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HIGHLIGHTS

« A dispersion-strengthened 5xxx Al-
Mg-Mn alloy was developed via
micro-additions of Zr, Cr, increased
Mn content and heat treatment
optimization.

« Precipitation of dense Mn-rich
dispersoids and AlzZr with an
improved homogeneity across
grains/dendrites is achieved, resulting
in superior dispersion-strengthening
effect.

« During 400 °C long-time treatment of
the developed alloy, the softening
from Mn-rich dispersoids coarsening
is compensated by continuous
precipitation of AlsZr.

« The as-rolled developed alloy owns
an ultra-strong resistance to
softening during back annealing at
elevated temperatures, as high as
550 °C.
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ABSTRACT

5xxx Al-Mg based alloys are widely applied as non-heat-treatable alloys. In this work, we designed a
dispersion-strengthening Al-4Mg-1Mn-0.3Fe-0.2Si-0.2Zr-0.2Cr (wt.%) alloy. By applying ramp heating
and 400 °C isothermal aging, a significant dispersion-strengthening effect through the formation of var-
ious types of dispersoids was achieved. Detailed scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) analysis revealed the precipitation behaviors of nanoscale Mn-rich disper-
soids and AlsZr nanoparticles during heat treatments. As a result, an increment of 48 MPa in yield
strength was obtained compared with the reference 5182 alloy. Meanwhile, the modified alloy shows
a good heat resistance at 400 °C with little loss of yield strength until 200 h of heating. This has been
attributed to the further precipitation of AlsZr particles which counteracts the coarsening of Mn-rich dis-
persoids. Moreover, the addition of peritectic element Cr was found to significantly promote the precip-
itation of Alg(Mn,Fe,Cr) in dendritic center regions, thus improving their global distribution across
dendrite arms. The presence of dense dispersoids can also improve the recrystallization resistance of
the deformed alloy during annealing, thus retaining the deformation fiber structure and significantly
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retarding the recrystallization behavior. This research demonstrates an effective strategy to develop high-
performance 5xxx series alloys strengthened via dispersoids.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

5xxx series Al-Mg based alloys are widely used in automobile
and ship manufacturing industries due to their good combination
of strength, ductility, weldability and formability [1]. As a typical
kind of non-heat-treatable alloys, 5xxx alloys achieve high
strength through strong solution-strengthening and work-
hardening effects of Mg solute atoms, which has a relatively high
solid solubility in Al matrix [2]. With a given amount of deforma-
tion, higher Mg concentrations increase the strain hardening
response, obtaining more retained strain in the as-deformed alloy,
thus improving the strength [3]. However, Mg contents in most
commercial 5xxx alloys usually fall within the range of 3-6 wt%
[2,4-6] This is because higher Mg contents will induce serious for-
mation of B-AlsMg, phase along grain boundaries, resulting in
edge-cracking and stress corrosion cracking. Taking this factor into
consideration, additions of other elements in Al-Mg based alloys
for the purpose of further improving the strength is necessary,
which are expected to provide additional strengthening effect
but not chemically interacting with Mg and consuming it from
the solid-solution.

Dispersion-strengthening, by precipitating nano-sized disper-
soids in Al matrix, has drawn considerable attentions to improve
the mechanical strength of Al alloys during the past several dec-
ades [7-9]. Unlike age hardening precipitates, the dispersoids are
relatively thermal-stable at elevated temperatures, thus can pro-
vide additional strength contribution by increasing the recrystal-
lization resistance and reserving the deformed fiber structures
during back annealing [10,11]. This characteristic enables
dispersion-strengthening with great potential to be applied in
non-age-hardened wrought Al alloys, for example 3xxx and 5xxx
alloys. Generally, the typical dispersoids-forming elements include
some transition elements like Ti, Zr, Hf, Mn, Cr, etc, and several
rare-earth elements such as Sc, Yb, Er [12-18]. Particularly, the rel-
atively inexpensive Zr and Mn are the most widely used options in
industrial production [19].

