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Abstract: In this study, we investigated the effects of modified aging treatments on the microstruc-
tures and hardness in a commercial 6016 Al alloy through hardness tests and transmission electron
microscopy (TEM) observations. The results demonstrate that many fine needle-like β′′ phases con-
tribute to the high hardness of peak-aged (T6) alloys. Over-aging treatments lead to the precipitation
of lath-like β′, β′′/disordered, or B′/disordered composite phases. Moderate over-aging treatment
results in the coarsening of grain boundary precipitates (GBPs) and widening of the precipitate-free
zone (PFZ), while heavy over-aging treatment triggers the re-precipitation of Cu-containing GBPs
and increases the number density of GBPs. A retrogression and re-aging (RRA) treatment precipitates
β′′, lath-like β′, and disordered phases, while a two-step aging (T78) treatment precipitates β′′,
B′, and disordered phases. Both the T78 and the RRA treatments lead to the coarsening of GBPs
and the widening of PFZs. The decreased hardness during over-aging treatments is attributed to a
combination of coarsening intragranular precipitates and/or wider PFZs. The T78 and RRA tempers
achieve 95.5% and 94% of the hardness values of the T6 treatment, respectively. The hardness values
of the RRA and T78 treated alloys are related to the finer nano-sized precipitates formed during the
high temperature process. These precipitates can compensate for the loss of hardness caused by the
increase in the widths of the PFZs and the coarsening of the matrix precipitates. The relationship
between the hardness and microstructures such as PFZs and precipitates in the matrix during various
heat treatments is elucidated.

Keywords: 6016 alloy; T78; retrogression and re-aging; precipitation; TEM

1. Introduction

Al-Mg-Si-Cu alloys have extensive applications in transportation owing to their low
density, high strength, good ductility, excellent weldability, and corrosion resistance [1–7].
The properties of these alloys are significantly influenced by solute segregation states.
Upon undergoing artificial aging for a short period of time, Al-Mg-Si-(Cu) alloys exhibit a
substantial increase in hardness. This hardening phenomenon stems from the formation
and dispersion of a large number of nano-sized metastable precipitates within the alu-
minum matrix during the aging treatment [8–13]. These precipitates possess diverse atomic
structures, resulting in variations in mechanical characteristics. Additionally, differences
in atomic matching at the matrix–phase interface led to varying levels of interfacial strain.
Both the nano-sized precipitates and the interfacial strain impede the movement of disloca-
tions, thus contributing to the hardening of the materials. The widely accepted precipitation
sequence in Al-Mg-Si alloys proceeds as follows: supersaturated solid solution (SSSS) →
clusters → GP zones → β′′ → β′ (/B′/U1/U2) → β [9,10,14–25].

In the Al-Mg-Si-Cu alloy, the inclusion of low concentrations of Cu (~0.10 wt.%) did
not disrupt the precipitation sequence but did impact the kinetics and number density
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of the precipitates [26]. Besides the typical fully coherent β′′ precipitates observed at the
peak hardness conditions of the Al-Mg-Si alloys, a notable portion of precipitates com-
prising both fully coherent β′′ and disordered regions within the same precipitate needle
(β′′/disordered precipitates) was identified in the Cu-containing alloy [21]. Utilizing an un-
corrected probe high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM), no Cu was discerned within the fully coherent β′′ regions, while Cu
atomic columns were evident within the disordered regions. Moreover, it was observed
that the disordered regions are based on the Si-network, as previously described [26].
Although the exact atomic arrangement in the latter scenario could not be ascertained, it
is conjectured that the former local symmetry resembles the one previously proposed by
Torsæter et al. [27]. This symmetry is absent in the bulk β′′ precipitate, potentially due to
its Cu-free composition [26].

