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The thermally stable Mn-rich dispersoids in Al alloys were recently reported to have a significant dispersion
strengthening effect. Further improvements in the dispersion strengthening and thermal stability of Mn-rich
dispersoids are required to achieve satisfactory mechanical properties for elevated temperature applications.
This study reports that, with minor additions of Cd, Cr and increased Si content, the yield strength of the
modified AA3003 alloy is increased by 39% compared to the base alloy subjected to the same heat treatment.
Moreover, the thermal stability of the modified alloy when exposed to a long-term thermal holding up to 1000 h
at 400 °C is greatly improved. Microstructural characterizations reveal that the dispersoids in the modified alloy
are greatly refined, and their distribution is more homogeneous compared to the base alloy. It is observed that
the Cd-rich clusters/nanoparticles formed in the initial stage of heat treatment, can effectively “attract”
dispersoid-forming atoms (e.g. Mn, Si and Cr) and subsequently lead to a heterogeneous nucleation of dispersoids
on them, which is responsible for the enhanced dispersoid precipitation and dispersion strengthening in the
modified alloy. The partitioning of the low-diffusivity peritectic element Cr into dispersoids can improve the
thermal stability and increase the number density of dispersoids in the centre of dendrite arms, which also
contributes to the promising mechanical properties of the modified alloy.

1. Introduction [1-3]. However, Sc is extremely expensive. Efforts have been made to

find less costly substituting elements for Sc, but currently even a partial

Aluminium (Al) alloys, which possess high specific strength, as well
as excellent corrosion resistance, weldability and formability, are the
most important light-weight metallic materials in the automotive and
aerospace industries. However, for the most extensively used high-
strength Al alloys, i.e. precipitation-strengthened 2/6/7xxx Al alloys,
the thermal stability of strengthening precipitates is generally poor,
which significantly limits their usage in weight-sensitive, high-temper-
ature applications (>250 °C). Researchers are dedicated to developing
new Al alloys strengthened by second-phase particles with good ther-
mally stability. The Al-Sc system and its derivatives, which can produce
a high density of Llg-structured AlsSc precipitates with good thermal
stability via aging, are considered as promising precipitation-
strengthened Al alloys for certain high-temperature applications
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substitution of Sc causes a significant sacrifice of precipitation
strengthening [4].

Mn-rich dispersoids, which are generally formed in 3/5/6xxx alloys
during high-temperature heat treatments, have also been reported to be
thermal stable. However, due to the difficulty in nucleation, the number
density of Mn-rich dispersoids in these alloys is normally very low [5-7].
As a result, their contribution to dispersion strengthening has been
considered negligible [8-10]. Recently, it is found that significant
dispersion strengthening by «-Al(Mn,Fe)Si dispersoids at room and
elevated temperatures can be achieved in 3xxx alloys via appropriate
heat treatments [10-13] or modification of alloy compositions [14-16].
It was reported that an increase in yield strength (YS) by 54% could be
achieved in 3003 alloy [10]. A compression YS as high as 78 MPa tested
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at 300 °C was reported in a dispersion-strengthened 3004 alloy, and the
YS stayed at 77 MPa even after holding for 1000 h [11]. Microalloying
additions were proved to further improve the strengthening contribu-
tions of dispersoids in 3xxx alloys [17-19]. The present authors reported
a superior precipitation strengthening response with a minor Cd addi-
tion which led to increase of YS by 25% in a 3003 alloy [20] and by 57%
in a 6082 alloy [26].

To further improve the thermal stability of a-Al(Mn,Fe)Si disper-
soids, additions of alloying elements with lower diffusivities in Al, such
as Mo [19,21] have been attempted. The partitioning of Mo into o-Al
(Mn,Fe)Si dispersoids could significantly improve the thermal stability
of the dispersoids in Al alloys [19,21]. As a dispersoid-forming element
[6,22,23], Cr also has a much lower diffusivity than Mn in Al (e.g. 7.2x
107 cm?s1 vs. 1.1 x 1072 cm?s™! at 450 °C, respectively) [24,25].
Therefore, it is expected that Cr can reduce the coarsening rate of
dispersoids.

