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Abstract: The heterogeneity of a-Al(Fe,Mn)Si dispersoids and S" precipitates was tuned to enhance the strength—
ductility synergy of air-cooled AI-Mg—Si alloys. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were employed to elucidate the microstructural parameters of these two strengthening phases. The
results show that the microstructural heterogeneity can be triggered by the absence of homogenization, resulting in the
presence of dispersoid-free zones (DFZs) and dispersoid zones (DZs), in conjunction with bimodal S" precipitates.
Further analytical calculations, from the strengthening model, clarify that the strategically dispersed a-Al(Fe,Mn)Si and
p" particles create “soft” and “hard” domains within the alloy, resultantly improving the mechanical properties.
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1 Introduction

6xxx series (Al-Mg—Si-based) alloys are
highly favourable for the fabrication of structural
components in the transportation industry due to
their desirable mechanical properties, formability,
weldability and corrosion resistance [1-3]. Over the
past century, commercial 6xxx alloys such as
6082 [4], 6005A [5] and 6061 [6] have been
developed for fabricating hollow profiles with
complex sections and resultantly high structure
stiffness. As a result, these alloys receive increasing
attentions from researchers in the fields of

automotive, navy and electronics.
However, it is worth noting that one of the most
well-known disadvantages of 6xxx alloys is the
moderate strength. For instance, the tensile strength
of AlI-Mg—Si alloys is usually <400 MPa [7], which
is not as high as their competitors such as 2xxx
(Al—Cu-based) [8,9] and 7xxx (Al-Zn—Mg—Cu-
based [10,11]) alloys. In response to this limitation,
numerous attempts have been made to enhance
the age-hardening effects by assembling multiple
contributors including nanoprecipitates, dispersoids,
grain boundaries and forest dislocations. The
corresponding techniques, such as microalloying
[12,13] and severe plastic deformation (SPD) [14],

consumer
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have been well developed by many pioneers in
past decades, constantly approaching to strengthen
Al-Mg-Si alloys.

Generally speaking, the thermomechanical
treatment plays an essential role in tailoring the
mechanical properties of Al-based alloys by
manipulating their microstructure. For the 6xxx Al
profiles, the traditional thermomechanical process
usually includes homogenization, hot extrusion,
quenching and the final artificial aging [15,16].
Among these steps, homogenization at high
temperature serves as a necessary precursor step
enabling enhanced formability during subsequent
extrusion processes. The choice for higher
homogenization temperatures has been extensively
reported in many commercial 6xxx alloys [17,18].
One reason for this choice is to eliminate solute
segregation by thermally activating solute
diffusion [3]. Additionally, thermal exposure at such
temperatures allows the dissolution and/or phase
transformation of brittle eutectic phases and
constituents, including a-AlFeSi, Q-AlsCu,MgsSiy
and f-Mg,Si phases in AI-Mg—Si alloys [19-21].
Furthermore, dispersoids are representatively
observed during homogenization at such temperature,
such as a-Al(Fe,Mn)Si dispersoids in the studied
6082 alloy. It is worth noting that forming
dispersoids has dual effects in AI-Mg—Si alloys.

On the one hand, a-Al(Fe,Mn)Si dispersoids
with characteristic sizes ranging from tens of
nanometres to over 100 nanometres are helpful to
strengthen the alloy and, importantly, suppress
recrystallization during high-temperature extrusion
by pining grain boundaries [5,17,22,23]. On the
other hand, if Si solutes are greatly consumed by
o-Al(Fe,Mn)Si particles, then the formation of
(Mg,Si)-rich nanoprecipitates strengthening will be
correspondingly weakened. For example, a recent
work proposed by WANG et al [19] shows
that the solute competition between a-Al(Fe,Mn)Si
dispersoids and (Mg,Si)-rich nanoprecipitates is
effectively tailored by homogenization, which plays
a key role in the age-hardening response. By the
way, quenching process is also another crucial step
applied after homogenization and extrusion for
commercial AI-Mg—Si alloys to heavily affect the
mechanical properties [24]. A series of recent
reports further suggested that quenching procedures
tailor the starting vacancy site fractions before
aging, thus controlling the precipitation nucleating

on solute clusters forming at a very early stage of
aging [1].

