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ARTICLE INFO ABSTRACT

Keywords: Optimizing the interplay between pre-ageing (PA), natural ageing (NA), and paint-baking (PB) is critical for
Al-Mg-Si-Cu aluminum alloys enhancing the precipitation hardening of Al-Mg-Si-Cu alloys. This study investigates the multiphase precipi-
Pre-ageing

tation kinetics in an Al-0.7Si-0.9Mg-0.2Cu (wt%) alloy subjected to PA (80 °C for 1 h), varying NA durations
(1-30 days), and PB (180 °C for 30 min). By combining synchrotron small-angle X-ray scattering (SAXS) with
high-resolution transmission/scanning transmission electron microscopy (TEM/STEM) characterization, we
reveal two governing mechanisms responsible for the superior mechanical performance. First, prolonged NA (30
days) promotes the atomic-scale ordering of GP zones. Initially disordered clusters evolve into ordered config-
urations containing Si/Cu-rich layers, effectively reducing the thermodynamic barrier for p"/p' precipitation
during subsequent baking. Second, we elucidate a strain-induced selective nucleation mechanism for 6'/Q’ phases
along dislocations. Continuous solute segregations transition into segmented precursors, where only variants
satisfying crystallographic matching conditions undergo growth into discrete precipitates. This hierarchical
microstructure, comprising dense f"/f’ in the matrix and discrete 0'/Q’ along dislocations, enhances both strength
and ductility. The optimized processing yields an ultimate tensile strength of ~249 MPa with excellent ductility
(~19.6%), demonstrating that the strategic application of prolonged NA can effectively tailor precipitate ar-
chitecture in Al-Mg-Si—Cu alloys.

Prolonged natural ageing

Paint-baking

Multiphasic Co-precipitation

Strain-induced selective nucleation mechanism

significantly impedes the precipitation kinetics of p" (Mgg.xAl; 1 xSis, X =
0 to 2) or B' (MgoSis) phases, which are the primary strengthening pre-

1. Introduction

The treatments of pre-ageing (PA) and paint-baking (PB) have been
recognized as an effective strategy to mitigate the adverse effects of
extended room-temperature storage on the Al-Mg-Si—Cu alloys [1-3].
After undergoing cold or hot rolling, Al-Mg-Si—Cu alloy sheets are
subjected to a supersaturated solid solution heat treatment (SSSS), fol-
lowed by natural ageing (NA), and then a subsequent paint-bake (PB)
treatment at ~185 °C for 30 to 40 min [4-6]. The precipitation sequence
of Al-Mg-Si-Cu aluminum alloys is generally involved: SSSS [7-9]—
Mg/Si—Cu rich solute clusters [10-12] — GP zones [13,14] — B", L/Q/, S,
C/QP/QC, 0, U1 [15-17] —» B, Q, 0 [11]— B, Si particles [18,19]. It has
been reported that natural ageing, regardless of duration from
short-term (< 1 day) to prolonged periods (from 30 days up to 1 year),
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cipitates formed during artificial peak ageing (i.e., 180 °C for 12 h to 36
h) [18-21]. Moreover, several investigations [18,20,21] have indicated
that elevated pre-ageing temperature (> 100 °C) stabilizes §"-type pre-
cursor GP zones and promotes their transformation into strengthening
B"/p phases during the subsequent paint-baking treatment. In our earlier
study on Al-0.7Si-0.9Mg-0.2Cu (wt.%) alloys, subjected to PA at 80 °C
for 1 h, NA for 14 days, and PB at 180 °C for 30 min [22], it shows that
the co-precipitation of p'/f' and 0'/Q’ phases resulted in an ultimate
tensile strength (UTS) of ~223 MPa and good ductility of ~29%.
Nevertheless, whether the cumulative effects of low-temperature PA and
prolonged NA can tailor precipitation kinetics of p"-type precursor GP
zones, B"/p' phases, and 0'/Q’ phases, thereby enabling controlled
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multiphasic co-precipitation, remains to be understood.

In a previous investigation on Al-0.62Mg-0.93Si (wt.%) aluminum
alloys [10], the atom probe tomography (APT) analysis shows the effect
of short-term (30 h) and prolonged (325 days) NA treatments directly
after solid solution treatment on the clustering behavior. It is suggested
that Mg atoms gradually diffuse into pre-existing Si-rich clusters, which
are formed in the short-term NA (30 h), and result in the formation of
more ordered Mg/Si-rich GP zones with a Mg/Si ratio below unity
during the prolonged NA (325 days) [10]. Those ordered Mg/Si-rich GP
zones with a diameter of ~1.2 nm are recognized as non-f" type
GP-zones and are unlikely to transform into p"/f’ during the subsequent
PB treatment [4,10]. On the other hand, replacing NA by PA at 90 °C for
5 h after solid-solution treatments has been reported to promote the
formation of GP zones [10]. These GP zones with more uniform Mg/Si
ratios (~1.0) are presumed to develop into " after paint-bake treatment,
increasing hardness [10]. It has also been reported in a recent study on
Al-0.85S8i-0.75Mg-0.7Cu-0.3Mn aluminum alloys that the PA treatment
directly after solid-solution treatment enhances the formation of p"-type
precursor GP-zones [4]. In an investigation on
Al-0.70Mg-0.85Si-0.15Fe-0.25Mn (wt.%) aluminum alloys subjected to
PA (90 °C for 24 h) directly after solid-solution treatment [13], a com-
bination of low-angle annular dark-field scanning transmission electron
microscopy (LAADF-STEM) and first-principles density functional the-
ory (DFT) reveals the atomic structures of §"-type precursor GP-zones for
the first time. These GP zones consist of 3-4 eye-like subunits per unit
under d scanning transmission electron microscopy (STEM) observation
along the [100]a; zone axis [13]. The density functional theory (DFT)
calculations further indicate that the development of such eye-like
subunits significantly increases the thermal stability of §"-type precur-
sor GP-zones [13]. A higher number of eye-like subunit structures in
f"-type precursor GP-zones is presumed to be a more effective nucleation
site for p"/B phases during subsequent artificial ageing [13]. In an
investigation on Al-0.65Mg-0.81Si-0.16Fe-0.05Cu (wt.%) aluminum
alloys subjected to PA at 100 °C for 1 h to 400 h directly after
solid-solution treatment [18], it has been revealed that the effect of
various PA durations on the precipitation behavior. The size, fraction,
and composition evolution of p"-type precursor GP zones are charac-
terized by STEM imaging and STEM energy-dispersive X-ray spectros-
copy (EDS). At 1 h PA treatment, nanoscale clusters (1.0-1.5 nm) with
broad Mg/Si ratios (average ~0.82) are observed, suggesting an
early-stage compositional disorder [18]. With PA extended beyond 10 h,
the number density of clusters increases, accompanied by trans-
formation into spherical f"-type precursor GP zones with a size of
1.0-1.5 nm and a narrowly distributed Mg/Si ratio (average ~1.0) [18].
At 400 h PA treatment, it has been reported that the concurrent growth
and structural ordering of both precursor GP zones and " precipitates
are associated with an increase in yield strength, reaching ~272 MPa
[18]. Despite these insights, during the prolonged PA treatment, the
structural role of eye-like subunits in the precursor-to-precipitate tran-
sition remains unclear. Whether the low-temperature PA treatment
combined with prolonged natural ageing can enhance the formation and
growth of f"-type precursor GP zones remains to be investigated.
Moreover, it is of interest to further explore the morphology transition of
spherical-like p"-type precursor GP zones to rod-like p" precipitates. This
morphological transformation of GP zones to f" phases remains an un-
resolved issue analogous to the unclear evolution pathway of spherical
GPI zones to plate-like GPII zones in Al-Zn-Mg-Cu aluminum alloys
[23-25].