Many commercial Al-Mg-Mn 5xxx alloys in practical applica-
tions contain relatively high Mn contents, such as AA5454
(AI3Mg0.8Mn), AA5083 (Al4.5 Mg0.7Mn), AA5754 (AI3Mg0.3Mn)
and AA5182 (Al4.5 Mg0.4Mn) [20,21], while Fe and Si as ever-
present impurities are inevitably detected. Accordingly, several
kinds of Fe and Mn-bearing compounds can form both as coarse
constituent phases during solidification and as fine dispersoids
during homogenization or hot rolling. It was reported that equilib-
rium Alg(Mn,Fe) with orthorhombic structure precipitated as the
main dispersoids in AA5182 alloy after homogenization treatment
[22]. More specifically, two different morphologies (rhomboidal
and plate-like) of Alg(Mn,Fe) dispersoids with various sizes can
be observed [23], which was supposed to be controlled by the
homogenization parameters [24]. Besides, the research work of Li
et al. [9] and Engler et al. [21,25] proved that both a-Al;>(Mn,Fe)s-
Sii_» with cubic structure (Pm3) and Alg(Mn,Fe) dispersoids could
precipitate during homogenization in several Al-Mg-Mn alloys,
while the type of dispersoids is highly governed by combined Si
and Mg contents. However, these dispersoids are mainly used to
modify the grain structure instead of acting as strengthening
phases in 5xxx alloys, since conventional homogenization at tem-
peratures above 500 °C usually leads to large sizes and small num-
ber densities of dispersoids. Recently, it was found that heat

treatment at relatively lower temperatures (275-425 °C) resulted
in the formation of nano-sized AlgMn- and Al;Mn-type dispersoids
(containing Fe and Cr) with finer size in an industrial Al-5 %Mg-
0.8 %Mn alloy [7], providing a significant strengthening effect.
Nonetheless, the difficulty in obtaining large volume fractions of
uniformly distributed fine dispersoids is still a challenge for Al-
Mg-Mn alloys because of the limited solubility and strong segrega-
tion tendency of Mn solute atoms.

Zr, as an economical L1, dispersoid-forming element, is well
known to produce AlsZr nanoparticles coherent to the matrix in
various Al alloys [17,26]. It was shown that an addition of
0.25 wt% Zr provided obvious hardness increment (~12HV) after
annealing in a binary Al-Mg alloy [27]. A recent study [28] showed
that an addition of 0.25 wt%Zr in a model alloy Al-3 Mg-1.1Mn
could increase the hardness of the as-cast alloy from 63 HV
to ~ 80 HV through two-steps (350 °C + 400 °C) aging treatments.
In this case, plate-like AlgMn, nano-sized AlsZr and icosahedral
quasi-crystalline I-phase were formed in the Al matrix. It was sug-
gested by the authors that the dense I-dispersoid was metastable
and only enriched with Mn because this alloy was almost free of
Si and Fe. However, the precipitation sequence could be totally dif-
ferent in commercial Al alloys with inevitable presence of Fe and Si
elements. In our previous study [29], o-Al(Mn,Fe)Si was identified
as the dominant Mn-bearing dispersoid in Al-Mn-Fe-Si-Zr system,
and the precipitation kinetics of AlsZr was also promoted by Si
solute atoms. Also, Zr exhibits opposite segregation behavior dur-
ing solidification compared with Mn, which implies precipitation
of dense AlsZr could occur in Mn-depletion zones. From this aspect,
the introduction of AlsZr dispersoids into Al-Mg-Mn series alloys
by Zr-microalloying is anticipated to further improve dispersion-
hardening effect. In general, the types, compositions, size, densities
and precipitation behaviors of dispersoids in commercial Al-Mg-
Mn alloys containing Zr and Cr could be complex and the corre-
sponding dispersion-strengthening effects need to be assessed.
To the authors’ best knowledge, limited information in literatures
can be found.