By combining the two aims of (i) increasing the number density of
a-Al(Mn,Fe)Si dispersoids and (ii) further improving the thermal sta-
bility of dispersoids, this work focuses on a new 3003 alloy microalloyed
with Cd, Si and Cr. It is shown that a significantly enhanced dispersion
strengthening and good thermal stability at high temperatures have
been achieved in the alloy. The influences of alloying additions on the
number density, distribution, size and chemical composition of disper-
soids in AA3003 alloys during heat treatment were examined. Moreover,
the roles of alloying elements in promoting the nucleation and precipi-
tation kinetics of the dispersoids were studied.

2. Experimental

Two experimental 3003Si and 3003SiCdCr alloys were prepared. A
commercial DC-cast 3003 alloy was first melted in a crucible in induc-
tion furnace, and solar-grade pure Si, Al-5 wt% Cd and Al-10 wt% Cr
master alloys were then added at 750-780 °C. After a complete disso-
lution of all the adding elements, the melt was cast into a copper mould
with dimensions of 100 x 70 x 30 mm®. The cooling rate of the ingot is
about ~50 K/s. At this cooling rate, most of Cd could be kept in the solid
solution, and few Cd-rich constituent particles could be detected in the
solidification structure. The chemical compositions of the experimental
alloys were determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES) and presented in Table 1, along with that of the
3003Cd and 3003 base alloys for comparison. The preparation of the
latter two alloys was described in Ref. [20].

Samples cut from each as-cast ingot were continuously heated to
600 °C at a rate of 50 °C/h. To monitor the precipitation behaviour of
dispersoids during heat treatment, 10 samples were water quenched one
by one at a temperature interval of 50 °C during the heating process
between 150 and 600 °C. To evaluate the thermal stability of disper-
soids, a long-term thermal holding at 400 °C up to 1000 h was carried
out on the four alloys as-heated to peak hardness by continuous heating.
Vickers hardness of as-cast and heat-treated samples was measured with
a Matsuzawa hardness tester under a 5 kg load and a dwell time of 15 s.
Each hardness result was an average of at least eight measurements. The
electrical conductivity (EC) measurements were conducted at room
temperature (RT) using Foerster Sigmatest 2.069 instrument. Flat rect-
angular tensile samples were machined based on ASTM standard with a
gage length of 25 mm. Room-temperature tensile testing was carried out
on an MTS 810 tensile testing machine at an initial strain rate of 0.001

Table 1

Chemical compositions of the experimental alloys (wt %).
Alloy Mn Fe Si cd Cr Al
3003SiCdCr 1.08 0.58 0.50 0.20 0.15 bal.
3003Si 1.00 0.50 0.49 - - bal.
3003Cd [20] 1.10 0.50 0.18 0.21 - bal.

3003 [20] 111 0.56 0.16 - - bal.
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s71, and at least two samples were tested for each condition.
Transmission electron microscopy (TEM) disks were first thinned to a
thickness of ~100 pm by a standard mechanical polishing procedure,
and further twin-jet electropolished using a solution of 1/3 HNOj3 in
methanol at —25 °C with a voltage of ~20 V. Overview observations of
the dispersoid distribution were performed on the TEM disks by using a
Thermo Fisher Quanta 650 FEG-SEM equipped with a solid-state four-
quadrant backscattered electron (BSE) detector. A JEOL 2100 TEM
operated at 200 kV was employed to obtain bright-field TEM images for
quantitative analyses of dispersoids. The number density of dispersoids
N

is determined as Ny = YT [7], where N is the counted number of

dispersoids within the TEM image, A is the area of the image, D is the
average equivalent diameter of dispersoids and t is the foil thickness of
the imaging area measured by electron energy loss spectroscopy (EELS).
At least six TEM images from the centre to the periphery of dendrite
arms were taken and analysed for each sample. For the compositional
analyses of dispersoids, a JEOL 2100F TEM operated at 200 kV was
employed to acquire HAADF-STEM images and the corresponding en-
ergy dispersive X-ray spectroscopy (EDS) data.