In a recent work on the Al-1.1Si-0.68Mg-0.58Mn (wt.%) aluminum
alloys [20], the effect of short-duration, high-temperature PA on the
subsequent precipitation behavior during the NA and PB treatment has
been reported. It has been found that introducing a short-duration PA
treatment (185 °C for 5 min) at the same PB temperature between the
solution heat treatment and subsequent prolonged NA (30 days)
significantly increases the formation of p"-type precursor GP-zones,
which exhibit more than six eye-like subunits [20]. After PB treatment
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(185 °C for 4 h), the p"-type precursor GP zones have been observed to
grow parallel to the p" growth directions of [230]4; and [130]a; axes
[20]. Therefore, an increased volume fraction of p"-type precursor GP
zones and p" precipitates concurrently enhances both ultimate tensile
strength (~325 MPa) and ductility (~18%) [20]. On the other hand, in
that work [20], non-PA samples (i.e., subjected to prolonged NA (30
days) directly followed by PB at 185 °C for 6 h) exhibit a relatively lower
UTS (~296 MPa) and ductility (~13%) [20]. It can be presumed that the
30 days of prolonged NA can only form non-f" type GP-zones, thereby
requiring a higher energy barrier to transform into strengthening f"
phases. It remains an intriguing question whether the combination of
low-temperature PA (< 100 °C) and prolonged NA (> 30 days) can
effectively promote the formation of p"-type precursor GP zones or
p-like precipitates. In another investigation on
Al-0.9Si-0.70Mg-0.42Mn-0.08Cu-0.05Zn (wt.%) aluminum alloys [21],
it has been revealed that a combined treatment of PA at 210 °C for 40
min and PB at 180 °C for 30 min can obtain a significantly higher UTS of
~320 MPa but a lower elongation of ~7.8%. This enhancement in
strength is attributed to accelerated precipitation kinetics at an elevated
PA temperature, facilitating the rapid nucleation and growth of p"-type
precursor GP zones and p" phases [21]. However, the high temperature
and increased solute diffusivity near grain boundaries supposedly pro-
mote the formation of large § phases, which become stress-concentrated
regions and intergranular crack initiation sites, leading to a loss in
elongation (~7.8%) [21]. On the other hand, an investigation on
Al-0.9Mg-0.7Si-0.2Cu-3.0Zn (wt.%) aluminum alloys [14] reveals the
effects of the Zn addition and the slow cooling rates (i.e., 0.2, 0.3, and
0.4 °C/min) after PA treatment (i.e., 80 °C for 1 h) on the precipitation
kinetics during prolong NA (1, 60, and 180 days). The combined effects
stabilize the p"-type precursor GP zones and promote complete solute
diffusion, ultimately offering a favorable environment for f" nucleation
[14]. Whether the Cu addition would reduce the formation energy
barrier of both p"-type precursor GP zones and p" phases has yet to be
investigated. In the 2000 (Al-Cu-Mg(Li)), 6000 (Al-Mg-Si—Cu), and
7000 (Al-Zn-Mg—Cu) aluminum alloys, thermo-mechanical processing
prior to solid solution and ageing treatments, such as high-temperature
upsetting-extrusion [26-28] and cold/hot rolling [22,29,30], plays an
important role in controlling the grain structures and mechanical
properties. Recently, combined thermo-mechanical and ageing pro-
cesses, including prior strain [31-33], warm forming [34], creep-age
forming [25,35,36], and intermediate cold deformation [37-39], have
been shown to promote dynamic precipitation, thereby mitigating the
strength-ductility trade-off effectively. Although the high stacking fault
energy of aluminum alloys easily promotes dynamic recovery,
short-duration solid solution treatments often fail to fully eliminate
deformation-induced defects, leaving retained dislocations in the
aluminum matrix. Studies on Al-0.6Mg-0.6Si-0.3Fe-0.15Zn-0.1Cu (wt.
%) [40], Al-0.5Si-0.6Mg-0.2Fe-0.003Cu  (wt.%) [26], and
Al-0.6Mg-0.3Si-0.35Fe-0.3Mn-0.7Cu (wt.%) [27] have indicated that
the severe extrusion followed by artificial ageing promotes a synergistic
effect of grain refinement and dynamic precipitation strengthening.
Adamczyk-Cieslak et al. [40] have revealed the effect of hydrostatic and
torsion extrusions, both followed by ageing at 175 °C for 15 h, on the
precipitation of p"/p’ and p phases. The hydrostatic extrusion induces a
homogeneous dislocation distribution that promotes a higher fraction of
fine B"/p’ phases [40]. Conversely, a torsional deformation generates
inhomogeneous and distorted dislocation configurations, facilitating
partial dissolution of f"/p’ phases and promoting the transformation into
B phases [40]. H. J. Roven et al. [26] have shown that multiple equal
channel angular extrusion (ECAE) passes followed by artificial ageing at
175 °C for 48 h bring about a bimodal hardness response in aged
Al-0.5Si-0.5 Mg alloys. The first hardness peak is attributed to the for-
mation of dislocation-enhanced p" phases, whereas the second hardness
peak is ascribed to the phase transformation of §" to p' phases [26].
Following ECAE and ageing processing, B" precipitates exhibit a



W.-Y. Yang et al.

fragmented morphology as they preferentially and discretely nucleate
along dislocations [26]. Such sparsely-distributed " precipitates are
proposed to enhance the chance of precipitate-precipitate interactions
and increase local lattice strain during growth, thereby promoting phase
transformation of §" into p'. Those thermo-mechanical and ageing pro-
cesses presumably introduce hard and soft domains, such as p"/p-rich
regions or dislocation-dense networks, that bring about higher local
stresses, whereas the surrounding softer a-Al matrix accommodates most
of the plastic strain near the phase boundaries. Whether the hard and
soft domains can be incorporated into the
deep-learning-crystal-plasticity model [41] to predict the evolution of
stress-strain partitioning on precipitation and the resulting tensile
properties in Al-Mg-Si-Cu alloys remains an open question. In our
recent investigation on Al-8.9Zn-2.2Mg-2.1Cu (wt%) aluminum alloys
[28], we have revealed that high-temperature upsetting-extrusion
before short-duration solid solution treatment (i.e., 3 h) and artificial
ageing (i.e., @ 120 °C for 12 h) plays a critical role in tailoring grain
structure and co-precipitation. A higher density of retained dislocations
not only facilitated the formation of recrystallized grains during the
solid solution treatment, but also enhanced the nucleation of 1'/n and
Y-phase precipitates during artificial ageing, resulting in dynamic
Hall-Petch strengthening and precipitate hardening [28]. Furthermore,
in our early investigation on Al-0.7Si-0.9Mg-0.2Cu (wt.%) aluminum
alloys [22], it shows that the presence of retained dislocations, intro-
duced by 50% hot rolling and followed by a short-duration multistep
solid solution treatment, enhances the diffusion of Cu atoms during a
sequential thermal ageing process. The increased atomic mobility of Si,
Mg, and Cu, driven by both dislocation-enhanced pathways and
paint-baking treatments, facilitates the formation of §"/p’ phases in the
aluminum matrix and the co-precipitation of Cu-rich 6' (Al,Cu) and Q'
(Al4Cu;MggSiy or Als gCujMgg ¢Siy) phases along dislocation structures
[22]. A  similar phenomenon has been reported in
Al-0.78Mn-0.81Mg-1.0Si (wt.%) aluminum alloys [42], where
high-resolution TEM and EDS analyses revealed that triple junction
grain boundaries and partial dislocations associated with stacking fault
structures promote the diffusion of Al, Mn, and Si, leading to the for-
mation of nanoscale precipitates. Furthermore, in-situ transmission
electron microscopy (TEM) and atomistic simulations under
high-density electric current have shown that dislocation and
grain-boundary dislocation networks can be selectively activated, and
act as fast paths for atomic transport and precipitate formation [43]. The
synergistic effect of p"/p and 0'/Q’ precipitation strengthening contrib-
uted to a significantly improved UTS of ~223 MPa and good ductility of
~29% [22]. These findings are consistent with the previous work [19],
where co-precipitation of p"/Q’ is observed along dislocation segments
following artificial ageing at 220 °C for 4 h. In that case, the lower Cu
content likely inhibited the nucleation of ' phases, while the elevated
ageing temperature readily induced Q' phase precipitation [22]. More-
over, a recent investigation on hot-rolled Al-4.9Cu-0.74Mg-0.51-
Si-0.48Mn (wt%) aluminum alloys, subjected to solid-solution treatment
at 500 °C for 1 h and prolonged artificial ageing at 170 °C for 96 h [44],
reveals that the retained dislocations are covered with interconnected
co-precipitates, mainly comprising 6' (Al;Cu) and S (Al,CuMg) phases. It
remains unclear whether, in Al-Mg-Si-Cu aluminum alloys, retained
dislocations, as coupled with sequential PA, NA, and PB, could facilitate
solute diffusion, thereby affecting the evolution of precursor GP zones,
B", or other secondary strengthening phases. This interplay among
dislocation structures, precipitation behavior, and mechanical proper-
ties requires further systematic investigation.