In recent years, considerable focus has been devoted to improving the heat resistance
of aluminum alloys. Jonas K. Sunde discovered that two Si-rich alloys (Al-0.64Mg-0.88Si-
0.09 and Al-0.72Mg-0.88Si-0.03Cu) formed hybrid β′ and Q′ phase precipitates in Al-Mg-
Si(-Cu) alloys with low Cu additions during over-aging treatments [28]. Consequently,
the microstructures of over-aged alloys exhibit greater complexity compared to earlier
artificially aged states. Moreover, while the evolution of precipitates in the matrix has been
meticulously elucidated, the microstructures of the grain boundary precipitates (GBPs) and
precipitate-free zone (PFZ) during over-aging treatment in Al-Mg-Si-Cu alloys with low
Cu content remain obscure.

T6-treated alloys typically exhibit high strength but are susceptible to corrosion, a
characteristic closely linked to the presence of a GBP and PFZ [29]. Non-equilibrium grain
boundary segregation phenomena significantly influence phase nucleation and growth,
thereby critically impacting material properties such as strength, fracture toughness, fatigue
resistance, and corrosion behavior. While detailed segregation studies have been conducted
on cold-rolled Al alloys [4,30–33], a deeper and more comprehensive understanding of
grain boundary segregation in conventionally aged Al alloys is necessary, particularly in
Al-Mg-Si alloys containing Cu. In these alloys, grain boundary segregation plays a pivotal
role for several reasons. Firstly, Cu enhances strength and mitigates inherent negative
effects but concurrently increases the local susceptibility to corrosion in Al-Mg-Si-(Cu)
alloys. Secondly, the occurrence of brittle intergranular fractures is associated with the
formation of coarse incoherent GBPs and a soft PFZ under the specific conditions of heat
treatment.

To address the strength–corrosion resistance trade-off in Al alloys, slight over-aging
treatments such as two-step aging [30] and T78 [34,35] were developed. Multi-step aging
strategies, which incorporate a retrogression and re-aging (RRA) treatment and T78 (high
temperature aging followed by relatively low temperature aging), aimed to refine or
eliminate grain boundary precipitates (GBPs), while preventing the coarsening of matrix
precipitates. The T78 treatment has been successfully implemented in an Al-0.75Mg-
0.75Si-0.8Cu [34] alloy and 6056 alloys [36]. The RRA treatment has been used in 7XXX
alloys [37–41]. However, its effects on the microstructures and mechanical properties in
low Cu-content Al-Mg-Si alloys remain unclear.

Due to its great comprehensive characteristics, the 6016 Al alloy is widely used in
lightweight vehicles. Presently, research efforts primarily concentrate on the paint bake
strengthening performance of this alloy, with insufficient attention given to the effects of
T78 and RRA heat treatment processes on its performance and microstructures. In this
study, we investigate the microstructures of intragranular precipitates, GBPs, and the PFZ
adjacent to the grain boundaries in a 6016 Al alloy subjected to various heat treatments.
Furthermore, we examine the relationship between hardness and microstructures in detail.

2. Materials and Methods

In this study, rolled commercial 6016 sheets with a thickness of 1 mm were utilized.
The detailed composition of the alloy is provided in Table 1.
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Table 1. Alloy compositions of a commercial 6016 sheet.

Alloy Mg Si Cu Al

6016 0.4 1.0 0.2 balance

These sheets underwent a solution heat treatment at 565 ◦C for 30 min, followed by
water quenching to room temperature, and immediate aging in an oil bath at 180 ◦C for
varying durations. The T78 treatment involved solution treatment and water quenching,
followed by aging at 180 ◦C for 10 h, and subsequent aging at 195 ◦C for 2 h. It is worth
noting that for retrogression temperatures exceeding 200 ◦C, RRA treatment cannot be
applied to large-section Al alloys due to the constraint of insufficient retrogression time to
simultaneously heat the surfaces and interiors of the materials.