Theoretically, sufficient homogenization and
rapid cooling rate (like water quenching) are
favourable in 6xxx Al alloys for achieving optimal
mechanical properties [7,15,19]. In this term,
high supersaturation of solutes/vacancies and fully
suppressed quench-in precipitation are acquired,
leading to the formation of dense (Mg,Si)-rich
nanoprecipitates during subsequent artificial aging.
However, a large number of 6xxx series alloys
have to tolerate the insufficient homogenization
duration and low quenching rate. Two main
reasons are given below. Firstly, the fabrication
of these extruded alloys is expected to skip the
homogenization step and be directly hot extruded
from the as-cast state to save the cost [19]. Secondly,
the cooling rate must be strictly limited in the
component with a complex cross section (varying
wall dimensions and hollows) to guarantee the high
structural accuracy. In such cases, the procedure
of water quenching has to be replaced by spray
quenching or, usually, air cooling, aiming to
achieve uniform cooling rate and prevent residual
stress/distortion, even at the expense of the alloying
elements consumption by coarse intermetallics to
jeopardize strength [25].

Although the individual effect of homogenization
and quenching procedure have been well-studied,
a scientific question still remains: is it possible
to utilize the microstructural heterogeneity in
Al-Mg—Si alloys equipped with dual strengthening
phases of dispersoids and nanoprecipitates? In fact,
the heterogeneous dispersion of dispersoids is
universally observed in the Mn-containing alloys
such as commercial 3xxx [22,26] and 6xxx series
[27]. This mainly originates from the positive solid—
liquid partition coefficient ko (~0.7) of Mn [28],
resulting in the Mn depletion in the interdendritic
regions during solidification and presenting as the
microstructural defect of dispersoid free zones
(DFZs) in extruded alloys. Unfortunately, such
heterogeneity is often negative and should be
eliminated by performing homogenization [19].
However, in this work, some clues that the
heterogencous a-Al(Fe,Mn)Si dispersoids and S"
nanoprecipitates can be synergistically triggered in
an air-cooled 6082 alloy, are present. Most
importantly, such heterogeneity can be utilized to
improve the mechanical properties.
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2 Experimental

2.1 Sample preparation

A 6082 extruded alloy with nominal
composition given in Table 1 was used in the study.
The profiles with symmetrical four hollows were
prepared with uniform wall thickness of ~2 mm,
extrusion ratio of ~37 and extrusion speed of
~2 mm/s. Two typical abbreviations used in this
work, denoted as the 6082-H and 6082-U, are
distinguished by performing the homogenization
or not before the extrusion (H—Homogenized,
U—-Unhomogenized). In detail, the 6082-U alloy
has a simplified thermomechanical process of
being melted, cast, hot-extruded, air-cooled and
artificially aged at 185 °C for 5 h. In contrast, the
6082-H alloy has an extra homogenization protocol
at 480 °C for 4 h after casting and before extrusion
to complete the traditional thermomechanical
procedure. Noted that the temperature of the
alloys exiting the extrusion mould is detected as
(500£2) °C before quenching, and the duration of
room-temperature storage between quenching and
artificial aging is strictly controlled as 24 h in all
studied alloys. Moreover, different quenchants were
also utilized for comparative experiments, including
air-cooled (AC) and water-quenching (WQ).

Table 1 Composition of studied 6082 alloy (wt.%)
Si Mg Mn Fe Cu Cr Ti Zn Al
1.02 0.76 0.54 0.20 0.01 0.05 0.03 0.05 Bal.

2.2 Mechanical property tests

The room-temperature tensile tests
performed to evaluate the mechanical properties of
studied alloys, using dog-bone shaped samples with
a gauge dimension of 25 mm in length, 6 mm in
width and 2 mm in thickness. An extensometer
was employed to record the strain, and at least 5
samples were tested to generate the representative
tensile curves. The tensile direction is parallel with
the extrusion direction.

were

2.3 Microstructural characterization

The studied alloys were characterized by
scanning electron microscopy (SEM), electron
backscatter  diffraction (EBSD), transmission
electron microscopy (TEM), high resolution
TEM (HRTEM), atomic-resolution high-angle

annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and energy disperse
spectroscopy (EDS). The SEM and EBSD
specimens were mechanically ground and polished
by 1 pum diamond paste to acquire the mirror
surfaces. Subsequently, electropolishing was
performed in a mixture of 700 mL ethanol and
300 mL perchloric acid at ~7 °C. Finally, the
specimens were ultrasonically cleaned in an acetone
bath and dried using cool air flow. TEM foils were
prepared through twin-jet electropolishing using a
solution of 80 vol.% methanol and 20 vol.% nitric
acid at temperature of ~—30 °C and a voltage of
~20 V. Noted that the microstructural parameters
of second-phase particles, such as radius », number
density N, and volume fraction f;, were quantitatively
measured following the methods proposed in
Refs. [29,30]. For simplicity purposes, further
details can be found in our previous work [31,32].