The elemental distributions of dispersoid in the early stage precipi-
tation were characterized by APT. The needle-shaped APT samples were
prepared by etching square rod samples (0.5 x 0.5 x 15 mm?®) with a
standard two-step electropolishing procedure: (1) a solution of 30%
perchloric acid in acetic acid at 20 V and (2) a solution of 5% perchloric
acid in 2-butoxyethanol at 20 V. The APT characterization was per-
formed on a LEAP4000X SI local electrode atom probe at a sample
temperature of 20 K, under a high vacuum of 2 x 10~° Pa. The UV laser
pulsing mode was used with a laser pulse energy of 40 pJ, a repetition
rate of 250 kHz and a target evaporation rate of 0.5% (5 ions per 1000
pulses). Cameca IVAS 3.6.12 was used for the data reconstruction and
statistical analyses.

3. Results and discussion
3.1. Mechanical properties and electrical conductivity

3.1.1. Evolution of hardness and electrical conductivity

The evolution of Vickers hardness and electrical conductivity (EC) of
the 3003SiCdCr alloys during heating from RT to 600 °C at 50 °C/h is
shown in Fig. 1. The data of the 3003, 3003Si and 3003Cd alloys is also
included for comparison [20]. As shown in Fig. 1(a), in the as-cast state,
3003Si and 3003SiCdCr alloys exhibit slightly higher hardness and
lower EC than the 3003 and 3003Cd alloys, due to the increased solid
solution of Si in the former two alloys. Within the temperature range
between 150 and 600 °C, the hardness of the 3003SiCdCr alloy is much
higher than that of the other three alloys. Especially at the peak hardness
achieved at 450 °C, the hardness of the 3003SiCdCr alloy is 53.6 + 0.8
HV, while that of the 3003, 3003Si and 3003Cd alloy is 44.3 £ 0.6, 47.2
+ 0.7 and 49.2 + 0.5 HV, respectively. Additionally, the maximum in-
crease of EC (7.4 MS/m) corresponding to the decomposition of solid
solution and dispersoid precipitation in the 3003SiCdCr alloy is much
greater than that of the other three alloys (see Fig. 1(b)). It is also worth
noting that during heating from 450 to 500 °C, the hardness decrease of
the 3003SiCdCr alloy is much smaller than that of the 3003Si and
3003Cd alloys: the hardness decreases by 1.2% in the 3003SiCdCr alloy,
compared to 3.1% and 7.3% in the 3003Si and 3003Cd alloys, respec-
tively. Besides, the EC of the 3003SiCdCr alloy keeps increasing up to
500 °C, indicating an ongoing decomposition of supersaturated solid
solution in the 3003SiCdCr alloy until heating to 500 °C.

In addition, a distinct hardness peak at 200 °C is observed in both the
3003Cd and the 3003SiCdCr alloys (Fig. 1(a)), which indicates the
precipitation of Cd-rich nanoparticles [20]. Different from the 3003Cd
alloy, the hardness increase has already started as early as 150 °C in the
3003SiCdCr alloy. Correspondingly, the EC of 3003SiCdCr alloy also
increases steadily from as early as 150 °C, in contrast to the nearly
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Fig. 1. Evolution of (a) Vickers hardness and (b) electrical conductivity of 3003
[201, 3003Si, 3003Cd [20], 3003SiCdCr alloys during heating from RT to
600 °C at a heating rate of 50 °C/h. The samples are water quenched into cold
water one by one at a temperature interval of 50 °C. The hardness of the
3003SiCdCr alloy is much higher than that of the other three alloys at all
heating temperatures.

constant EC values of the other three alloys below 300 °C. In addition,
the hardness decrease after the first peak hardness is slower in the
3003SiCdCr alloy than that of the 3003Cd alloy, implying that the
coarsening kinetics of Cd-rich nanoparticles is also slower.