The Al-Mg-Si alloy, typically used in automobile body structures as thin plates sub-
jected to rolling and stamping processes with extensive surface areas, requires painting
before usage. Paint baking temperatures and durations typically range around 180 ◦C and
30 min, respectively [7,42]. Furthermore, it has been established that the most suitable
high temperature for T78 treatment is approximately 195 ◦C [34]. Thus, the two-step high
temperature regimen and aging duration in the RRA treatment were set at 195 ◦C and
30 min, respectively. Consequently, the RRA process involved solution treatment and water
quenching, followed by aging at 180 ◦C for 10 h, subsequent re-aging at 195 ◦C for 30 min,
and, finally, aging at 180 ◦C for 10 h. The specific heat treatment process is illustrated in
Figure 1. The abbreviations of the heat treatments used in this paper are shown in Table 2.
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Figure 1. Specific thermomechanical process of T6, RRA, and T78 treatments in a commercial 6016 Al
alloy. (a) T6; (b) RRA; and (c) T78.

Table 2. Abbreviations of heat treatments used in this paper.

Full Name of Heat Treatments Abbreviations

180 ◦C × 10 h (peak aging) T6
180 ◦C × 0.5 h (under aging) UA
180 ◦C × 24 h (slight over-aging) SOA
180 ◦C × 120 h (moderate over-aging) MOA
180 ◦C × 240 h (heavy over-aging) HOA
180 ◦C × 10 h + 195 ◦C × 2 h (two steps aging) T78
180 ◦C × 10 h + 195 ◦C × 0.5 h + 180 ◦C × 10 h
(retrogression and re-aging) RRA

The Vickers hardness was tested with a load of 4.9 N and a dwell time of 10 s and at
least five indentations were measured in each sample to obtain a reliable average value. The
transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) observations
were performed with a FEI Talos F200S G2 TEM (TEM, Talos F200S, FEI Ltd., Pleasanton,
CA, USA) operated at 200 kV. All microstructure images were taken along a <001>Al zone
axis. TEM thin foils were eventually prepared by twin-jet electro-polishing with a solution
of 30% nitric acid in methanol below −25 ◦C at an operating voltage of 15 V.
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3. Results and Discussion
3.1. Age Hardening Response of Various Heat Treatments

Figure 2a illustrates the evolution of hardness for samples artificially aged (AA) at
180 ◦C for various durations. It is evident that the hardness initially experiences rapid
escalation with a prolonged AA time until reaching peak-aged status after 1 h. Subsequently,
the peak hardness persists for a short period from 1 to 10 h, followed by a gradual decline
in hardness as the AA time extends to 240 h.
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In Figure 2b, the hardness values of the samples subjected to RRA and T78 treatments
are compared with those under UA, PA, and MOA tempers. It is observed that the hardness
of the RRA and T78-treated samples is slightly lower than that of the T6-treated samples.

3.2. TEM and HRTEM Overviews of Precipitates Distributed in the Matrix

Figure 3 presents typical bright-field microstructures of an AA6016 alloy subjected to
T6, T78, RRA, and over-aging tempers. High-resolution transmission electron microscopy
(HRTEM) characterizations were additionally conducted on the same specimens depicted
in Figure 3a–c to further discern the crystal structures and types of precipitates.
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In Figure 3a, the primary precipitates observed in the T6 samples are indicated by
white arrows, identified as needle-like β′′ precipitates. Furthermore, small GP zones are
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still present within the matrix. The HRTEM images in Figure 4 confirm that the GP zones
and β′′ phases are uniformly dispersed and coherent with the matrix. The black dots
observed in Figure 3a are likely the β′′ phase viewed edge-on. These observations are
consistent with previous investigations [8,10,15,21].
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To investigate the precipitation behavior of the RRA and T78 temper-treated alloys,
the microstructures of samples subjected to a two-step artificial aging process—aged at
180 ◦C for 10 h and subsequently aged at 195 ◦C for 0.5 h—were examined. The main
precipitates observed are the GP zones and needle-like β′′ phases, as depicted in Figure 5,
resembling the microstructure of T6-treated alloys.
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Figure 5. TEM images of a 6016 alloy artificial aged at 180 ◦C for 10 h and 195 ◦C for 0.5 h. (a) bright-
field images; (b) GP zone; and (c) needle-like β′′ phase. The electron beam is parallel to the <001>Al
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Following re-aging at 180 ◦C for 10 h, unit cells of β′′ phases are still present within
the matrix (Figures 3b and 6a). Additionally, apart from the needle-like β′′ phase, lath-
like phases with habit planes parallel to (100)Al are also observed (Figure 6b). Although
the habit plane differs from the commonly observed needle-like β′ phase with a <310>Al
habit plane, the lath-like phase is considered a β′ phase. A similar lath-like β′ phase was
also observed in an over-aging treated Al-Mg-Si-Cu alloy reported by [24]. Furthermore,
some phases appear almost disordered without recognizable characteristics, such as the
precipitates shown in Figure 6c.