3 Results

3.1 Microstructural heterogeneity of dispersoids

The representative SEM micrographs of the
air-cooled 6082-H and 6082-U alloys are shown in
Figs. 1(a, b) and 1(d, e), respectively, revealing the
heterogeneous distribution of dispersoids due to
the absence of homogenization before extrusion.
Elongated bands of dispersoid-free zones (DFZs)
with an average width of (1.72+0.25) um parallel to
the extrusion direction can be observed in the
6082-U alloy (Figs. 1(a, b)). Similar phenomenon is
usually observed in Mn-containing Al alloys [22,33]
as a result of Mn segregation during solidification
[22,26]. In contrast, homogenization prior to
extrusion effectively eliminates the heterogeneity of
dispersoids in the 6082-H alloy, resulting in a
roughly homogeneous microstructure, as shown in
Figs. 1(d, e). The microstructural parameters of the
dispersoids are presented in Table 2.

Furthermore, TEM
conducted at higher magnifications
alloys (see Figs. 1(c, f)). Interestingly, it is found
that lath-like particles decorate the majority of
o-Al(Fe,Mn)Si dispersoids in two studied air-
cooled alloys. Careful EDS examinations reveal
clear Si, Mn and Fe depletion within these DFZs
(Figs. 2(a—f)), while corresponding second-phase
particles within adjacent dispersoid-containing
zones (DZs) show solute enrichment, indicating that

characterizations were

on these
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Fig. 1 Microstructure of air-cooled 6082-U (a—c) and 6082-H (d—f) alloys showing heterogeneity of a-Al(Fe,Mn)Si
dispersoids: (a, b, d, €) SEM images; (c, f) TEM images

Table 2 Statistical data of a-Al(Fe,Mn)Si dispersoids and " precipitates in studied alloys

a-Al(Fe,Mn)Si dispersoids

" precipitates

Alloy Location

d /nm Ny/10Ym™3 [ /nm 7 /nm N/10%2m3 Sl%
6082-U DFZs — - 17.043.3  3.4£02 45403  0.90+0.08"
(Air-cooled) DZs 81.6+2.6 6.1+0.4 42.1+73  4.3+04 0.4£0.1  0.54+0.03"
6082-H (Air-cooled) - 80.3£0.2 8.3+1.4 20.1¢4.5  3.1+0.3 3.6+0.2 0.62+0.11
6082-U DFZs - - 18.9+0.3  3.3x0.2 7.6£0.7  1.04+0.03"
(Water-quenched) DZs 86.3+£3.9 6.3+0.8 19.3£0.4  3.240.1 79404  0.99+0.06
6082-H 94.8+7.2 4.5+1.3 23.2+1.2  2.840.3 7.1+£0.3 0.98+0.11

(Water-quenched)

" The volume fractions were calculated by assuming that precipitates are uniformly distributed in the material; Microstructural parameters:
d —Average diameter, [ —Average length, 7 —Average radius, Nyv—Number density, f,—Volume fraction

the majority of the dispersoids are a-Al(Fe,Mn)Si
phases [4].

Additionally, a high population of coarse
precipitates at both grain boundaries and interiors
are enriched in Mg and Si, which are proposed to be
p' and/or equilibrium S phase formed due to slow
cooling rate during air-cooling [4,24]. Careful
HAADF-STEM analyses along with EDS and
HRTEM results confirm that these lath-like
particles decorated at a-Al(Fe,Mn)Si dispersoids
are identified as pf-MgoSis (abbreviated as f’
hereafter) (see Fig.3), which is well-known in
air-cooled Al-Mg-Si alloys [4,34]. Additional
TEM and EDS examinations also reveal that
approximately 90.4% of a-Al(Fe,Mn)Si dispersoids
are decorated with S’ particles in the 6082-U alloy,

while this percentage increases to around 94.4% in
its 6082-H counterpart (see Fig. S1 in Supplementary
Information). In summary, the heterogeneity of
o-Al(Fe,Mn)Si dispersoids can be triggered via the
homogenization procedures in the present 6082
alloys.