Based on the above review, the cumulative effects of pre-ageing (PA)
and prolonged natural ageing (NA) on the multiphase co-precipitation in
paint-baked AA6061 (Al-Mg-Si—Cu) alloys remain insufficiently un-
derstood. In particular, it is still unclear whether prolonged NA pro-
motes the nucleation and longitudinal growth of precursor GP zones,
how these GP zones subsequently transform into B"/p’ phases, and to
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what extent they contribute to the formation of secondary hardening
precipitates such as Q' and 0’ during PB. To address this knowledge gap,
we employ an integrated characterization approach that combines
synchrotron small-angle X-ray scattering (SAXS) with high-resolution
transmission electron microscopy (TEM) and scanning transmission
electron microscopy (STEM) to quantitatively analyze the size, number
density, and volume fraction of coexisting GP, f"/p, and 0'/Q’ pre-
cipitates at different PA-NA-PB stages. These microstructural observa-
tions are systematically correlated with tensile properties to clarify the
dominant strengthening mechanisms and to refine the understanding of
the paint-baked hardening response. This study presents a mechanistic
framework for utilizing tailored PA-NA-PB sequences to engineer
controlled multiphase co-precipitation and enhance the strength and
ductility of AA6061 alloys.

2. Experimental procedure
2.1. Composition and heat treatment

The AA6061 aluminum alloy sheets (Al-0.7Si-0.9Mg-0.2Cu-0.5Fe-
0.2Cr-0.1Mn, wt%) used in this study were supplied by Hing Chun Yit
(HCY) Inc., Taiwan. The same samples were employed in our previous
work [22]. The as-cast ingots were homogenized at 550 °C for 72 h and
subsequently hot-rolled at 450 °C to a final thickness of approximately 3
mm, corresponding to a 50% reduction. The rolled sheets were then
subjected to a three-step supersaturated solid solution treatment (SSSS)
at 495 °C, 510 °C, and 540 °C, each held for 15 min, followed by water
quenching to room temperature (25 °C). It was shown to effectively
dissolve pre-existing coarse precipitates and maximize solute supersat-
uration while avoiding incipient melting. A pre-ageing (PA) treatment at
80 °C for 1 h was applied to SSSS samples, followed by furnace cooling to
room temperature. After PA, three natural ageing (NA) durations at
25 °C for 1 day, 7 days, and 30 days were employed, producing Samples
#1, #3, and #5, respectively. These NA durations were selected to
represent realistic storage intervals between forming and painting for
electric vehicle (EV) body panels and smartphone housings, ranging
from short in-line processing (1 day) to weekly (7 days) and long-term
inventory or shipment (30 days). These samples were then subjected
to a paint-baking (PB) treatment at 180 °C for 30 min (i.e., a standard
automotive paint-bake cycle for 6000 series aluminum alloys), resulting
in Samples #2, #4, and #6, respectively. A schematic illustration of the
entire heat treatment route and sample labeling is presented in Fig. 1.

2.2. Mechanical tensile deformation

Vickers Hardness tests were performed on the Samples #1 to #4 with
a TAIMECO THV-2100 hardness testing machine. The value of hardness
was measured using a load of 200 gf. The load application time for one
indentation was 10 s, and the average hardness value for each specimen
was determined from 25 tests on the corresponding sample. For the
mechanical properties, we prepared three tensile test samples for the
four ageing conditions to measure the yield strength, the UTS, and the

A
540°C for 15 min

wQ
U [510°C for 15 mi
o : .
= 0 . Paint-baking
495°Cffor 15
‘E " " o m Pre.ageing 180°C for 30 min
78 Y A § 80°CforTh - ----rrr---- iy m o olfory -
£ i rnace wQ wq 5°C/min lwq
dJ 5°C/min f
il VEE T )—\3‘*’{"‘ 7d, . 304
#1 #2 #3 #4 #5 #6_
Time "

Fig. 1. The schematic diagrams of heat treatment in the present work.
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strain under the 800 Series Advanced Universal Electromechanical
Materials Testing Machines Model 869 (50 kN) with a strain rate of 1073
s~L. The tensile test samples were prepared based on ASTM E8.

2.3. Microstructure characterization

The SAXS (small-angle X-ray scattering) measurements were per-
formed at the BL23A and TPS13A beamlines of the National Synchrotron
Radiation Research Center (NSRRC), Taiwan, with high-flux collimated
X-rays of 15 keV and a beam diameter of ~500 pm. The SAXS samples
were prepared into ~5 mm X ~5mm x ~420 pm and measured under a
collection time of 10 min for optimal transmission of X-rays. In the SAXS
work, we focused on all samples to evaluate precipitate evolution. The
collected 2D SAXS patterns were circularly averaged according to the
standard procedure and reduced to the 1D SAXS curves as a function of
scattering vector Q = w, where Q is the scattering vector, 60 is the
scattering angle and A is the incident X-ray wavelength. For clarity, all
symbols and abbreviations appearing in the equations are illustrated in
Table A1 (Appendix).

TEM specimens were prepared by cutting discs from Samples #1 to
#4 and thinning them to a thickness of about 75 pm before they were
twin-jet electropolished in a mixture of 33% nitric acid and 67%
methanol at — 25 °C at a voltage of 12-15 V. Moreover, the oxidation
layers and the hydrocarbon contamination of the pre-observed TEM
specimens were presumably eliminated by an M1040 NanoMill TEM
specimen preparation system (E.A. Fischione Instruments) and an
M1070 Nanoclean plasma cleaner (E.A. Fischione Instruments). Next,
HR-TEM and atomic HAADF-STEM observations were performed with
JEOL JEM-F200 microscope (National Yang Ming Chiao Tung Univer-
sity, NYCU) and Cs-corrector FEI Titan Chemi-STEM microscope (Na-
tional Center for Instrumentation Research), respectively. The HAADF-
STEM images were recorded with a detector at the collecting angle
range of ~35.9 mrad (inner angle) to ~143.6 mrad (outer angle).
Additionally, the HR-TEM and HAADF-STEM images were partially
noise filtered and subjected to inverse fast Fourier transformation (FFT)
reconstruction using appropriately selected reflection spots from the
FFT diffractogram, which enhanced the Z-contrast and phase contrast,
respectively.

3. Results
3.1. Mechanical properties

Fig. 2 shows the stress-strain curves for Samples #1 to #6. Table 1
summarizes the mechanical properties, including hardness, yield
strength, ultimate tensile strength (UTS), and elongation, for each
ageing condition. For the samples that underwent only pre-ageing (PA)
and natural ageing (NA) without subsequent paint-baking (PB) (i.e.,
Samples #1, #3, and #5), a gradual increase in strength was observed
with the NA duration. The yield strength improved from 63 + 4 MPa
(#1), 69 &+ 3 MPa (#3), to 93 & 2 MPa (#5), while UTS increased from
161 + 4 MPa (#1), 167 + 3 MPa (#3), to 187 + 2 MPa (#5). The cor-
responding hardness also rose from 54 + 2 HV (#1), 55 &+ 3 HV (#3), to
64 + 3 HV (#5). The gradual increase in mechanical strength and
hardness is presumably associated with the growth of solute clusters or
GP zones during NA. Whether the prolonged NA duration up to 30 days
(Samples #5) enhances the transformation of GP zones has yet to be
revealed. Alternatively, the increase in mechanical strength leads to a
decrease in ductility from 36.4 + 3.1% (#1) to 28.0 £+ 2.7% (#3) and
further to 21.7 + 2.0% (#5), suggesting a growing strength-ductility
trade-off. The beneficial effects of the PB treatment are evident for
Samples #2, #4, and #6 across all NA durations. The Sample #2, which
undergoes the same PA and NA duration but is followed by an additional
PB treatment (PA + 01dNA + PB), exhibits a substantial improvement in
strength: hardness increases to 86 + 2 HV, yield strength to 115 + 2
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Fig. 2. (a) The engineering stress-strain curves of AA6061 alloy subjected to
different heat treatment conditions (i.e., Samples #1 to 6). (b) The true stress-
strain curves and corresponding work-hardening rate of the samples with
different natural durations but the same paint-baking treatment. (¢) Summary
chart of the mechanical properties of Samples #1 to #6.