In summary, it can be concluded that the RRA treatment alters the precipitation
behavior of AA6016 alloys.

Following the T78 treatment (artificial aging at 180 ◦C for 10 h and subsequent aging at
195 ◦C for 2 h), aside from the needle-like β′′ phases observed (Figures 3c and 7a), lath-like
precipitates also emerge within the matrix, as indicated by the pink arrows in Figure 3c. The
high-resolution TEM image of this microstructure is presented in Figure 7b. The precipitate
in Figure 7b exhibits a periodicity of 0.99 nm along the <510>Al, consistent with one of
the characteristics of the metastable B′ phase [16,17,23]. Additionally, some disordered
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phases lacking a long-range order also precipitate within the matrix, as shown in Figure 7c.
Notably, no needle-like β′ phase is observed in the T78-treated samples.

Metals 2024, 14, x FOR PEER REVIEW  6  of  15 
 

 

Figure 5. TEM images of a 6016 alloy artificial aged at 180 °C for 10 h and 195 °C for 0.5 h. (a) bright‐

field images; (b) GP zone; and (c) needle‐like β″ phase. The electron beam is parallel to the <001>Al 

orientation. 

Following the T78 treatment (artificial aging at 180 °C for 10 h and subsequent aging 

at 195 °C for 2 h), aside from the needle‐like β″ phases observed (Figures 3c and 7a), lath‐

like precipitates also emerge within the matrix, as indicated by the pink arrows in Figure 

3c. The high‐resolution TEM image of this microstructure is presented in Figure 7b. The 

precipitate in Figure 7b exhibits a periodicity of 0.99 nm along the <510>Al, consistent with 

one of the characteristics of the metastable B′ phase [16,17,23]. Additionally, some disor‐

dered phases lacking a long‐range order also precipitate within the matrix, as shown in 

Figure 7c. Notably, no needle‐like β′ phase is observed in the T78‐treated samples. 

Following  the SOA treatment,  the unit cells of precipitates other  than β″ were ob‐

served within the matrix (Figures 3d and 8a), including some B′ phases (Figure 8b) and 

disordered phases (Figure 8c). Despite the presence of these additional precipitates, the 

β″ phase remained  the dominant precipitate under SOA conditions. Many precipitates 

exhibited moderate coarsening compared to the T6 treatment, although their sizes were 

nearly identical to those observed under the RRA condition. 

 

Figure 6. HRTEM images of the typical precipitates in a 6016‐RRA alloy. The electron beam is par‐

allel to the <001>Al orientation. (a) Needle‐like β″ phase; (b) lath‐like β′; and (c) disordered phase. 

 

Figure 7. HRTEM images of the typical precipitates in a 6016‐T78 alloy. The electron beam is parallel 

to the <001>Al orientation. (a) Needle‐like β″ phase; (b) lath‐like B′ phase; and (c) disordered phase. 

 

Figure 8. HRTEM images of the typical precipitates in a 6016‐SOA alloy. The electron beam is par‐

allel to the <001>Al orientation. (a) needle‐like β″ phase; (b) lath‐like B′ phase; (c) disordered phase. 

Figure 6. HRTEM images of the typical precipitates in a 6016-RRA alloy. The electron beam is parallel
to the <001>Al orientation. (a) Needle-like β′′ phase; (b) lath-like β′; and (c) disordered phase.