3.1.2. Tensile properties

Room-temperature tensile tests have been conducted on the four
alloys as-heated to either 450 °C or 500 °C with a rate of 50 °C/h and the
representative engineering stress-strain curves are shown in Fig. 2. The
corresponding mechanical properties, such as YS, ultimate tensile
strength (UTS) and total elongation (TE) are listed in Table 2. For the
samples as-heated to peak hardness at 450 °C, the YS of the 3003SiCdCr
alloy is 96 &+ 1 MPa, which is 39%, 19% and 12% higher than that of the
3003, 3003Si and 3003Cd alloys, respectively. For the samples as-heated
to 500 °C, the YS of the 3003SiCdCr alloy is 94 + 1 MPa, which remains
almost at the same level as that of the alloy as-heated to 450 °C
(Table 2). In contrast, the YS of the 3003Cd alloy is reduced to 79 + 1
MPa, which is 8% lower than that of the sample as-heat to 450 °C.

3.1.3. Thermal stability

To evaluate the thermal stability of dispersoids at elevated temper-
atures, a long-term annealing at 400 °C up to 1000 h was carried out on
the four alloys as-heated to 450 °C with a rate of 50 °C/h (peak-hardness
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Fig. 2. Engineering stress-strain curves of the four alloys (3003 [20], 3003Si,
3003Cd [20] and 3003SiCdCr) as-heated to 450 and 500 °C with a rate of
50 °C/h, respectively. The temperature of 450 °C is where the peak hardness
was achieved for the four alloys and the temperature 500 °C is selected to
evaluate the alloy stability at higher temperatures. All the tensile results are
based on the same dimensions of tensile samples.

Table 2
Mechanical properties of the 3003, 3003Si, 3003Cd and 3003SiCdCr alloys
subjected to different heat treatments.

Samples YS (MPa) UTS (MPa) TE (%)

3003, 600 °C_24h [20] 49+1 126 +1 25.8 + 0.4
3003, 450 °C [20] 69 + 2 128 £ 2 259 +2.1
3003Si, 450 °C 81+2 1321 159 +1.9
3003Cd, 450 °C [20] 86 + 2 136 + 2 17.7 £ 0.6
3003Cd, 500 °C 79+1 129 +1 20.5+ 1.8
3003SiCdCr, 450 °C 9 +1 149 +£1 149 +£ 2.2
3003SiCdCr, 500 °C 94 +1 148 £1 13.6 £ 2.1

treatment). The corresponding Vickers hardness vs. annealing time
curves are plotted in Fig. 3. The 3003 and 3003Si alloys experienced a
sharp decrease of hardness with time, and the hardness is decreased by
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Fig. 3. Evolution of Vickers hardness of the 3003, 3003Si, 3003Cd and
3003SiCdCr alloys when annealing at 400 °C. The four tested samples were
continuously heated to 450 °C (peak-hardness treatment) and water quenched
before annealing at 400 °C.
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15.3% and 16.5%, respectively, after 1000 h annealing. The hardness of
the 3003Cd alloy is slightly increased in the first 24 h probably due to
the further precipitation of dispersoids. With further increasing
annealing time up to 1000 h, however, the hardness gradually reduces to
42.2 HV, which is 14.2% lower than the hardness before annealing. For
the 3003SiCdCr alloy, no evident decrease of hardness is observed until
annealing for 168 h, and the total decrease of hardness after 1000 h is
only 7.8% which is much smaller than that of the other three alloys.