MPa, and UTS to 211 + 2 MPa. However, this enhancement is accom-
panied by a slight loss in ductility, as the elongation decreased to 33.7 +
3.2%. Sample #4 (PA + 07dNA + PB) exhibits a hardness of 91 + 3 HV,
yield strength of 147 + 4 MPa, and UTS of 218 + 3 MPa. Sample #6 (PA
-+ 30dNA + PB) shows the highest strength among all: hardness of 112
+ 2 HV, yield strength of 160 + 3 MPa, and UTS of 249 + 4 MPa.
Notably, despite the dramatic improvement in strength of Sample #6,
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Table 1 the elongation of (19.6 + 1.5%) does not show significant deterioration
The mechanical properties of Samples #1 to #6 in this present work. compared to Sample #4 (20.2 + 2.5%) and Sample #5 (21.7 + 2.0%).
Samples  Heat Hardness Yield UTS Elongation Fig. 2b presents the true stress-strain curves and corresponding work-
Treatment (HV) stress (MPa) (%) hardening rate profiles for three PB-treated samples: #2 (PA +

(MPa) 01dNA + PB), #4 (PA + 07dNA + PB), and #6 (PA + 30dNA + PB).

#1 PA + 01dNA 54 +2 63+ 4 161+4 36.4+3.1 Among the three conditions, Sample #6 clearly exhibits the highest true
#2 PA +01dNA 86 +2 115+ 2 211+2 33.7£32 stress throughout the plastic deformation range. The peak true stress of
+PB Sample #6 approaches ~290 MPa (at a true strain of ~15%), surpassing

zi g: i g;ggi 2? i 2 ?2713 4 ;?; i; ;g:g i i; that of Sample#4 (~260 MPa at a true strain of ~17%) and Sample #2
1 PB (~260 MPa at a true strain of ~26%). The work-hardening rate also

#5 PA +30dNA 64 +3 93+2 187+2 21.7 +2.0 reflects this trend, with Sample #6 maintaining higher hardening ca-
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Fig. 3. (a, d) 2D SAXS patterns of non PB-treated (#1, #3, and #5) and PB-treated samples (#2, #4, and #6), respectively. (b, ) Reduced 1D SAXS profiles of non
PB-treated (#1, #3, and #5) and PB-treated samples (#2, #4, and #6), respectively. (c, f) 1D SAXS profiles of non PB-treated (#1, #3, and #5) and PB-treated
samples (#2, #4, and #6) after the power-law subtraction in the low-Q region to exclude the effect of large second-phase particles in the micrometer scale,
respectively.
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ageing and baking sequence.

3.2. Quantitative structural characterization of precipitates

The two-dimensional (2D) small-angle X-ray scattering (SAXS) pat-
terns of Samples #1 to #6 under various natural ageing (NA) and paint-
bake (PB) conditions are shown in Fig. 3a and d. Fig. 3a displays the 2D
SAXS patterns of the non-PB-treated samples, i.e., PA + 1dNA (#1), PA
+ 7dNA (#3), and PA + 30dNA (#5), while Fig. 3d shows the corre-
sponding PB-treated counterparts, PA + 1dNA + PB (#2), PA + 7dNA +
PB (#4), and PA + 30dNA + PB (#6). The transition of 2D SAXS patterns
from isotropic to anisotropic rings, accompanied by changes in both size
and shape of streaking features, such as their dimension, thickness, and
length, can be attributed to the morphological evolution of large second-
phase particles, solute clusters, and nanoscale precipitates. Fig. 3b and e
presents the corresponding one-dimensional (1D) SAXS intensity pro-
files, I(Q), as a function of the scattering vector (Q), obtained by data
reduction and radial integration of the 2D patterns in Fig. 3a and d,
respectively. In Fig. 3b and e, the upturned intensity in the low-Q region
(i.e., 0.008 Al < Q < 0.035 A’l) exhibits a characteristic power-law
scattering behavior, described by I1(Q) « Q™% with a slope of approxi-
mately o ~ 4. This scattering regime is typically associated with Porod's
law, which suggests the presence of large, well-defined second-phase
particles with sharp boundaries or interfaces [28,45-47]. These
second-phase particles may include primary Fe-rich intermetallic com-
pounds or coarse Mg»Si particles, which are either retained from the
solidification stage or insufficiently dissolved during the homogeniza-
tion treatment [22]. The contribution of these large-scale particles with
smooth surfaces is more pronounced in the low-Q region due to their
large size, but their effect is generally considered extrinsic to the pre-
cipitation strengthening process. In Fig. 3c and f, we have subtracted the
respective power-law-fitted intensity from the low-Q intensity to remove
the effect caused by large second-phase particles, generally resulting in
two Guinier shoulder of form factors in the middle- (~0.02 A~! < Q<
0.06 A™1) to high-Q region (~0.15 A™! < Q < 0.35 A1), respectively,
for Sample #1 to #6. For the Samples #1 to #4, the SAXS intensities in
the middle-Q region (i.e., ~0.025 Al < Q < ~0.060 fo\’l) show the
power-law scattering behavior of the exponent o = 2. The exponent of 2
indicates a disk-like morphology of second-phase particles [22,46].
Additionally, the high-Q intensity profiles (0.15 A™! < Q < 0.35 A™1) of
Samples #1 to #4 display a shoulder or peak (at ~0.15 A1) followed by
a power-law intensity decay with an exponent o = 1. This indicates the
presence of rod-shaped nanoscale structures embedded in the matrix.
Therefore, it can be concluded that the subtracted SAXS intensity pro-
files of Samples #1 to #4 are contributed by disk-like and rod-like
particles/clusters with large discrepancies in sizes, respectively. The
middle-Q intensity profile is mainly contributed by disk-like particles.
The high-Q intensity profile is mainly contributed by small rod-like
cluster/GP zones. Those SAXS intensity profiles, I(Q), can be expressed
by the sum or combination of the SAXS intensities contributed by
disk-like particles, I4sk(Q), and rod-like clusters/GP zones, I,q(Q),
respectively, as given by

[(Q) =Lk (Q) + Loa(Q) (€Y

Laisk(Q) or I;,q(Q) is modelled by the product of the cylinder form
factor model with the Schultz size distributions and hard-sphere struc-
ture factor S(n,Q) [48,49], considering hard-sphere interaction between
particles [47]. For clarity, all symbols and abbreviations appearing in
the equations are illustrated in Table A1 (Appendix). The poly-dispersed
disks with a radius (R) and the Schulz distribution f(T) of thickness (T),
produce the intensity profile as given by

2
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where 1) is the volume fraction of particles, Ap is the scattering length
density (SLD) contrast between particles and matrix [38-41], jo(x) = sin
(x)/x, Ji is the first-order Bessel function. The o is defined as the angle
between the cylinder axis and the incident beam [50]. The integral over
o averages the form factor over all possible orientations of the disks with
respect to scattering vector (Q). The product of Ap and n can be regarded
as a pre-factor. V}, is particle volume (7R2T). The poly-dispersity of the
thickness is defined as the variance of the Schulz distribution divided by
the mean thickness. Similarly, the SAXS intensity profile of the
poly-dispersed rod-like particles have a height T and the Schulz distri-
bution f(T) of thickness (T) can also be calculated according to Equation
(2). The SAXS profiles of Samples #1 to #4 can be fitted well using Eqs
(1) and (2), as shown in Fig. 4a and b. For clarity, all symbols and ab-
breviations appearing in the equations are illustrated in Table A1 (Ap-
pendix). To correlate mechanical behavior with precipitation kinetics, it
is necessary to evaluate the relative volume fraction of GP zones and
other strengthening precipitates. Because the value of Ap is difficulty to
accurately determined and can be assumed to be a constant, the relative
volume fraction can be determined in the SAXS model fitting. Here, the
disk-like second-phase particles cause the middle-Q SAXS intensity
profile for Samples #1 to #4 are presumed to be MgsSi and the corre-
sponding scattering length density (SLD) was calculated in this study to
be1.67 x107 (10\’2). The SLD calculation method was based on previous
studies [22, 42]. The high-Q SAXS intensity profile (Samples #1 to #4) is
supposedly associated with GP zones. The corresponding SLD, based on
its crystallographic composition (AIMg4Sis, space group C2/m [19]), is
approximately 1.09 x10°5 (A72). The SLD values of second-phase par-
ticles and GP zones during the fitting are assumed to be constant and
fixed. Accordingly, the fitted structural parameters and relative volume
fractions of precipitates based on the SAXS model are summarized in
Tables 2 and 3.