Metals 2024, 14, x FOR PEER REVIEW  6  of  15 
 

 

Figure 5. TEM images of a 6016 alloy artificial aged at 180 °C for 10 h and 195 °C for 0.5 h. (a) bright‐

field images; (b) GP zone; and (c) needle‐like β″ phase. The electron beam is parallel to the <001>Al 

orientation. 

Following the T78 treatment (artificial aging at 180 °C for 10 h and subsequent aging 

at 195 °C for 2 h), aside from the needle‐like β″ phases observed (Figures 3c and 7a), lath‐

like precipitates also emerge within the matrix, as indicated by the pink arrows in Figure 

3c. The high‐resolution TEM image of this microstructure is presented in Figure 7b. The 

precipitate in Figure 7b exhibits a periodicity of 0.99 nm along the <510>Al, consistent with 

one of the characteristics of the metastable B′ phase [16,17,23]. Additionally, some disor‐

dered phases lacking a long‐range order also precipitate within the matrix, as shown in 

Figure 7c. Notably, no needle‐like β′ phase is observed in the T78‐treated samples. 

Following  the SOA treatment,  the unit cells of precipitates other  than β″ were ob‐

served within the matrix (Figures 3d and 8a), including some B′ phases (Figure 8b) and 

disordered phases (Figure 8c). Despite the presence of these additional precipitates, the 

β″ phase remained  the dominant precipitate under SOA conditions. Many precipitates 

exhibited moderate coarsening compared to the T6 treatment, although their sizes were 

nearly identical to those observed under the RRA condition. 

 

Figure 6. HRTEM images of the typical precipitates in a 6016‐RRA alloy. The electron beam is par‐

allel to the <001>Al orientation. (a) Needle‐like β″ phase; (b) lath‐like β′; and (c) disordered phase. 

 

Figure 7. HRTEM images of the typical precipitates in a 6016‐T78 alloy. The electron beam is parallel 

to the <001>Al orientation. (a) Needle‐like β″ phase; (b) lath‐like B′ phase; and (c) disordered phase. 

 

Figure 8. HRTEM images of the typical precipitates in a 6016‐SOA alloy. The electron beam is par‐

allel to the <001>Al orientation. (a) needle‐like β″ phase; (b) lath‐like B′ phase; (c) disordered phase. 

Figure 7. HRTEM images of the typical precipitates in a 6016-T78 alloy. The electron beam is parallel
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Following the SOA treatment, the unit cells of precipitates other than β′′ were observed
within the matrix (Figures 3d and 8a), including some B′ phases (Figure 8b) and disordered
phases (Figure 8c). Despite the presence of these additional precipitates, the β′′ phase
remained the dominant precipitate under SOA conditions. Many precipitates exhibited
moderate coarsening compared to the T6 treatment, although their sizes were nearly
identical to those observed under the RRA condition.
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Following the MOA treatment, a notable phase transformation of the alloys is observed,
accompanied by significant coarsening of the precipitates (as depicted in Figure 3e). The
high-resolution TEM (HRTEM) images (Figure 9) reveal that the main precipitates observed
within the matrix are primarily needle-like β′′/disordered composite phases, along with
some lath-like B′ phases exhibiting {510}Al habit planes, and lath-like β′ phases with {100}Al
habit planes.
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Figure 9. HRTEM images of the typical precipitates in a 6016-MOA alloy. The electron beam
is parallel to the <001>Al orientation. (a) Lath-like B′ phase; (b) lath-like disordered phase; and
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After the HOA treatment, further coarsening of the precipitates is observed. Lath-like
B′ phases and B′/disordered composite phases are found in the bulk of the HOA temper.
Additionally, some disordered phases lacking recognizable periodicity are observed in the
bulk (as shown in Figure 10c,d).
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Figure 10. HRTEM images of the typical precipitates in a 6016 alloy over-aged at 180 ◦C for 10 d. The
electron beam is parallel to the <001>Al orientation. (a) Lath-like B′/disordered composite phase;
(b) lath-like B′ phase; (c) disordered phase 1; and (d) disordered phase 2.