3.2. Microstructural characterization

3.2.1. Precipitation of dispersoids

Fig. 4 presents the TEM images of the 3003SiCdCr alloy during
heating between 250 and 550 °C. As can be seen in Fig. 4(a), a large
number of ultrafine nanoparticles enriched with Cd (see inset) have
formed in the 3003SiCdCr alloy as-heated to 250 °C, which confirms that
the first peak hardness in Fig. 1 is associated with Cd-rich nanoparticles.
According to the quantitative analyses, the number density of Cd-rich
nanoparticles in the 3003SiCdCr alloy as-heated to 250 °C is 2.4 X
10* pm~2 which is almost twice that of the 3003Cd alloy (1.3 x 10*
pm_s [20]), and this is responsible for the higher hardness of the
3003SiCdCr alloy than that of the 3003Cd alloy at 250 °C. After
continuous heating to 350 °C, two types of particles can be observed:
larger Cd-rich nanoparticles with dark contrast and smaller, denser o-Al
(Mn,Fe)Si dispersoids with grey contrast [20] (Fig. 4(b)). A closer
observation shows that some of the o-Al(Mn,Fe)Si dispersoids are
attached to Cd-rich nanoparticles (see inset). Further increasing tem-
perature up to 400 and 450 °C leads to the growth of a-Al(Mn,Fe)Si
dispersoids accompanied by the dissolution of Cd-rich nanoparticles
(Fig. 4 (c) and (d)). After heating to 500 °C, a slight increase in the size of
the dispersoids can be observed, while the number density is decreased
(Fig. 4(e)). In the sample as heated to 550 °C, an obvious increase in size
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and a significant reduction in number density can be observed (Fig. 4
().

The equivalent diameter and number density of a-Al(Mn,Fe)Si dis-
persoids in the 3003SiCdCr alloy at different heating temperatures,
together with the statistical data of the 3003 and 3003Cd alloys [20], are
plotted in Fig. 5. In the temperature range 400-550 °C, the equivalent
diameter of dispersoids in the 3003SiCdCr alloy is significantly smaller
than that in the 3003 and 3003Cd alloys at the same temperatures, and
this is more evident at 500 and 550 °C (Fig. 5(a)). Correspondingly, the
number density of dispersoids in the 3003SiCdCr alloy is much higher
than that of the other two alloys at the same temperatures between 350
and 500 °C (Fig. 5(b)), especially at 500 °C, indicating that the disper-
soids in the 3003SiCdCr alloy have a much higher thermal stability at
elevated temperatures. This is supposed to be responsible for the higher
hardness of the 3003SiCdCr alloy at 450-500 °C than the other alloys, as
presented in Fig. 1(b).

Fig. 6 shows the HAADF-STEM image and corresponding EDS maps
of the 3003SiCdCr alloy as-heated to 450 °C. It can be seen that the
particles with grey contrast comprise Mn, Fe and Si, confirming that they
are a-Al(Mn,Fe)Si dispersoids. A higher level of Cr in some of the dis-
persoids than in the Al matrix can also be observed (indicated by white
arrows in the Cr map), which implies that Cr has partitioned into dis-
persoids at 450 °C. Besides, the elemental maps also demonstrate that
the small precipitates adjacent to the dispersoids are enriched with Cd,
as indicated by white arrows in the Cd map (Fig. 6(f)).

3.2.2. Distribution of dispersoids

To get an overview about the dispersoid distribution in grains and
dendrite arms, SEM images were taken on the four alloys as-heated to
450 °C, see Fig. 7. In the 3003 alloy, the number density of dispersoids in
the Al matrix is rather low and some local regions in the centre of
dendrite arms are free of dispersoids (Fig. 7(a)) due to the depletion of
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Fig. 4. TEM micrographs of the 3003SiCdCr alloy as-heated to (a) 250 °C; (b) 350 °C; (c) 400 °C; (d) 450 °C; (e) 500 °C and (f) 550 °C. The dense nanoparticles
formed at 250 °C are Cd-rich nanoparticles. At 350 °C, both larger Cd-rich nanoparticles with dark contrast and smaller, denser a-Al(Mn,Fe)Si dispersoids with grey
contrast can be observed. In the temperature range 400-550 °C, the dispersoids were gradually growing and coarsening.
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eutectic element Mn at the centre of dendrite arms [27]. Increasing Si
content leads to more dispersoids in the 3003Si alloy, but the
precipitate-free zones (PFZ) in the dendrite centre still exist (Fig. 7(b)).
In the 3003Cd alloy, dispersoids with a significantly higher number
density are observed, and the fraction of PFZ in the centre of dendrite
arms is reduced (Fig. 7(c)). In the 3003SiCdCr alloy, a further increased
number density of dispersoids is formed in the Al matrix. Most impor-
tantly, there is no distinct PFZ in the centre of dendrites throughout the