On the other hand, as shown in Fig. 3c and f, the SAXS intensity
profiles of Samples #5 and #6 additionally reveal the third shoulder or
form factor features between the middle-Q region and high-Q region,
located at the Q ranges of 0.050-0.070 A~ and 0.045-0.060 108’1,
respectively. The third shoulder implies the presence of a third type of
precipitates with a size in-between second-phase Mg,Si particles and GP
zones. In Sample #5, this third shoulder is primarily attributed to p"-like
(or p") precipitates with a rod shape, accompanying by (1) the large
second-phase Mg,Si particles producing the middle-Q intensity profile
(0.02 Al < Q < 0.05 A’l), and (2) GP zones producing the high-Q
intensity profile (0.09 Al < Q<0.35 A D, Alternatively, these find-
ings are consistent with HR-TEM observations, where GP zones and
B"-like phases are observed in the Samples #5, as indicated by orange
and blue arrows, respectively in Fig. 5a. In Sample #6, which underwent
an additional paint-bake treatment, the shoulder due to the rod-like p"
precipitates shifts toward lower Q region (0.05 A~} < Q < 0.07 A™D),
suggesting the coarsening of §" precipitates. As shown in Fig. 5b, the HR-
TEM image of Sample #6 reveals the presence of GP zones, f"/f, and
0'/Q phases. Accordingly, the SAXS profile of Sample #6 (Fig. 4d) shows
two shoulders or peaks (form factor) in the middle-Q (0.02 Al< Q<
0.04 A1) and in the high-Q (0.15 A~! < Q < 0.25 A™!) regions, which
are ascribed to disk-like 0'/Q" phases and small rod-like GP zones,
respectively. In order to estimate the volume fraction of B"/p' pre-
cipitates, the SLD of §"/p’ phases was calculated using their nominal
composition (MgsAl,Si4) and crystallographic information (monoclinic
structure with space group of C2/m) [19]. The calculated SLD value is
approximately 1.01 x1075 (A~2). Due to the uncertainty in the chemical
composition of 0'/Q’ phases, their SLDs cannot be reliably calculated and
are assumed to be a constant for determining the relative volume frac-
tion. The structure peak is not prominent, the relative volume fraction is
relatable rather than the real volume fraction. As a result, the volume
fraction of 0'/Q" was not evaluated in the present work. The SAXS pro-
files for both Samples #5 and #6 are fitted using three models
comprising three cylindrical form factors with distinct geometric
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Fig. 4. (a, b) The SAXS profiles of Samples#1 to #4 in comparison with the two model-calculated intensities (solid black curves). (¢, d) The SAXS profiles of
Samples#5 and #6 in comparison with the three model-calculated intensities (solid black, blue, and orange curves).

Table 2
The evolution in size of the precipitates determined by the SAXS model fitting for Samples #1 to #6.
Treatment Disk-like p"-like phases Rod-like
second phases Clusters or GP zones
Diameter (nm) Thickness (nm) Diameter (nm) Length (nm) Diameter (nm) Length (nm)
#1 PA + 1dNA 234.2 8.9 “N.A. 1.1 8.5
#2 PA + 1dNA + PB 191.8 11.5 N.A. 0.43 16.8
#3 PA + 7dNA 247.4 9.2 ‘N.A. 0.47 14.3
#4 PA + 7dNA + PB 161.1 13.4 “N.A. 0.50 15.6
#5 PA + 30dNA 122.4 7.1 3.8 9.8 0.60 16.0
#6 PA + 30dNA + PB Disk-like Rod-like Rod-like
0'/Q’ phases p"/p’ phases GP zones
Diameter (nm) Thickness (nm) Diameter (nm) Length (nm) Diameter (nm) Length (nm)
49.6 3.6 7.31 21.2 0.72 15.6

2 N.A. is denoted as not indicated.

parameters and a hard-sphere structure factor to account for interpar-
ticle correlations [47]. As shown in Fig. 4c and d, the fitting results
exhibit good agreement with the experimental data. The
model-calculated intensity profiles contributed by three types of parti-
cles dominate different Q-regions, as shown in Fig. 4c and d. The cor-
responding structural parameters are summarized in Tables 2 and 3
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3.3. Microstructural characterization

3.3.1. Precursor GP zones

Fig. 6 presents a series of HAADF-STEM micrographs acquired along
the [001]a; zone axis, revealing the microstructural evolution of pre-
cursor GP zones in Sample #6 (PA + 30dNA + PB). In the early stage
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Table 3
The aspect ratio and relative volume fraction of p"/f’ precipitates and GP zones
determined by the SAXS model fitting for Samples #1 to #6.

Treatment p"-like phases or p"/p' phases  Rod-like
Clusters or GP zones
“Aspect Relatively “Aspect Relatively
ratio Vol. ratio Vol.
fraction fraction

#1 PA + 1dNA "N.A. 7.7 0.145
#2PA + 1dNA + PB °N.A. 39.1 0.168
#3 PA + 7dNA "N.A. 30.4 0.161
#4PA+7dNA+PB  "N.A. 31.2 0.170
#5 PA + 30dNA 2.58 0.0036 26.7 0.055
#6 PA + 30dNA + 2.90 0.0028 21.7 0.014

PB

@ Aspect ratio: Length/Diameter.
b N.A. is denoted as not indicated.

(Fig. 6a and b), spherical or ellipsoidal GP zones with disordered cluster
structures are dispersed within the aluminum matrix. At their interfaces,
localized atomic enrichments appear as dot-like bright contrasts (orange
arrows in Fig. 6a and b), implying the formation of early-stage GP zones.
At the intermediate stage (Fig. 6¢), these GP zones exhibit increased
structural regularity, with atomic configurations approaching the sur-
rounding FCC lattice. The lateral extension of solute-rich rows becomes
evident along the (020)4) habit plane (as indicated by a yellow arrow in
Fig. 6¢), marking the onset of directional growth. In the mature stage
(Fig. 6d and e), GP zones develop into elongated, ordered atomic arrays
aligned with the (020)a; planes. The short-range ordered rows (as
indicated by yellow arrows in Fig. 6d and e) are observed to initiate at
the interfaces and extend into the aluminum matrix, characterized by
increased periodicity and regularity. In Fig. 6f, the corresponding FFT
pattern reveals additional reflection spots (as indicated by yellow ar-
rows), parallel to the 0204, spot, showing the formation of semi-
coherent ordered structures embedded in the matrix.

3.3.2. Sequential transformation of precipitate along dislocations

Figs. 7-9 present a series of HR-TEM micrographs obtained along the
[001]a; zone axis, revealing the dislocation-enhanced evolution of so-
lute clusters, GP zones, and early-stage 0'/Q’ precipitates in the PB-
treated samples as a function of NA duration. In Fig. 7a and b (Sample
#2, PA + 1dNA + PB), continuous solute clusters (orange arrow) are
aligned along the dislocation line (green arrow), which is oriented in the
[1 T 0]a; direction. The corresponding FFT pattern (Fig. 7c), extracted
from the region outlined by a white dotted frame (Fig. 7b), shows diffuse
scattering near the aluminum matrix spots, indicative of disordered
cluster arrangements. In Fig. 7d and e (Sample #4, PA + 7dNA + PB),
solute clusters or precursor GP zones are also found along dislocation
lines (green arrow) but exhibit a more curved morphology (orange
arrow). The corresponding FFT diffractogram shows diffused spots,
attributed to the presence of solute clusters or precursor GP zones
(framed by a white dotted frame in Fig. 7e), near the aluminum
diffraction spots, as shown in Fig. 7f. In Fig. 8a and b, HR-TEM micro-
graphs show another case of dislocation-enhanced precipitation. Solute-
depleted or vacant regions (pink arrows in Fig. 8a and b) are observed
along dislocation lines and appear to be connected to segmented pre-
cipitates. It can be regarded as the dislocation particle-free zones.
Moreover, those segmented precipitates grow nearly parallel to the
(020)4; habit plane. They are identified as Q’P and 6, precipitates (i.e.,
the precursor of Q' and @), as indicated by orange and white frames,
respectively. The corresponding FFT diffractograms of Q, and 0, phases
are provided in Fig. 8c and d, respectively. In Figs. 9 and 10, a series of
HR-TEM micrographs taken nearly along the [001]a; zone axis illus-
trates the microstructural evolution of precipitates along dislocations in
Sample #6 (PA + 30dNA + PB condition). As shown in Fig. 9a and c,
dislocation lines are clearly observed in the aluminum matrix, serving as
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Fig. 5. HR-TEM images showing the formation of GP zones, f"-like, f"/p’, and
0'/Q’ phases in (a) Sample #5 and (b) Sample #6.

potential heterogeneous nucleation sites for precipitates. The corre-
sponding higher-magnification images in Fig. 9b and d reveal the
presence of discrete Q' and 0 phases (marked by pink arrows), which are
preferentially aligned along the dislocation lines. Those precipitates are
sparsely distributed and exhibit a rod-like morphology. Fig. 10a and d,
enlarged images of Fig. 9d, reveal the lattice fringe structures of 6" and Q'
phases, which are grown along the (020)p; habit plane. The corre-
sponding FFT diffractograms and simulated electron patterns show the
orientation relationship of @ and Q' precipitates in Fig. 10b—c and 10e-f.