The precipitation length distributions measured on the same samples depicted in
Figure 3 are illustrated in Figure 11. For each aging condition, a minimum of three TEM
images were selected, with the number of precipitates considered exceeding 200 to ensure
the measurement accuracy. Given that the needle-like phases are the predominant precipi-
tate types within the matrix, the statistical analysis primarily focuses on needle-like phases
rather than lath-like ones.

It is observed that the T6-treated alloy contains very fine precipitates with an average
length of approximately 16 nm (Figure 8a). Compared to the T6 treated alloy, the average
lengths of the β′′ phases in the 6016 alloy artificially aged at 180 ◦C for 10 h and 195 ◦C for
0.5 h increase slightly, by about 8 nm. After re-aging at 180 ◦C for 10 h, the average lengths
of the needle-like phases increase to 48 nm.
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Figure 11. Average precipitate lengths and lengths distribution of the needle-like precipitates in the
samples. (a) T6; (b) T78; (c) 180 ◦C × 10 h + 195 ◦C × 0.5 h; (d) RRA; (e) SOA; (f) MOA; and (g) HOA.

For the T78 and RRA-treated alloys, their precipitate microstructures comprise numer-
ous relatively fine matrix precipitates and a few relatively coarse precipitates (see Table 3
and Figure 11b,d). The average length of the matrix needle-like precipitates in the T78-
treated alloy is approximately 38 nm. It is noteworthy that the RRA-treated alloy exhibits
more precipitates larger than 30 nm compared to the T78-treated alloy. Consequently, the
matrix precipitates in the RRA-treated alloy are slightly coarser than those formed in the
T78-treated alloy.

Table 3. Length distribution of the needle-like precipitates in the T6, RRA, T78, and over-aging
treated samples.

Temper <10 nm 10~30 nm 30~100 nm >100 nm

T6 0.02 0.96 0.02 0.00
180 ◦C × 10 h + 195 ◦C
× 0.5 h 0.02 0.80 0.18 0.00

RRA 0.11 0.47 0.35 0.07
T78 0.12 0.61 0.25 0.02
SOA 0.00 0.48 0.49 0.03
MOA 0.00 0.01 0.39 0.60
HOA 0.00 0.00 0.32 0.68

The average lengths of the needle-like precipitates for the SOA, MOA, and HOA
treatments are measured to be approximately 35 nm, 128 nm, and 135 nm, respectively.
The over-aging treatment promotes the growth and coarsening of needle-like precipitates.
The increases in the average size of the over-aged alloys indirectly suggest that the matrix
precipitates are dissolving during over-aging. Consequently, compared to those of the
T6-treated alloys, the number of densities and volume fractions of over-aged alloys would
decrease, as reported in the literature [4,33].
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Among the precipitates distributed in the matrix, the β′′ phase exhibits a higher
strengthening effect than the GP zones, and the β′, B′, and disordered phases.

3.3. TEM and HRTEM Overviews of Precipitates at/near the Grain Boundaries

The effects of heat treatment on the grain boundary precipitates (GBPs) of the aged
samples can be analyzed based on Figures 12 and 13. Figure 12 illustrates the bright-field
TEM images near the grain boundaries in the T6, RRA, and T78 samples. To accurately
characterize the difference in the precipitate-free zone (PFZ) widths with aging temper, one
grain near the grain boundaries is tilted to be parallel to the <001>Al axis. The PFZ widths
of the T6, RRA, and T78 samples are measured to be approximately <10 nm, 155 nm, and
182 nm, respectively.
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Figure 12. Bright-field TEM images and HRTEM images of the typical grain boundary structures in a
6016 alloy subjected to (a,d) T6, (b,e) RRA, and (c,f) T78 tempers.

It is observed that the T6-6016 alloy exhibits finer GBPs adjacent to the grain bound-
aries and narrower PFZs, as shown in Figure 12a,d. Conversely, both the GBPs and their
intervals become coarser in both the RRA (Figure 12b,e) and T78 (Figure 12c,f) treatments.
Notably, the PFZ width of the T78 temper is larger than that of the RRA temper. The
increase in the widths of the PFZs of the RRA and T78 treated alloys indirectly indicates
that the matrix precipitates near the PFZs dissolve during the RRA and T78 treatments.