There is no doubt that the coarse /' particle is
not the key contributor of the aging-hardening
response due to its coarse size and resultantly large
interspace 4 [4,35]. In other words, a-Al(Fe,Mn)Si
dispersoids have a negative impact on introducing
p' precipitation. Therefore, an idea arises:
eliminating dispersoids could potentially suppress
such dispersoid-induced p' precipitation. This
approach may be a sensible strategy to enhance the
precipitation strengthening effect in the air-cooled
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Fig. 2 Dispersoid heterogeneity in 6082-U alloy under higher magnifications: (a) SEM micrograph; (b) Grain
orientation distribution in Euler’s color; (c—f) Corresponding EDS maps

Fy

1

~ B’ (side-on)

Fig. 3 Heterogeneous nucleation of f’ precipitates on a-Al(Fe,Mn)Si dispersoids in 6082-U alloy: (a) HAADF-STEM
image; (b—e) Corresponding EDS results; (f) HRTEM image; (g) Corresponding FFT image
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alloys. In fact, it should be noted that the
precipitation of f’-decorated a-Al(Fe,Mn)Si
dispersoid is not observed in the DFZs of the
6082-U alloy after air-cooling, as shown in Fig. 1(c),
since there are not dispersoids. Therefore, it is
important to carefully characterize the formation of
nanoprecipitates in DFZs.

3.2 Microstructural heterogeneity of precipitates
cooperating with dispersoids

High-magnified TEM micrographs along with
corresponding size distribution of nanoprecipitates
in both studied alloys (6082-U and 6082-H) are
presented in Fig. 4. Clearly, these TEM micrographs
exhibit three variations of nanoprecipitates,
including two orthogonal needle-like ones and dot-

I et .;‘ a0 < : M|
Fig. 4 Heterogeneity of " precipitates in 6082-U (a—c) and 6082-H (d—f) alloys: (a, b, d,e) TEM micrographs;
(c, ) Size distributions

like end-on variations viewed along (100)a; axis.
Further HRTEM and FFT characterizations confirm
these particles as f"-MgsSis [36,37] or MgsAlSis
[21] (abbreviated as f" hereafter), exhibiting a
classic monoclinic structure and representative FFT
patterns depicted in Fig. 5, consistent with previous
studies [15,20,38,39].

Specifically, if looking back at the micro-
structural heterogeneity, a surprising fact is found
that " phases are heterogeneously dispersed in the
6082-U alloy, depending on their distance from
a-Al(Fe,Mn)Si dispersoids (see Figs. 4(a, b)). It is
noted that such synergetic heterogeneity is almost
eliminated in the homogenized 6082-H alloy (see
Figs. 4(d, e)). In detail, the 6082-U alloy is
equipped with the bimodally distributed 5", which

Frequency/%

0 20 40 60 80 100

20
¢
Sl o
E, <— Near dispersoids
§ 10+ Away from
g = dispersoids
= sl

0720 40 60 80 100
Precipitate length, /nm

Fig. S HRETM and corresponding FFT results identifying " precipitates in 6082-U alloy: (a) DFZs; (b) DZs
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is in a good agreement with the size distribution in
Fig. 4(c). Statistical measurements further clarify
that B" precipitates in the DFZs exhibit ~60%
decrease in average length [ (~17 nm vs ~41 nm)
and at least one order of magnitude higher number
density Ny (4.5%x102 m>vs 0.4x10?> m™>) compared
to those found in adjacent DZs. For the purpose of
comparison, it is observed in Figs. 4(d—f) that the
bimodal distribution of " in the 6082-H alloy is
nearly eliminated while maintaining unchanged
precipitate morphology. An interesting fact is also
noticed that the average length / of needle-like 5" in
the homogenized 6082-H alloy becomes coarser
(~20 nm) compared to that in the DFZs of the
6082-U counterpart, accompanied with a significant
decrease in number density N, to ~3.6x10*m™
(see Table 2). This suggests the simultaneously
suppressed  heterogeneity of  a-Al(Fe,Mn)Si
dispersoids and f" precipitates in the homogenized
6082-H alloy. Conversely, considering the
heterogeneous microstructure present in the
unhomogenized 6082-U alloy, it is found that there
exists a surprising synergy of heterogeneity
regarding to a-Al(Fe,Mn)Si and g" particles. In
brief, the spatial distributions of a-Al(Fe,Mn)Si
dispersoids and " precipitates are either
homogenous or heterogeneous in the air-cooled
6082 alloys.