In the present study, an Al-4 Mg-1Mn-0.3Fe-0.2Si-0.2Zr-0.2Cr
was designed and prepared by further increasing Mn content in a
commercial AA5182 alloys to 1 wt% and alloying by a small
amount of Zr and Cr. Herein, the addition of Cr is expected to
improve the stability of Mn-bearing dipsersoids based on our pre-
vious finding [30]. These alloys own higher Mn content and extra
Zr content in comparison to AA5083. The design strategy of this
alloy is to achieve high density AlsZr and Mn-rich dispersoids after
aging. This study aims at: (1) revealing the precipitation sequence
and nucleation mechanisms of various dispersoids subjected to dif-
ferent aging regimes; (2) investigating the evolution of dispersoids
and their dispersion-strengthening effect during 400 °C isothermal
aging; (3) studying the effect of dispersoids on retarding the
recrystallization of as-deformed alloy during back annealing.

2. Materials and methods

An experimental Al-4Mg-1Mn-0.3Fe-0.2Si-0.2Zr-0.2Cr (wt.%)
alloy, denoted as 5182MZC, was prepared by conventional casting.
Actually, the compositions of this alloy are closer to AA5083 alloy,
in terms of Mn and Cr contents. However, in order to quantify the
influences of the dispersoid-forming elements on the precipitation
behavior of dispersoids and corresponding dispersion hardening
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efficiency, a DC-cast AA5182 billet (refined by Al-Ti-B) supplied by
Hydro Inc. was utilized as a raw material and also used as the ref-
erence alloy. After re-melting in an induction furnace, Al-10wt.%
Mn, Al-8wt.%Zr and Al-10wt.%Cr master alloys were added at
780 °C, holding for 1 h with regular stirring to ensure adequate dis-
solution. Then, the degassed liquid melt was cast into a preheated
copper mold to obtain an ingot with a dimension of
30 x 70 x 100 mm>. In addition, a binary Al-0.24wt.%Zr alloy
was also cast as reference alloy. Chemical compositions of all as-
cast alloys identified by X-ray Fluorescence Spectrometer (XRF)
are listed in Table 1. In comparison to AA5182 alloy, the content
of Mn in the modified alloy was increased to 1 wt%, while a loss
of about 0.6 wt% Mg caused by re-melting was identified.

Two different heat-treatment methods were conducted in the
present study. Firstly, ramp-heating was applied on the as-cast
samples from 25 °C up to 600 °C with a rate of 50 °C /h. During this
process, 10 samples were water-quenched one after another at
various temperatures in order to study the precipitation sequence.
Secondly, 400 °C isothermal aging up to 200 h was carried out on
samples as-heated to this temperature by ramp heating, which
was used to evaluate the heat resistance of 5182MZC alloy. Partic-
ularly, ingots after isothermal aging at 400 °C for 48 h were chosen
and sliced with a thickness of 20 mm, then cold rolled at room
temperature to 5 mm-thick plates with a reduction of 75 %. After
that, the cold-rolled samples were subsequently isochronal
annealed for 1 h at various temperatures from 300 °C to 550 °C,
respectively.

Vickers microhardness of heat-treated samples were measured
under 1 kg load for 10 s dwell time, and at least eight indentations
were made for each sample. Dog-bone shaped tensile specimens
with gauge length of 30 mm and cross section of 2 x 6 mm? were
prepared according to ASTM-E21-09 standards [31] and uniaxial
tensile testing was performed at ambient temperature with a con-
stant displacement rate corresponding to an initial nominal strain
rate of 1 x 107 s~'. Tests for each condition were repeated for
three times to ensure the reproducibility.

The as-cast microstructure was characterized by a Zeiss Ultra
field-emission SEM equipped with energy dispersive spectroscopy
(EDS) and electron backscatter diffraction (EBSD), while back-
scattered electron (BSE) mode was used to investigate the distribu-
tion of dispersoids throughout the dendrite. Foils for TEM observa-
tion were thinned by twin-jet electropolishing in an electrolyte of
33 % nitric acid in methanol at —20 °C. FEI TecnaiF30 and Talos
F200X G2 TEMs equipped with EDS were operated at 200 kV for
bright/dark field imaging, selected area diffraction pattern (SADP),
and high angle annual dark field (HAADF) imaging as well as EDS
mapping for compositional analysis. The mean sizes of AlsZr and
Mn-rich dispersoids were determined based on > 200 particles
from TEM results by using Nano Measurer 1.2.