Figure 13 displays the bright-field TEM images near the grain boundaries in the
slightly, moderately, and severely over-aged samples. The widths of the PFZs in the SOA,
MOA, and HOA samples are measured to be approximately 71 nm, 111 nm, and 123 nm,
respectively.

It can be summarized that the GBPs grow continuously as the aging times increase
up to 5 days. Consequently, the number density of the GBPs decreases, and the distance
between the GBPs increases. However, the distance between the GBPs notably decreases
when the aging time increases to 10 days (with the HOA temper). This decreased distance
between the GBPs is likely due to the dissolution of the existing precipitates in the grain
interiors and the re-precipitation of the GBPs when the samples undergo long-term aging
treatment, such as the 10-day duration in this study.

From a thermodynamic standpoint, the re-precipitation along the grain boundary
is energetically more favorable than re-precipitation in the grain interior. When some
precipitates dissolve after long-term aging, the solute atoms in the Al matrix become scarce
compared to the supersaturation after quenching. Consequently, the driving force for re-
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precipitation in the grain interior is insufficient. Conversely, the grain boundary provides
nucleation sites for these free solute atoms. In this study, the re-precipitation of GBPs
competes with the coarsening of precipitates in the grain interior, at the expense of the
dissolution of some precipitates.
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Energy dispersive spectroscopy (EDS) mappings of grain boundaries and matrix
precipitates in the HOA sample are depicted in Figures 14 and 15, respectively. The EDS
mappings reveal that the GBPs contain Al, Mg, Si, and/or Cu elements, while the matrix
precipitates mainly consist of Al, Mg, and Si elements. Consequently, during the HOA
process, the Cu elements could segregate at the grain boundaries and form the GBPs.
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6016 alloy subjected to HOA treatment.

These EDS mappings suggest that Cu atoms play a crucial role in the re-precipitation
process during long-term aging treatments.

It is well acknowledged that the occurrence of GBPs and a PFZ is attributed to the
migration of solute atoms towards grain boundaries, which are highly susceptible to the
heat treatment process [29,35,43–45]. During a high temperature aging treatment (195 ◦C),
previously formed precipitates dissolve first, causing solute atoms to migrate toward the
grain boundaries. Subsequent aging treatments facilitate the easy formation of precipitates
adjacent to or at grain boundaries. This migration of solute atoms to the grain boundaries
and the subsequent formation of GBPs results in a solute atom-depleted zone adjacent
to the grain boundaries [33,46]. The formation of this solute atom-depleted zone can be
utilized to explain the formation of the PFZ observed in the samples.

Matrix and grain boundary microstructures of the T6, RRA, T78, and over-aging
treated samples are shown in Table 4.

Table 4. Matrix and grain boundary microstructures of the T6, RRA, T78, and over-aging treated
samples.

Aging Condition Types of Matrix Precipitates Width of PFZ (nm) Average Length of
Needle-Like Phases (nm)

T6 GP zones + β′′ phase <10 16
180 ◦C × 10 h + 195 ◦C × 0.5 h GP zones + β′′ phase 24
RRA β′′ + lath-like β′ + disordered phases 155 48
T78 β′′ + B′ + disordered phases 182 38
SOA β′′ + B′ + disordered phases 71 35

MOA B′ + lath-like β′ + β′′/disordered
composite phases 111 128

HOA B′ + B′/disordered composite +
disordered phases 123 135

3.4. The Relationship between Microstructures and Hardness

The T6-treated sample exhibits the highest hardness due to the dense β′′ phases [10].
In contrast, the SOA sample (Figure 2) experiences a slight decrease in hardness as the
precipitates coarsen, reducing the volume density. Notably, the MOA condition sees a
significant decrease in hardness (Figure 2) due to an obvious coarsening of the precipitates
(Table 4) and a reduced volume density. Furthermore, changing the precipitate types also
hinders the dislocation movement, contributing to a reduced hardness (Table 4).
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In the case of the SOA treatment, the precipitates undergo significant coarsening,
shifting from a cutting to a bypassing mechanism [42]. Consequently, the volume fraction
decreases, hindering the dislocation movement further, and leading to a reduced hardness.
Additionally, the wider PFZs during over-aging treatments also contribute to a decreased
hardness.