3.3 Mechanical properties

Figure 6(a) shows the representative room-
temperature engineering stress—strain curves of
the studied 6082-U and 6082-H alloys through
air-cooling. Clearly, the yield strength (o0.) and
ultimate strength (ob) are obviously upgraded from
~170 and ~230 MPa in the 6082-H alloy to ~190

1023

and ~255 MPa in the unhomogenized 6082-U alloy,
respectively. The refined g" precipitates in the DFZs
are attributed to the strong strengthening effect
in the unhomogenized 6082-U alloy. It is worth
noting that such improved strength seems to be
not valid in the water-quenched alloys (see Fig. S2
in Supplementary Information). However, the
utilization ~ of  microstructural  heterogeneity
(schematically presented in Figs. 6(b, c)) is still
important for these air-cooled alloys from the
perspective of the highly restricted precipitation
strengthening effect due to the slow cooling rate.
Meanwhile, the ductility is also optimized
from ~11% in the 6082-H alloy to ~15% in the
6082-U counterpart. The underlying mechanism
can be explained as follows. The microstructural
heterogeneity of a-Al(Fe,Mn)Si dispersoids and
S precipitates actually assembles a composite
structure stratified by multiple “hard” and “soft”
layers in micro-scale. These layers correspond to
the assembly of DFZs with refined precipitates and
DZs with dispersoids and coarser precipitates.
Similar laminated and heterostructured materials
with microstructural heterogeneity have been
proven to possess desirable strength—ductility
synergy [40]. For example, a recent work proposed
by ZHAO et al [41] shows a similar heterogeneous
sandwiched microstructure within an ultra-thin
Al—Mn strip. A mutual constraint between the hard
and soft regions is found to enable the material to
be plastically deformed to an elongation increased
by ~200% prior to fracture. Based on these
analyses, DFZs are likely to be the “hard” part of
alloy due to the refined £” precipitation. Moreover,
another possible explanation for the optimized
ductility in the unhomogenized 6082-U alloy is

300
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6082-U
< 200f m
[aW)
=
Z 6082-H
&
100
0 5 10 15
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b = — )] =
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) == ] o| = B” precipitates
L//‘ N 1[HL LD Ib/ (Refined)

Fig. 6 Mechanical properties of studied alloys: (a) Room-temperature tensile curves; (b, c) Schematics presenting
synergetic heterogeneity in 6082-H (b) and 6082-U (c) alloys
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related to the " precipitates with smaller size in the
DFZs, which is supposed to reduce the deformation
discrepancy between the precipitate and matrix and
thus to decrease the strain/stress concentration
[6,42,43]. However, it seems to be less important
because the coarser precipitates are also observed in
DZs and resultantly jeopardize the ductility.
Unfortunately, the improved mechanical property
by skipping homogenization seems to be not
effective in the water-quenched counterpart (see
Fig. S2 in Supplementary Information). Therefore,
the microstructural heterogeneity is most likely to
be responsible for optimal strength and ductility
combination processed by the unhomogenized
6082-U alloy.

4 Discussion

4.1 Heterogeneous precipitation of a-Al(Fe,Mn)Si
dispersoids

The heterogeneity of the a-Al(Fe,Mn)Si
dispersoids is associated with the Mn segregation
during solidification and inherited in the
unhomogenized 6082-U alloy. For instance, the Mn
enrichment is detected in dendritic core [22,26] of
cast alloys, and the surface region of twin-roll
casting (TRC) strip [2,41]. These are well-known
macroscopic or microscopic defects, i.e. center
segregation [44]. Efforts have been made to
eliminate or mitigate these defects by optimizing
fabrication processes or controlling thermo-
mechanical procedures. However, in this work, the
microstructural heterogeneity of a-Al(Fe,Mn)Si
dispersoids is intentionally allowed in the present
6082-U alloy by skipping the homogenization step
before extrusion, and the DFZs are consequently
produced. In addition, the areas with a lower
population density of dispersoids, namely the
DFZs, are deformed during the extrusion, which
consequently leads to the formation of the DFZs in
form of bands following the extrusion direction, as
shown in Figs. 1(a, b).