3. Results
3.1. As-cast microstructure
Fig. 1a and b present the grain structures of as-cast 5182 and

5182MZC alloys. Grain boundaries with misorientation angles>15°
are identified and labeled with black lines in EBSD maps. Obvi-
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ously, in both alloys, solidification grains show globular shape,
reflecting the formation of equiaxed dendritic structure during
solidification. It appears that the average grain size of 5182MZC
(152 pm) is larger than the reference 5182 alloy (125 pm). This dis-
crepancy can be ascribed to the Zr-poisoning effect on the grain
refiner TiB, particles in the modified alloy with Zr addition refer-
ring to a previous report [32]. Fig. 1c is a SEM micrograph with
the corresponding EDS mapping results, showing several different
constituent phases in as-cast 5182MZC alloy. It can be found Alg(-
Mn,Fe,Cr) with skeletal morphology and bright contrast is the
dominant constituent phase, which mainly distributes within
inter-dendritic regions and along grain boundaries. This is a com-
mon Mn/Fe-containing primary particle in 5xxx alloys and was
reported to appear as temperature cools down to ~ 620 °C during
solidification [20]. It is different from the reference AA5182 alloy,
in which Al,Fe and AlsFe are the major constituent particles
[22]. This is due to the high content of Mn in 5182MZC alloy. Also,
it is worth of noting that a slight Zr enrichment can be found in
Alg(Mn,Fe,Cr) constituent phase, implying that Zr can partially sub-
stitute Fe and Mn content in the constituent particle, which needs
a further investigation in the future. Similar to the observations in
[20,21], another major constituent particle presented in Fig. 1c
could be identified as Mg,Si phase with dark contrast (Fig. 1c),
although the poor resolution of the SEM-EDS detector failed to
identify the Ko-Si signals in Fig. 1d. It has to be mentioned that
the Si-rich o-Al;5(Mn,Fe)sSi, is rarely detected here because of
the high Mg/Si ratio in the present alloy, which is different from
the observation in ref [7]. In addition, a minor fraction of &-
Al;g(Mn,Cr),Mgs and AlsZr particles are also observed within den-
drite arms.

3.2. Ramp heating from RT to 600 °C

3.2.1. Evolution of microhardness

Fig. 2 presents the evolution of Vickers hardness (HV) of the
studied alloys during ramp heating from RT to 600 °C. Although
with a slightly lower Mg content, the as-cast 5182MZC exhibits a
higher hardness value of 74.9 HV than that of 5182 alloy. This is
because that the Mn and Cr solute atoms existing in the matrix
can provide considerable contributions to the hardness of the mod-
ified alloy. During ramp heating, 5182MZC alloy also displays a
more obvious age-hardening response with the highest peak value
among three experimental alloys. More specifically, a quick rise of
hardness of 5182MZC alloy starts between 200 and 250 °C and
reaches a value of 77 HV, then in the range of 250-450 °C the hard-
ness slowly increases to 79.2 HV. Above 450 °C, there is another
increase in hardness until reaching the peak value of 84 HV at
550 °C. After that, further heating to higher temperature induces
decrease in hardness, which may be associated with the coarsening
and dissolution of the strengthening phases. In comparison, no
obvious age-hardening behavior could be observed in the reference
5182 alloy especially in the range of 300-600 °C since its Mn con-
tent (0.2 wt%) is insufficient to generate significant precipitation of
dispersoids. For Al-Zr alloy, it displays a slow precipitation kinetics
and obtains the maximum hardness increment of 4 HV until heat-
ing to 550 °C. Therefore, the total hardness growth of 9.2 HV
obtained in 5182MZC is ascribed not only to the precipitation of

