies for multi-step aged AA7475

In this study, the as-received material AA7475 had undergone the
treatment procedure including SHT, followed by 2 %-3 % pre-
deformation, and a multi-step ageing treatment to achieve the TAF
temper, which provides material property comparable to T74 temper
with significantly reduced processing time [26]. On the other hand, due
to the increased strength of the material after the treatment, the creep
deformation accumulated after 6 h of creep ageing was only 0.08 %,
indicating a low production efficiency at this deformation rate. In this
study, two types of pre-treatments, stress-free ageing and stressed
ageing, were conducted to investigate alternative routines for improving
CAF efficiency while maintaining acceptable material strength and
corrosion resistance. By comparing the results across all conditions (with
and without pre-treatments), multiple routines with different priority
criteria can be identified. For the PA condition, the creep deformation
increased by nearly 40 % compared to the as-received condition. In
addition, the strength reduction was lower than that observed in the
TCA and CCA conditions. Therefore, the PA treatment can be considered
suitable when the service condition of the fabricated component is
strength-critical. On the other hand, for the TCA and CCA
pre-treatments, greater creep deformation promotion and improved
corrosion resistance were achieved compared to the PA treatment.
However, the strength reductions were also higher than observed in the
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PA condition. This suggests that in situations where corrosion resistance
is critical, stressed-ageing treatments can be adopted as the optimised
options. It should also be noted that although the material strength and
corrosion resistance of the as-received material demonstrated superior
performances compared to the pre-treated conditions after creep-ageing,
the much lower deformation rate indicates that a significantly longer
creep-ageing time is required during CAF fabrication. This extended
ageing time can lead to a substantial reduction in strength and corrosion
resistance due to precipitate coarsening and PFZ widening, making the
pre-treatment routines superior options by offering increased fabrica-
tion efficiency with acceptable reductions in material strength and
corrosion resistance during CAF.

5. Conclusions

In this study, experimental investigations into the creep deformation
behaviour and the evolutions of material strength and corrosion resis-
tance during creep-ageing have been conducted for a multi-step aged
AA7475 subjected to various pre-treatments. The corresponding
microstructural evolution within the alloy matrix and the grain
boundary areas have been investigated, based on which the correlation
between the microstructural evolution and material behaviour have
been analysed. The following conclusions can be drawn:

1. Pre-treatments including stress-free ageing and stressed ageing can
promote creep deformation of multi-step aged AA7475 in the temper
for age forming (TAF) during subsequent creep-ageing process
compared to the as-received state, with a maximum deformation
promotion of 1.94 times for the tensile creep aged (TCA) treatment
when creep-aged at 174 °C under 135 MPa for 6 h.
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2. For AA7475 in the TAF temper, both material strength and corrosion
resistance decrease under all conditions after creep-ageing. When
compared to the as-received material, the TCA pre-treated specimens
exhibit the largest reduction in material strength, while those with
pre-aged (PA) initial state have the most decrease in corrosion
resistance after creep-ageing.

3. The evolution of GP zones and 7 precipitates in TAF temper AA7475
during creep-ageing is dominated by precipitate coarsening for both
the as-received and pre-treated specimens. In the pre-treated speci-
mens, the coarsening of 7 precipitates is further accelerated,
resulting in a larger increase in precipitate size and corresponding
reduction in material strength after creep-ageing.

4. Different pre-treatments induce the increases in GBP size and PFZ
width as well as the varying distribution of precipitates in the grain
boundary area during creep-ageing to various extents. This differ-
ence in grain boundary evolution can be attributed to different
dislocation densities introduced in the grain boundary area by
different pre-treatments, leading to varying corrosion resistance.

CRediT authorship contribution statement

Xi Wang: Writing — original draft, Methodology, Investigation.
Zhusheng Shi: Writing — review & editing, Supervision, Conceptuali-
zation. Jianguo Lin: Writing — review & editing.
Declaration of competing interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Test results for the strength evolution under various conditions

To further validate the observed strength evolution trend of the material creep-aged under various conditions, repeated tests were conducted for
the as-received condition, pre-aged (PA) treatment, creep-aged (CA) for 6 h, and tensile creep-aged (TCA) with CA for 6 h, with the results shown in
Table A1l. As can be observed, the results demonstrated acceptable consistency, with a maximum divergence of 5 MPa (1.2 %) for the CA condition.

Table Al

Test results for the strength evolution under various conditions

As-received PA CA TCA & CA
Tensile test 1 (MPa) 455 450 424 410
Tensile test 2 (MPa) 458 451 419 406
Average (MPa) 456.5 450.5 421.5 408
Data availability [6] Y.Liu, M. Wang, X. Liu, C. Yan, Z. Li, B. Okonkwo, et al., The effect of combination

Data will be made available on request.
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