For a quantitative purpose, we can simply use
the solute diffusion distance to evaluate the
threshold condition of eliminating the DFZs in
present alloys. The root mean diffusion distance
law [45] is utilized, i.e., Fm , where x is the
root-mean-square (RMS) diffusion distances, ¢ is
the duration of homogenization and D; is the
diffusion coefficient of relevant solutes (Mg, Si, Fe

and Mn) in Al matrix. It is noted that the values
of D; are calculated by following the classic
Arrhenius-type relationship (D=Doexp[—Q//(RT)])
[46], where Do and Q; are denoted as the
pre-exponential factor and the activation energy
for solute i (i=Mg, Si, Fe and Mn) [46], R is the
molar gas constant and 7 is the thermodynamic
temperature. For our 6082-U and 6082-H
alloys, 7 is chosen as 480 °C (~753 K) as the
homogenization temperature, and the corresponding
results are plotted in Figs. 7(a, b). Clearly, the
homogenization of Mn is much more difficult
compared to that of Mg, Si and even Fe due to its
sluggish diffusion, as shown in Fig. 7(a). However,
if performing the homogenization procedure at
480 °C for 4 h, the value of diffusion distance x for
Mn is further increased to ~1.3 pum. Such value is
very close to the average width of DFZs (~1.7 um)
in the unhomogenized 6082-U alloy. This implies
that the solute diffusion of Mn can be thermally
activated by the homogenization procedure to
eliminate the heterogeneity of Mn-rich dispersoids.

10713 F

(a)

10—]7
10*2]

1 0—25

1079
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10'F

x/pm
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107! 10° 10!
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Fig. 7 Diffusivities of Mg, Si, Mn and Fe in Al matrix:
(a) Diffusion coefficients as
temperature; (b) Root-mean-square (RMS) diffusion
distances (x) at 480 °C as function of time ()

function of inverse
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In fact, such prediction is confirmed by the
experimental results in Fig. 1.

To sum up, the above calculations on solute
diffusion rationalize the presence of DFZs in the
unhomogenized 6082-U alloys and its elimination
in the 6082-H alloy by the homogenization protocol,
as observed in Figs. 1(c, d).

4.2 Heterogeneous precipitation of ' precipitates

Generally, the needle-like " precipitates are
considered as the most efficient strengthening phase
in Al-Mg—Si alloys [21,30,36,38]. In the present
6082-U alloy, the reason why the heterogeneity of
p" precipitation and a-Al(Fe,Mn)Si dispersoids
remains synergetic still requires further discussion.
Apparently, the segregation of Mg and Si during
solidification can be easily eliminated at relatively
high temperature and is thus excluded here (based
on the calculations on the solute diffusion in
Section 4.1). However, solute competition between
p" precipitates and a-Al(Fe,Mn)Si dispersoids (as
well as the heterogeneously nucleated S’ phases)
needs to be taken into account.

Mg and Si compositions in the DFZs and DZs
of the 6082-U alloy were analysed by using EDS
detectors in TEM (see Fig. S3 in Supplemental
Information). A minimum of 5 spots were generated
for comparison in each type of domain. Here, there
are distinctive differences in Si contents in the
DFZs (~0.7 at.%) and in the DZs (~0.5 at.%) in the
6082-U alloy, while Mg contents are quite similar
(~0.4 at.%). In other words, the DZs exhibit a
decreased Si content in comparison to the adjacent
DFZs with a reduced amount of dispersoids. This
can be easily related to the Si competition between
p" precipitates and o-Al(Fe,Mn)Si dispersoids,
which is irrelevant to Mg. On the one hand, the
abundant solutes are provided for precipitation in
the DFZs, thus resulting in a higher volume fraction
of f” than that in the DZs. On the other hand, the
excess Si (high Si/Mg ratio) has been proved to
encourage rapid (Mg,Si)-rich precipitation by
accelerating clustering and phase transition to f”
[12]. Thus, the Si fluctuation between DFZs and
DZs rationalizes the promoted f" precipitates in
DFZs of the unhomogenized 6082-U alloy and the
synergetic heterogeneity of these two strengthening
phases by solute competition.