The RRA and T78 treatments (Figure 2) have a slightly lower hardness than the T6 but
are notably higher than the MOA and HOA treatments. However, they feature wider PFZs
(Table 4) and slightly larger precipitate sizes than the T6 and SOA samples. Wide PFZs
(>71 nm) significantly impact the yield strength, contributing over half of the strengthening
effect compared to intragranular precipitates [4]. Therefore, the wider PFZs and coarser
precipitates lead to a decreased hardness in the RRA and T78 treatments compared to the
T6 and SOA samples.

Statistical results show that the RRA and T78-treated alloys have smaller nano-sized
(<10 nm) precipitates (Table 3) than the T6 and SOA-treated ones. During high temperature
aging, the precipitate types mainly comprise GP zones and needle-like β′′ phases. While
β′′ phases grow during aging treatments, the number of small-sized precipitates remains
similar to the T6 treatment, but the medium-sized phases decrease and the large-sized
precipitates increase.

According to the above statistical results, we deduce that retrogression in Al-Mg-Si-Cu
alloys involves partial GP zone dissolution and β′′ phase re-precipitation during re-aging
treatment at high temperatures in the RRA. Small nano-sized precipitates nucleate during
high temperature aging and grow during further aging, compensating for hardness loss
due to wider PFZs and decreased precipitate strengthening (Table 4).

The T78 and RRA-treated samples have a slightly lower hardness than the T6 due
to finer precipitates compensating for the width increase in the PFZ and the precipitate
strengthening decrease. In contrast, moderate and severe over-aging treatments have
narrower PFZs but significantly coarsened intragranular precipitates, leading to a decreased
hardness compared to the T78 and RRA.

Despite slight over-aging, the T78 exhibits a slightly higher hardness than the RRA
due to finer intragranular precipitates compensating for coarser GBPs and a wider PFZ
(Table 4). Precipitation strengthening in the matrix has a larger impact on mechanical
properties, resulting in a higher hardness for the T78.

4. Conclusions

This study investigated the relationship between the microstructures and mechanical
properties of an Al-Mg-Si-(Cu) alloy subjected to various aging treatments: peak aging (T6),
retrogression and re-aging (RRA), two-step aging (T78), slight over-aging (SOA), moderate
over-aging (MOA), and heavy over-aging (HOA). The following conclusions were drawn:

(1) The T6 treatment exhibited the highest hardness due to the presence of a high density
of fine needle-like β′′ strengthening effects.

(2) The over-aging treatments resulted in the precipitation of lath-like β′, β′′/disordered,
or B′/disordered composite phases. The MOA treatment caused the coarsening of
the grain boundary precipitates (GBPs) and the widening of the PFZ, while the HOA
treatment led to the re-precipitation of the Cu-containing GBPs and increased the
GBP density. The RRA treatment precipitated β′′, lath-like β′, and disordered phases,
while the T78 treatment precipitated β′′, B′, and disordered phases. Both the T78 and
RRA treatments led to the coarsening of the GBPs and the widening of the PFZs.

(3) Decreased hardness during post-over-aging treatment was attributed to a combination
of coarsening intragranular precipitates and/or wider precipitation-free zones (PFZs)
and the change of precipitate types.

(4) The T78 and RRA treatments achieved 95.5% and 94% of the hardness values of the
T6 treatment (113 HV), respectively. The hardness of the T78 and RRA treatments was
nearly equivalent to that of the SOA treatment.
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(5) The hardness of the RRA and T78 treated alloys depended on the presence of finer
nano-sized (<10 nm) precipitates formed during the high temperature process. These
finer nano-sized precipitates could compensate for the loss of hardness caused by the
increase of the widths of the PFZs and the coarser matrix precipitates.
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