4. Discussion

In the following sections, we explored how pre-ageing (PA) and
subsequent natural ageing (NA) for 1, 7, and 30 days affect the
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Fig. 6. HAADF-STEM micrographs taken along the [001]4; axis showing the microstructural evolution of GP zones in Sample #6 (PA + 30dNA + PB). (a, b) The
initial stage, where bright regions (orange arrows) show the localized atomic enrichment. (c) Intermediate stage, revealing the diffused atomic rows along the (020);
plane near the interfaces (yellow arrow). (d, e) Intermediate stage, where GP zones evolve into elongated and well-ordered atomic rows that extend inward from

interfaces along the (020)4, plane (yellow arrows). (f) The FFT diffractogram of (e) showing the possible orientation relationship between GP zones and
aluminum matrix.
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(@) #2 PA+1dNA+PB |(d) #4 PA+7dNA+PB

Fig. 7. HR-TEM micrographs taken along the [001]4; zone axis showing the microstructure of solute clusters and GP zones along dislocations. (a, b) In Sample #2
(PA + 1dNA + PB), continuous solute clusters are observed (orange arrow). (c) The corresponding FFT diffractogram (the white dotted frame in (b)) reveals the
possible orientation relationship between continuous solute clusters and the aluminum matrix. (d, e) In Sample #4 (PA + 7dNA + PB), curved solute clusters are
identified along dislocations (orange arrow). (f) The corresponding FFT diffractogram (the white dotted frame in (e)) shows the possible orientation relationship
between curved solute clusters and the aluminum matrix.
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Fig. 8. HR-TEM micrographs taken along the [001]4) zone axis showing the microstructure of segmented precursor precipitates in Sample #4 (PA + 7dNA + PB). (a)
The presence of dislocation particle-free zones (pink arrows) is accompanied by the segmented precursor precipitates. (b) Segmented precursor precipitates are
observed, designated as Q;, and 0p, and marked by orange and white arrows, respectively. (¢, d) The corresponding FFT diffractograms (the orange and white frames
in (b)) reveal the possible orientation relationship of Q, and 0, phases with respect to the aluminum matrix, respectively.

mechanical properties and the coupled precipitation mechanism/ki-
netics (combination and completion of both concurrently-existing GP
zone, B/ and 0'/Q’ phase transformations) of paint-baked AA6061 al-
loys. Through SAXS, the precipitation behavior, including the evolution
of precipitate size and morphology, was quantitatively determined. The
transformation of GP zones and the dislocation-enhanced precipitation
of 0'/Q’ phase were revealed by HR-TEM and HAADF-STEM. The cu-
mulative ageing impact on the multiphasic co-precipitation of GP zones,
g"/p’, and 0'/Q’ phases correlated with mechanical properties, including
tensile strength, ductility, and work-hardening behavior, has been
examined.
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4.1. Effect of cumulative ageing on mechanical behavior and precipitation
kinetics

The mechanical performance and precipitation behavior of pre-aged
AA6061 alloys are markedly influenced by the duration of natural
ageing (NA) prior to paint-bake (PB) treatment [11,13]. As summarized
in Fig. 2 and Table 1, the strength increases progressively with longer
NA duration, both in PB-treated and non-PB treated conditions. Samples
#1, #3 to #5 show a steady increase in hardness (from 54 + 2 HV, 55 +
3 HV to 64 + 3 HV), yield strength (from 63 + 4 MPa, 69 + 3 MPa to 93
+ 2 MPa), and UTS (from 161 + 4 MPa, 167 &+ 3 MPa to 187 + 2 MPa),
which is attributed to the size and relative volume fraction of GP zones
during NA treatment. However, the NA-induced hardening is
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Fig. 9. HR-TEM micrographs taken nearly along the [001]4; zone axis showing the microstructure evolution of precipitates along dislocations in Sample #6 (PA +
30dNA + PB). (a, c) Low-magnification images reveal the presence of dislocation lines in the aluminum matrix. (b, d) Higher magnification images of the framed
regions in (a) and (c), respectively, show the discrete 0'/Q’ precipitates aligned along the dislocations.

accompanied by a notable decrease in ductility (from 36.4 + 3.1% to
21.7 + 2.0%), leading to a strength-ductility trade-off. As shown in the
SAXS model-fitting results (Tables 2 and 3), the volume fraction of GP
zones increases from 0.145 (Sample#1) to 0.161 (Sample#3). More-
over, their average length of GP zones increases from ~8.5 nm to ~14.3
nm, resulting in a higher aspect ratio from 7.7 (Sample #1) to 30.4
(Sample #3). These results indicate that the longer NA duration (7 days)
facilitates the nucleation and growth of GP zones. However, the slight
increase in the UTS from 161 + 4 MPa (Sample #1) to 167 + 3 MPa
(Sample #3) is presumably attributed to the disordered cluster struc-
tures of GP zones (Fig. 6a and b), which are hard to inhibit the dislo-
cation movement. Compared to Samples #1 and #3, the prolonged NA
condition of 30 days (Sample #5) exhibits a notable increase in UTS to
187 + 2 MPa (Table 1). Although the size of GP zones (~0.6 nm in
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diameter and ~16.0 nm in length for Sample #5) remains nearly iden-
tical to that in Sample #3 (Table 2), the volume fraction significantly
decreases to 0.055 (Table 3). This apparent discrepancy between the size
stability and volume fraction suggests that the strengthening cannot be
attributed only to GP zone evolution. It can be supposed that the pro-
longed NA (30 days) makes solute atoms in the matrix diffuse prefer-
entially toward pre-existing GP zones, thereby reducing the
transformation energy barrier for GP zones and inducing the partial
transformation of GP zones into p" nuclei. This result is consistent with
the reported structural evolution of p"-type GP zones, which undergo
sequential transformation through 1p" eye-like subunits, square-like
motifs, binocular configurations, and finally 2" eye-like subunits dur-
ing the natural ageing of 28 days [13]. In Sample #5, the SAXS fitting
(Fig. 4c) shows the presence of p"-like phases with a rod-like
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Fig. 10. (a, d) HR-TEM images indicating the structures of 0’ and Q' precipitates, grown along the (020)4; habit plane, respectively.(b, ) The corresponding FFT
diffractograms and simulated electron pattern shows the orientation relationship of 6 precipitate. (c, f) The corresponding FFT diffractograms and simulated electron

pattern shows the orientation relationship of Q' precipitate.

morphology, having an average length of ~9.8 nm and a diameter of
~3.8 nm (Table 2), and a relatively low volume fraction of 0.0036
(Table 3). It can be assumed that the Cu addition (0.2 wt%) and the
combined effect of PA and prolonged NA enhance the partial trans-
formation from GP zones to p'"-like phases. This suggestion can be
referred to the Si/Cu-rich atomic layers spatially isolated within the
growth of GP zones to p'"-like phases (as indicated by yellow arrows in
Fig. 6c and d). Furthermore, the chemical composition and atomic
structure of these p"-like precipitates will be further verified via
atomic-scale EDS and atomic STEM in future investigations.