Furthermore, another factor is also provided as
a potential mechanism of the heterogeneity of "

the solute competition between " and S’ Due to
the absent a-Al(Fe,Mn)Si in DFZs, the Mg and Si
solutes are therefore less consumed by /' nucleated
on dispersoids during air quenching. Hence, an
increasing number of refined S” precipitates is
consequently acquired, which possesses the
enhanced age-hardening response relative to the
adjacent DZs in the alloy. In fact, the p’
precipitation nucleated on a-Al(Fe,Mn)Si dispersoids
is indeed found in present air-cooled 6082-U and
6082-H alloys, as shown in Figs. 3 and 4.

It is necessary to discuss the effect of f’
precipitation on the formation of £”. In previous
studies, however, the f' precipitation promoted
by the a-Al(Mn,Fe)Si dispersoids has well-known
detrimental influence on suppressing the pS”
precipitation in air-cooled Al-Mg—Si alloys [4].
This results in the reduced strength of the material.
In contrast, this work shows that such effect seems
to be comparable (and even more important) when
compared to the Si depletion directly caused by
a-Al(Fe,Mn)Si dispersoids based on two possible
mechanisms:

(1) In the present air-cooled alloys, coarse "
precipitates are seldomly observed at the periphery
of p'-decorated a-Al(Fe,Mn)Si dispersoids (see
highlights in Fig. 4(e)). This suggests that the
localized Mg and Si depletion is induced by the
S’ precipitation. However, such heterogeneity is
limited in very narrow regions (within tens of
nanometres in radius) and quickly eliminated to
resume the normal size of f” widely dispersed in
matrix. This kind of microstructural feature hardly
jeopardizes the strengthening and, however, may be
helpful to improve the ductility by relieving the
stress/strain concentration between precipitates and
dispersoids due to the relatively large inter-particle
spacing [6,42,43].

(2) Further the water-
quenched alloys show that the heterogeneity of
p" is completely vanished whether the alloy is
homogenized or not (see Figs. 8(a—h)). As a result,
the heterogeneous f" precipitation with fair size
(Fig. 8 and Table 2) in the water-quenched 6082-U
and 6082-H alloys finally leads to the similar
strength (see Fig. S2 in Supplementary Information).
Such results clarify that the £’ phase is also the key
competitor with £” to consume alloying elements to
tune its heterogeneity. To be brief, heterogeneously
[’ precipitation also plays crucial roles in tuning the

experiments on
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synergy of microstructural heterogeneity of
a-Al(Fe,Mn)Si and f”, which is promoted by the
preferred nucleation sites by the former and
subsequently triggers the limited solute supplying
for the later. In contrast, the DFZs benefit from the
absence of dispersoids and are thus equipped

with refined B" precipitates with large volume
fraction.

4.3 Strengthening model

Theoretically, strengthening effect contributed
by dispersoids and nanoprecipitates mainly comes
from the interaction between them with the
dislocations, quantitively depended on the micro-

parameters including size (i.e. length / and radius »
for " precipitates), number density N, and volume
fraction f,. In this section, the strengthening
increment contributed by a-Al(Fe,Mn)Si dispersoids
(Aadis) and " nanoprecipitates (Agp-) is quantitively
evaluated.

For o-Al(Fe,Mn)Si dispersoids, the strengthening
increment Aagis can be calculated as [35]

MF
Aoy =—— 1
dis bA ( )
where M and b are the Taylor’s factor (~3.06 [47])
and magnitude of Burgers vector (~0.286 nm [47]),

respectively; F is the force for the dislocations to
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bypass the dispersoid (Orowan looping), which
follows the expression of F=Gb* (where G is the
shear modulus of aluminum) [35]; 1 is the
interspace of dispersoids and expressed as A=
(2/31/£)*3(d/2) (d is the average particle size) [48].
In the present alloys, the similar strengthening
increment contributed by dispersoids can be
therefore estimated as ~32.1 and ~38.9 MPa for the
air-cooled 6082-U and 6082-H alloys, respectively,
by using the microstructural parameters presented
in Table 2. By considering the statistical error of
measurements, it is then implied that heterogeneity
of dispersoids, in fact, is not responsible for the
improved strength in the air-cooled 6082-U alloy in
comparison to its homogenized 6082-H counterpart,
as also compared in a series of theoretical
estimations in Fig. 9(a). Therefore, the heterogeneous
nanoprecipitations are regarded as the key factor of
the improved mechanical property.