Materials Science & Engineering A 832 (2022) 142422

sample. Only the regions very close to dendrite arm periphery and
surrounding the constituent particles are depleted in dispersoids, as
shown in Fig. 7(d). It suggests that the addition of peritectic-forming
element Cr has promoted the dispersoid precipitation in the centre re-
gions of Al dendrite arms.

3.2.3. Nucleation of dispersoids

The Cd-rich nanoparticles formed during the initial stage of heat
treatment (<300 °C) in the 3003SiCdCr alloy were investigated by APT.
Two heat treatment conditions of interest, namely as-heated to 200 and
300 °C, were selected and the corresponding APT results are shown in
Fig. 8 and Fig. 9, respectively. In the APT mass spectra, peaks of alloying
elements Cd, Mn, Si and Cr can be clearly identified. However, it is
difficult to identify the Fe peak, as the peaks of Fe?" jons are too weak to
be resolved from the tail of strong Al * peak in the mass spectra [28]. For
the 3003SiCdCr alloy as-heated to 200 °C, as shown in Fig. 8(a), Cd-rich
atomic clusters/nanoparticles with a high number density have formed
in the alloy. Interestingly, Mn-rich atomic clusters can also be observed
in the Mn atom map (indicated by black circles) and the locations of
these Mn-rich clusters are coincident with Cd-rich cluster-
s/nanoparticles (indicated by black circles in Cd map). In order to
further resolve the elemental distribution in the Cd-rich cluster-
s/nanoparticles, the isoconcentration surfaces (green) at 1.5 at.% Cd is
utilized to define the Cd-rich clusters/nanoparticles, as shown in Fig. 8
(b). The Cd-rich clusters/nanoparticles have an average diameter of
3.58 nm and a number density of 8.2 x 10* pm ™. The proximity his-
tograms (proxigrams) of Cd, Mn, Si and Cr concentrations as a function
of the distance from the isosurfaces of Cd-rich clusters/nanoparticles
have been constructed, and the proxigrams of two types of Cd-rich
clusters/nanoparticles are presented in Fig. 8(c) and (d). For smaller
Cd-rich clusters/nanoparticles with diameters less than 4 nm (Fig. 8(c)),
the Mn concentration in Cd-rich clusters/nanoparticles is significantly
higher than that in the Al matrix, while the concentrations of Si and Cr
around the isosurface are slightly higher than that in the matrix. For
Cd-rich clusters/nanoparticles larger than 4 nm in diameter (Fig. 8(d)),
in addition to the major constituent element Cd, significant enrichment
of other solute atoms, such as Mn, Si and Cr, can be observed. The Mn
concentration in the centre of larger Cd-rich clusters/nanoparticles is
0.63 + 0.05 at.% compared to 0.44 + 0.07 at.% in the smaller Cd-rich
clusters/nanoparticles and 0.014 + 0.002 at.% in the Al matrix. In
addition, the concentrations of Si and Cr in the centre of Cd-rich clus-
ters/nanoparticles are about 1.65 and 2.62 times as high as that in the Al
matrix, respectively.

With increasing temperature to 300 °C, the Cd-rich nanoparticles
become much larger than those formed at 200 °C, with an average
diameter of 8.5 nm and a lower number density of 3.1 x 10° pm~3
(Fig. 9). The Cd concentration in Cd-rich nanoparticles increases to 17.1
+ 0.4 at.%, and the concentrations of other elements are also much
higher: the Mn, Si and Cr concentrations in the centre of Cd-rich nano-
particles have increased to 1.39 + 0.12, 0.84 £ 0.09 and 0.22 + 0.05 at.
%, respectively.