Upon subsequent PB treatment, each NA condition exhibits a good
strengthening response. For example, Sample #2 (PA + 01dNA + PB)
exhibits a ~31% increase in UTS compared to its non-PB counterpart
(Sample #1). The aspect ratio of rod-like GP zones increases signifi-
cantly from 7.7 (Sample #1) to 39.1 (Sample #2), accompanied by an
increase in the volume fraction from 0.145 to 0.168 (Table 3). This result
indicates that in the short-duration NA (1 day) condition, the PB treat-
ment effectively promotes the growth of GP zones along the longitudinal
axis and the nucleation of new GP zones. Compared to Samples #3 and
#4, the PB treatment slightly increases both the aspect ratio and volume
fraction of GP zones from 30.4 to 31.2 and from 0.161 to 0.170,
respectively. While the changes in aspect ratio and volume fraction of
GP zones are relatively minor, the UTS increases significantly from 167
+ 3 MPa (Sample #3) to 218 + 3 MPa (Sample #4). This suggests that
the combined effect of longer NA (7 days) and PB treatments enhances
the structural transformation of GP zones from disordered cluster
structures (Fig. 6a and b) to ordered GP zone structures, containing
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laterally Si/Cu atomic rows (Fig. 6¢), thereby contributing to a higher
strengthening effect. Among all samples, Sample #6 (PA + 30dNA + PB)
exhibits the highest mechanical strength, with a hardnessof 112 + 2 HV,
yield strength of 160 + 3 MPa, and UTS of 249 + 4 MPa (Table 1).
Compared to Sample #5, the strengthening behavior in Sample #6 oc-
curs without a significant ductility loss (19.6 & 1.5%), indicating a well-
balanced precipitation microstructure. According to SAXS model fitting
(Tables 2 and 3), three types of nanoscale precipitates are identified in
this condition: (i) rod-like GP zones (~0.72 nm in diameter, ~15.6 nm in
length, aspect ratio ~ 21.7), (ii) rod-like p"/p precipitates (~7.31 nm in
diameter, ~21.2 nm in length, aspect ratio ~ 2.90), and (iii) disk-like
0'/Q’ phases (~49.6 nm in diameter, ~3.6 nm in length, aspect ratio
~ 13.8). Despite GP zones and "/p’ precipitates exhibiting relatively low
volume fractions, the co-precipitation of GP zones, f"/p, and 0/Q
phases suggests a cooperative hardening mechanism. The elongated
pB"/p' precipitates are presumed to be the primary strengthening phase. In
our present work, we have observed the formation of a higher aspect
ratio of 0'/Q’ precipitates (13.8) along dislocations (Fig. 9), which likely
serves as hardening phases. From a thermodynamic perspective, the
substantial reduction in GP zone volume fraction from Sample #5
(0.055) to Sample #6 (0.014) suggests extensive transformation during
the PB treatment. The redistribution of solute atoms leads to the pref-
erential nucleation and growth of B"/f’ along energetically favorable
sites, including GP zones and dislocation structures. Moreover, the ex-
istence of 0'/Q’ phases is associated with the partial transformation of
Cu-containing clusters into higher-order precipitates along dislocations,
further promoting a stable hardening behavior. This result is consistent
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with the presence of Cu-rich solute clusters, which are recognized as
precursors to the 6 (AloCu) and Q (AlsCuzMggSis) phases, as reported in
Al-5.70Si-2.06Cu-0.29 Mg (wt.%) aluminum alloys subjected to pro-
longed NA for about 100 days [11]. To quantitatively elucidate the
strength-ductility trade-off, the work-hardening rate behavior (Fig. 2b)
provides critical micromechanical insights. Sample #6 exhibits a
significantly higher initial work-hardening rate compared to Sample #2,
attributed to strong interactions between dislocations and the dense,
coexisting rod-like p"/p’ and disk-like 0'/Q’ precipitates. These barriers
increase the probability of Orowan looping and promote rapid disloca-
tion storage upon yielding. However, as strain increases, the
work-hardening rate decreases sharply. It indicates that while the dense
precipitates initially store dislocations effectively, they also induce high
local stress concentrations that accelerate dynamic recovery. Conse-
quently, the work-hardening rate intersects the flow stress curve at a
lower strain, limiting the uniform elongation. In contrast, Sample #2
shows a more gradual decline in strain hardening, suggesting sustained
dislocation storage capacity. This is facilitated by a larger dislocation
mean free path, resulting from the lower fraction and size of pre-
cipitates. This prolonged hardening delays the onset of plastic insta-
bility, accounting for the superior ductility observed in the short-NA
samples.

4.2. Structural evolution of GP zones during prolonged natural ageing

The GP zones in Al-Mg-Si—Cu alloys represent the earliest stage of
metastable solute clusters, which are critical in determining the subse-
quent precipitation sequence and mechanical behavior [13,20]. Their
structural evolution during the combined pre-ageing (PA) and pro-
longed natural ageing (NA) treatments significantly influences precipi-
tation kinetics during the paint-baking (PB) process and the resulting
mechanical properties. As shown in Fig. 6a and b, the GP zones exhibit
irregular atomic structures with ellipsoidal morphology on the (001)4;
projected plane. These disordered cluster structures are likely to corre-
spond to the microstructures of GP zones formed after PA and
short-duration NA (i.e., 1 day, as in Samples #1 and #2). Under these
conditions, the aluminum matrix remained supersaturated with solute
atoms, and the low-temperature PA treatment at 80 °C for 1 h presum-
ably promotes the nucleation and growth of GP zones. In the previous
investigation [20], the structure of p"-type precursor GP zones, formed
during short-term PA at 185 °C for 5 min followed by 30-day NA, con-
sists of multiple eye-shaped atomic subunits. It can be suggested that the
evaluated PA temperature enhances the development of a single eye-like
configuration in which a central Al atomic column is symmetrically
enclosed by alternating Si and Mg columns [20]. During prolonged NA,
single eye-like subunits are reported to coalesce into a semi-monoclinic
B-like configuration comprising four or more subunits [20]. That
structure is recognized as a stable GP zone [20]. In the present work,
disordered GP zones exceeding this critical size are observed, with
localized atomic enrichments adjacent to their interfaces. These en-
richments (as indicated by orange arrows in Fig. 6a and b), likely con-
sisting of Si- or Cu-rich atomic columns, remain spatially isolated and
have not yet transformed into eye-like subunits.

In Fig. 6¢, the atomic configurations reveal a transition toward more
ordered configurations of GP zones. It can be suggested that multiple Si-
or Cu-rich columns, located adjacent to interfaces, begin to laterally
coalesce (as indicated by yellow arrows), thereby forming aligned
atomic arrays along the (020)4) habit plane. The laterally atomic rows
are interpreted as the early-stage aggregation of eye-like subunits, where
individual solute-rich motifs rearrange into coherent chains. Such
structures likely represent microstructures formed after PA and
intermediate-duration NA (i.e., 7 days, as in Samples #3 and #4). The
formation of a single laterally coalesced row may reduce the local
interfacial energy by promoting coherent lattice mismatch with the FCC
matrix. However, the presence of two or more parallel coalesced rows
supposedly increases the locally lattice strain field, thereby facilitating
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directional growth of the GP zones and acting as a transformation source
for subsequent " phases.

As shown in Fig. 6d and e, the well-arranged GP zones, accompanied
by laterally coalesced rows, exhibit an elongated and ellipsoidal
morphology. This microstructure suggested a transformation pathway in
which initially disordered GP zones (Fig. 6a and b) gradually evolve into
B" phases via intermediate, structurally ordered metastable configura-
tions (Fig. 6¢), driven by the nucleation-promoting effect of PA and the
subsequent growth and ordering by prolonged NA. It can be implied that
a fraction of the coalesced atomic rows, which are initially aligned along
the (020)4; habit plane, governs the preferred growth direction and
leads to an elongated morphology. Alternatively, along the (200)4; habit
plane, the increased number of coalesced rows likely attracts more so-
lute atoms, thereby minimizing interfacial lattice strain energy. The
localized atomic segregation near the interfaces facilitates the nucle-
ation sites of p" phases. The prolonged NA presumably eliminates the
solute accumulation induced by PA and then promotes the structural
ordering and directional coalescence of GP zones, evolving from disor-
dered clusters into elongated, metastable configurations. The preferen-
tial alignment along the (020)5 and (200)a; planes facilitates
anisotropic growth and local solute enrichment, providing favorable
conditions for subsequent B" phase transformation during the PB
treatment.