However, for the {100}ai needle-shaped S”
precipitates, the strengthening mechanisms of
shearing and Orowan looping should be considered
[49]. The critical radius r. of S” precipitates for
shearing mechanism switching to Orowan looping
mechanism is claimed to be about 3.0—4.0 nm at
room temperature [36,38,49]. Here, we adopt a
medium value of 3.5 nm. It is noted that the similar
transition radius is also proposed by POOLE et al
[35]. Accordingly, the " phases in the 6082-H and
DFZs in 6082-U alloys with » of ~3.0 nm should
be regarded to be shearable, while the relatively
coarser precipitates in the DZs of the 6082-U alloy
(~4.1 nm) are unshearable. The detailed equations
are presented as follows.

(1) The strengthening contribution of shearable
b (Aa;}l) can be estimated by following equations
[36,49]:

A O-;lz =A Oord A O mod +A O con (2)
My( 3n*yf,r
o =t = 3
o op ( 16Gb* @
Ac,.,=0.0055M (AG): [ 22 ;b aEs 4)
Tmod =T ar’) \b
E 2 1/2
Ao, =a,M (Ge)? (%) (5)

where G=26.9 GPa [50]; a. (=2.6) and m (=0.85)
are constants, referring to Ref. [48];  is the mean

150 F
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Fig. 9 Theoretical prediction of strengthening increment
of a-Al(Fe,Mn)Si dispersoids (Adas) (a) and pB”
precipitates (Aog) (b) as function of average particle size

radius of f" particles, referring to statistical data in
Table 2; y is the interfacial energy of f"/Al interface
(0.08 J/m? [51]); lattice strain &=2/35 [48], and
0 (=2.1%) is the fractional misfit between the lattice
parameters of S” precipitates and Al matrix [36];
AG (=42.5 GPa) is the shear modulus mismatch
between Al matrix and " precipitates.

(2) The main strengthening increment of
unshearable 8" (Ao ) follows the expression [49]:

_ 0.15MGb_

Acd’
“ 2r

[£)?+1.84f, +1.84 fj/z]ln(@

) (6)
Ty
where 7o (=0.572 nm) is the inner cut-off radius for
the calculation of the dislocation line tension [52].
By using Egs. (1)—(6)), the theoretical models
predict that the strength increment by refined "
precipitates in DFZs of the 6082-U alloy is
~190 MPa, which is much greater than that in DZs
and heterogeneous precipitation in the 6082-H

alloy (~137 MPa and ~150 MPa, respectively) (see
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Fig. 9(b)). The calculation results strongly support
the conclusion that the assembly of DFZs and DZs
actually forms the “hard” and “soft” domains in the
heterostructured 6082-U alloy, as accomplished by
skipping homogenization. According to ZHU et al
[40], the hard domains (i.e. DFZs in the 6082-U
alloy) are prone to remain elastic, and back stress
plays a dominant role in enhancing the global yield
strength in the material, which possesses superior
combinations of strength and ductility. This is in
good agreement with the experimental results of
improved strength in the unhomogenized 6082-U
alloy shown in Fig. 6(a).

5 Conclusions

(1) The unhomogenized 6082-U alloy exhibits
a synergetic heterogeneity of a-Al(Fe,Mn)Si
dispersoids and p" precipitates. On the one
hand, the heterogeneous spatial distribution of
o-Al(Fe,Mn)Si dispersoids is primarily attributed to
Mn segregation inherited from the as-cast ingots,
resulting in a large number of dispersoid-free zones
(DFZs). On the other hand, the heterogeneous f"
precipitates are simultaneously acquired, leading to
refined " precipitates in the DFZs relative to
adjacent DZs.

(2) The synergetic heterogeneity of the
dispersoids and nanoprecipitates is responsible
for the improved strength—ductility synergy in
the unhomogenized 6082-U alloy compared to
the homogenized 6082-H counterpart. The
heterogeneity of a-Al(Fe,Mn)Si dispersoids plays a
key role in triggering the heterogeneous distribution
of B" precipitation by creating solute competitions
among multiple second-phase particles.

(3) A strengthening model is employed to
quantitively evaluate the strengthening effect
contributed by dispersoids and nanoprecipitates by
considering their microstructural heterogeneity.
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