Based on the microstructural observations in the 3003SiCdCr alloy
during continuous heating, the precipitation sequence of a-Al(Mn,Fe)Si
dispersoids can be proposed as follows. During heat treatment at
150-300 °C, due to the extremely low solubility and relatively high
diffusivity of Cd in Al, a large number of ultrafine Cd-rich atomic clus-
ters/nanoparticles form in the matrix (Fig. 4(a)). Subsequently, the su-
persaturated solute elements in the Al solid solution, namely Mn, Si, Fe
and Cr, gradually partition into Cd-rich clusters/nanoparticles (Fig. 8).
Such high concentrations of dispersoid-forming elements at the local
region of Cd-rich nanoparticles will greatly favour the nucleation of a-Al
(Mn,Fe)Si dispersoids by reducing the nucleation energy barrier. At the
same time, Cd-rich nanoparticles may also act as heterogeneous nucle-
ation sites for dispersoids (Fig. 9), which can further reduce the nucle-
ation energy barrier. Since the number density of Cd-rich nanoparticles
at low temperatures (200-300 °C) is about 1-2 orders of magnitude
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Fig. 6. (a) HAADF-STEM images of dispersoids and corresponding EDS maps of (b) Mn, (c) Fe, (d) Si, (e) Cr and (f) Cd in the 3003SiCdCr alloy as-heated to 450 °C.
The enrichment of Mn, Fe, Si and a small amount of Cr in dispersoids is evident. Cd-rich nanoparticles adjacent to dispersoids are also noticed.
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higher than the maximum number density of a-Al(Mn,Fe)Si dispersoids
forming in AA3003 base alloy [7], it is suggested that the addition of Cd
in the 3003SiCdCr alloy can provide sufficient potential nucleation sites
for dispersoids. This is evidenced by the similar number density of dis-
persoids in the 3003SiCdCr alloy at 350 °C and the number density of
Cd-rich nanoparticles precipitated at 300 °C. It is worth noting that not
all the dispersoids at 350 °C are observed to be attaching to a

entreql -
ndrite:arm

Fig. 7. SEM micrographs showing the dis-
tribution of dispersoids in the (a) 3003, (b)
WS, 3003Si, (c) 3003Cd and (c) 3003SiCdCr al-
e, (0 : loys as-heated to 450 °C. Constituent parti-

b cles (blue arrows) are generally formed at
the interdendritic regions. Large areas free
of dispersoids are observed in the (a) 3003
and (b) 3003Si alloys, but is barely seen in
the (c) 3003Cd and (d) 3003SiCdCr alloys.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)

erighery of
“dendrite arm

pre-existing Cd-rich nanoparticle. This is attributed to the dissolution of
some small Cd-rich nanoparticles due to coarsening during heating to
higher temperatures (Fig. 4(b)). It is speculated that, however, the local
enrichment of Mn, Fe, Si and Cr atoms will remain in the matrix, because
most of these elements have much lower diffusivities than Cd. These
atomic clusters will facilitate the nucleation of dispersoids.