4.3. Dislocation-enhanced precipitation of secondary hardening 6'/Q
phases

The presence of dislocations, retained in the aluminum matrix after
hot-rolling and solid-solution treatment, plays a pivotal role in facili-
tating the nucleation and distribution of secondary hardening pre-
cipitates during subsequent pre-ageing (PA), natural ageing (NA), and
paint-baking (PB) treatments. The series of HR-TEM micrographs pre-
sented in Figs. 7-9 reveals the evolution of precipitation along disloca-
tion lines in the PB-treated samples under various natural ageing
durations (1, 7, and 30 days). After a short NA and PB (Sample# 2),
continuous solute clusters aligned along dislocation lines (Fig. 7a and b)
are observed. These dislocation-aligned clusters are short-range ordered
structures, presumably acting as precursors of GP zones. It can be sug-
gested that the retained dislocations serve as fast diffusion pathways for
the slower-diffusing Cu and Si atoms, resulting in the solute atom
segregation. At the intermediate stage of NA (Sample #4), solute atoms,
following the PB treatment, progressively rearrange along dislocations,
resulting in the transformation of initially continuous clusters into
curved and segmented structures. This spatial transition is presumably
governed by differences in solute diffusion kinetics and the resulting
competitive growth of clusters along different crystallographic planes.
In the previous investigations [19,22], the Q" and 0’ phases grown on the
{200} A1 habit planes have been revealed. In this case, it can be assumed
that curved clusters, grown along the dislocations and oriented parallel
to the similar (020)a; and (200)4; habit planes, tend to grow continu-
ously and serve as effective precursors for Q and 6 phases. On the other
hand, the curved clusters, which form along non-parallel {200} 4; habit
planes, exhibit a lower thermodynamic stability and are more suscep-
tible to dissolution during the PB treatment, eventually leading to
solute-depleted or vacant regions along dislocations. As the NA duration
is extended to 30 days (Sample #6), this phenomenon of
dislocation-enhanced precipitation becomes more pronounced (Fig. 9).
Those Q, and 0, phases, grown along dislocations (Fig. 8), gradually
evolve into 0’ and Q' phases. The size and spatial distribution are visibly
coarser and more distinct. This finding is consistent with existing liter-
ature, which suggests that in Al-Mg-Si-Cu alloys, dislocations can
facilitate the diffusion of Cu atoms, thereby promoting the
co-precipitation of Cu-rich © and Q' phases [44]. In the present work,
Sample #6 (PA + 30dNA + PB) exhibits the highest yield stress and UTS
(Table 1). This significant strengthening effect can be attributed not only
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to the formation of B"/p' precipitates in the matrix but also to the
additional contribution from these secondary hardening 6'/Q’" phases
formed on the dislocation network. These strengthening 0'/Q’ pre-
cipitates, distributed along the dislocation substructures, act as potent
obstacles that effectively pin dislocations, impeding their motion during
plastic deformation and thereby significantly enhancing the strength
and work-hardening capacity. In summary, the dislocation network
introduced during hot-rolling processing becomes nucleation sites for
secondary hardening 0'/Q’ precipitates after a combined ageing treat-
ment involving PA, prolonged NA, and PB. This dislocation-enhanced
precipitation mechanism complements the primary strengthening of
GP zones and f'/p" precipitates and results in the multiphasic
co-precipitation strengthening. These factors constitute the key micro-
structural reason the PA-treated AA6061 alloy retains an excellent
bake-hardening response even after extended periods of NA.

5. Conclusion

This study examined the cumulative effect of pre-ageing (PA) and
prolonged natural ageing (NA) on the multiphasic co-precipitation
strengthening behavior of paint-baked AA6061 alloys. Employing a
combination of SAXS, TEM, and STEM, we quantitatively characterized
the size, morphology, and volume fraction evolution of GP zones, p"/f’
precipitates, and 0'/Q’ phases. Furthermore, the formation of secondary
strengthening 0'/Q’ phases along dislocations was observed. This
dislocation-enhanced precipitation mechanism of 0'/Q’ phases comple-
ments the primary strengthening contributions of GP zones and f"/f'
phases, leading to significant improvements in tensile strength (249 + 4
MPa) and elongation (19.6 + 1.5%). The key findings of this investi-
gation can be summarized as follows:

1. During short-duration natural ageing (NA) from 1 day to 7 days, rod-
like GP zones exhibited pronounced longitudinal growth, with
lengths increasing from ~8.5 nm to ~14.3 nm, accompanied by an
increase in their aspect ratio and volume fraction from 7.7 to 39.1
and 0.145 to 0.161, respectively. Following the paint-baked (PB)
treatment, the GP-zone fraction further increased slightly (0.168 to
0.170), and their internal structure evolved from disordered clusters
(1-day NA) to ordered configurations containing short-range Si/Cu-
rich atomic layers aligned with {200} ; planes (7-day NA).

2. After prolonged natural ageing (NA) for 30 days, GP zones exhibited
increased thermal stability, as evidenced by their maintained sizes
(~0.60 nm in diameter, ~16.0 nm in length) with respect to those in
7-day NA. Specifically, the marked decrease in volume fraction of GP
zones represented the transformation of p"-like precipitates with di-
ameters of ~3.8 nm and lengths of ~9.8 nm. Subsequent paint-baked
(PB) treatment further formed and coarsened the B’/ phases with
sizes reaching ~7.31 nm in diameter and ~21.2 nm in length.

3. The disk-like 0'/Q’ phases, with a size of ~49.6 nm in diameter and
~3.6 nm in thickness, are observed to nucleate heterogeneously

Appendix
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Summary of symbols, parameters, and abbreviations.
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along dislocations. Initially, solute clusters segregated along dislo-
cation lines and evolved into curved, segmented precursors. Seg-
ments aligned with {200} ) planes acted as preferential nucleation
sites for 0" and Q', whereas misaligned segments tended to dissolve,
leading to particle-free zones along the dislocation.

4. The sequential combination of pre-ageing (PA), prolonged natural
ageing (NA), and paint-bake (PB) treatment refined and spatially
organized the multiphase microstructure. This structure was char-
acterized by the higher size stability of GP zone rods, elongated f"/f'
rods, and high-aspect-ratio 0'/Q’ disks, each occupying distinct re-
gions of the matrix and dislocation networks. This spatial and
morphological partitioning provided a synergistic co-precipitation
strengthening behavior.

5. The sequential precipitation behavior directly influenced the me-
chanical response. Under non-PB conditions, the UTS progressively
increased from 161 4+ 4 MPa (1dNA) to 187 + 2 MPa (30dNA), while
elongation decreased from 36.4 + 3.1% to 21.7 + 2.0%, reflecting a
strength-ductility trade-off associated with the coarsening and
transformation of GP zones into p'"-like precipitates. PB treatment
substantially improved both strength and ductility. Specifically, the
PA + 30dNA + PB condition achieved a UTS of 249 + 4 MPa with
19.6 + 1.5% elongation. These findings underscore the critical role
of multiphasic co-precipitation in tailoring the strength-ductility
balance in Al-Mg-Si—Cu alloys.
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Equation 47 sin(0/2)
Q= —

. Loa-l
Parameters Q: scattering vector (unit: A ).

Description . geattering angle (unit: degree).
A: Incident X-ray wavelength (unit: A).
Equation 1(Q) = Liisk(Q) + Lroa(Q)
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Equation 47w sin(0/2)
Q= —
Parameters 1(Q): Sum of the SAXS intensities contributed by disk-like and rod-like particles. (unit: cm ™! A Section 3.2 Quantitative structural characterization of
Description . " X o X X g2 precipitates
Liisk (Q): The SAXS intensities contributed by disk-like particles (unit: cm™ A 7).
I;0a(Q): The SAXS intensities contributed by rod-like particles (unit: em ! Afz).
Equation ) T 2 (23, (QRsina) 2
Liisk/roa (Q) = 1 Ap? V2 S(n,Q) £(T) jo (QECOS l!) [7(kaina) ] sin ¢ o doa AT
Parameters Ldisk/rod(Q): The SAXS intensities contributed by disk-like or rod-like particles (unit: cm ™! A Section 3.2 Quantitative structural characterization of
Description X T precipitates
Q: scattering vector (unit: A ).
n: The volume fraction of particles (dimensionless).
Ap: The scattering length density (unit: A_Z).
Vp: The particle volume (tR’T or 7RL) (unit: A
R: The radius of particles (unit: A).
T/L: The thickness (T) of disk-like particles (unit: A).
The length (L) of rod-like particles (unit: A).
S(1,Q): Schultz size distributions and hard-sphere structure factor. f(T): Schulz distribution of thickness
for disk-like particles.
f(L): Schulz distribution of length for rod-like particles.
jo(X): sin(x)/x, the zeroth-order spherical Bessel function (dimensionless), with x = Q T/2 cosax or Q L/2
cosat.
j1(x): The first-order Bessel function (dimensionless), with x = Q R sina.
a: The angle between the cylinder axis and the incident beam(unit: degree).
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