In the 3003SiCdCr alloy, the higher Si content can also facilitate the
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o Fig. 8. Atom probe analysis of Cd-rich
(@) Cr ., clusters/nanoparticles in the 3003SiCdCr
alloy as-heated to 200 °C. (a) Cd (green), Mn
(dark cyan), Si (blue) and Cr (yellow) atom
maps; (b) tomography of Cd-rich clusters/
nanoparticles identified by the 1.5 at.% Cd
isosurfaces (green); proximity histogram
showing the compositional change in and
around the selected Cd-rich clusters/nano-
particles with (¢)d < 4nm and (d) d > 4 nm,
respectively. (For interpretation of the ref-
erences to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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precipitation of dispersoids, because a higher Si content will reduce the
solubility of Mn in the Al solid solution [14,27]. This can also explain the
higher peak electric conductivity of the 3003SiCdCr alloy than that of
other alloys. Cr is known to substitute part of Mn and Fe atoms in the
a-Al(Mn,Fe)Si phase, forming a-Al(Mn,Fe,Cr)Si dispersoids [6,22]. Since
Cr has a much lower diffusivity than Mn, the coarsening rate of a-Al(Mn,
Fe,Cr)Si dispersoids can be much lower than that of a-Al(Mn,Fe)Si dis-
persoids [29]. This explains the fact that the 3003SiCdCr alloy could
keep a high number density and a small size of dispersoids when heating
to 500 °C. Furthermore, as the peritectic element Cr has a partitioning
coefficient k > 1 in Al, and is different from the eutectic elements (e.g.
Mn) with k < 1. In the as-cast alloy, the concentration of Cr in the centre
of dendrite arms is higher than that at the periphery, which is opposite to
the micro segregation mode of Mn. The higher concentration of Cr can
compensate the depletion of Mn in the centre of dendrite arms, facili-
tating the nucleation and precipitation of dispersoids in the centre re-
gion of dendrite arms. This is supposed to be responsible for the more
uniform distribution of dispersoids precipitated at the peak hardness
temperature (Fig. 7).

4. Conclusions

In this work, significantly enhanced precipitation strengthening and
thermal stability by minor additions of Cd, Cr and increased Si content in

Distance (nm)

AA3003 alloy are reported. Based on the microstructural observation,
effects of alloying additions on the nucleation, growth and coarsening of
dispersoids in the alloys during heat treatment were systematically
studied. The conclusions are drawn as follows:

1. The investigated 3003SiCdCr alloy exhibits considerably higher
hardness compared to the 3003, 3003Si, 3003Cd alloys during
heating between 350 and 600 °C. In the peak hardness condition, the
YS of the 3003SiCdCr alloy reaches 96 + 1 MPa, which is 39%, 19%
and 12% higher than that of the 3003, 3003Si and 3003Cd alloys,
respectively. The 3003SiCdCr alloy shows much higher strength than
other alloys at elevated temperatures. It can keep an almost constant
hardness for more than 168 h during annealing at 400 °C. After 1000
h annealing, it shows only 7.8% reduction in hardness.

2. The average diameter of dispersoids in the 3003SiCdCr alloy is
smaller while the number density is much higher than that of the
3003 and 3003Cd alloys when heating at 350-550 °C. The disper-
soids in the 3003SiCdCr alloy also exhibit much better coarsening
resistance during high-temperature heat treatment (450-500 °C).
Additionally, the distribution of dispersoids formed when heating to
450 °C is much more homogeneous across the dendrite arms in the
3003SiCdCr alloy due to the enhanced dispersoid precipitation in the
centre of dendrite arms.
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Fig. 9. (a) Cd-rich particles in the 3003SiCdCr alloy as-heated to 300 °C, the interface is defined by an isoconcentration surface at 1.5 at.% Cd; (b) proximity
histogram concentration profiles showing the element distribution in/around Cd-rich particles.

3. Based on APT investigations, the nucleation process of dispersoids in
the 3003SiCdCr alloy is proposed: Cd atoms first precipitate as Cd-
rich atomic clusters/nanoparticles during heating at 150-200 °C;
the subsequent partitioning of Mn, Si, Fe and Cr atoms into Cd-rich
atomic clusters/nanoparticles leads to the local enrichment of
these dispersoid-forming elements, which facilitates the heteroge-
neous nucleation of a-Al(Mn,Fe,Cr)Si dispersoids on Cd-rich nano-
particles at higher temperatures. This mechanism is believed to be
the major reason for the refined dispersoids in the early stage of
dispersoid precipitation.

4. The addition of peritectic element Cr improves the precipitation of
dispersoids in the centre region of dendrite arms, forming a more
uniform distribution of dispersoids during heating. Additionally, the
low diffusivity of Cr in the Al(Mn,Fe,Cr)Si dispersoids is responsible
for the higher number density and finer size of dispersoids at tem-
peratures up to 500 °C, and therefore the higher thermal stability of
3003SiCdCr alloy.
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