Table 1

Chemical compositions of the as-cast alloys (wt. %).
Alloy Al Mg Mn Si Zr Cr Ti
5182 Bal 412 0.22 0.36 0.19 - - 0.02
5182MZC Bal 3.65 1.02 034 0.24 0.22 0.19 0.01
Al-Zr Bal - - <0.01 <0.01 0.24 - -
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Fig. 1. EBSD maps of the as-cast (a) 5182 and (b) 5182MZC alloys showing the grain structure; (c) SEM micrograph of the as-cast 5182MZC alloy, and insets on the right side
are EDS mapping results of the rectangle area in (c) showing Mg,Si, Als(Mn,Fe,Cr), e-Al;g(Mn,Cr),Mg3; and AlsZr constituent phases formed during solidification. Note detailed

composition of each phase was identified by EDS point scanning but not shown here.

AlsZr particles, but also to the precipitation of Mn- and Cr- contain-
ing phases.

3.2.2. Precipitation of various phases

Precipitation of various phases in 5182MZC at 400, 500 and
550 °C during ramp heating was characterized by TEM, and repre-
sentative micrographs as well as EDS point analysis results are dis-
played in Fig. 3. After ramp-heating to 400 °C, myriads of fine
dispersoids with the average diameter of 19.2 nm have precipi-
tated from the Al matrix (Fig. 3a and b), which are identified as
o-Al(Mn,Fe)Si phase by the FFT diffraction pattern [9]. The parti-
tioning of Cr into a-dispersoids does not supposed to occur at this
temperature mainly because of its low diffusivity. It is also found
the distribution of the a-dispersoids is quite inhomogeneous, as
reflected by the significant difference in densities between Fig. 3a
and c. Apart from dispersoids, several coarse particles with sizes
of a few hundred nanometers can be observed, as seen in Fig. 3c.
EDS analysis (point 1) as well as SADP (inset in Fig. 3c) of the same
particle confirm that the phase with shallow contrast is equilib-
rium B-AlsMg, with FCC structure, which is the same as that shown
in Ref. [6]. In addition, a few coarse Mg,Si particles with dark con-
trast can also be observed (see point 2). After heating to 500 °C (see
Fig. 3d-f), the Mn-rich dispersoids grow to the size of dozens of
nanometers and appear with either blocky or platelet-like shapes.
SADP along [110] zone axis of Al matrix shown in the inset confirm

the presence of the observed dispersoids. In addition to a few o-Al
(Mn,Fe)Si, EDS analysis reveals that a large fraction of the disper-
soids, independent of their morphologies, are Alg(Mn,Fe,Cr) with
high Mn content and trace level of Cr and Fe contents (point 3).
This is a common phase frequently observed in homogenized
5xxx series alloys such as 5083 [20] and 5182 [22]. Meanwhile,
spherical AlsZr nanoparticles also precipitate from the matrix at
this state, which own typical L1, structure as revealed by the
HRTEM examination (see inset in Fig. 3e). The distribution of AlsZr
is also inhomogeneous, but exhibits an opposite trend to Mn-rich
dispersoids (see Fig. 3e and f). With further increasing temperature
to 550 °C, obvious coarsening of all Mn-rich dispersoids happens
with the reduction in density, as seen in Fig. 3g and h. At the same
time, the growth of AlsZr is evident. However, it is worth noting
that the number density of AlsZr dispersoids obtained in the pre-
sent alloy is lower, while the distribution is less homogeneous than
that of binary Al-Zr reference alloy (Fig. 3h and i).

To our surprise, careful TEM examination shows that a large
number of plate-shaped AlsZr phase with larger size have also
formed in the alloy. Fig. 4a shows a typical HRTEM image of such
AlsZr taken along the (001)4; zone axis. As can be seen, some thick
lath-shaped phase (length: 5-15 nm, width: 3-5 nm) is attached
onto one Mn-rich dispersoid. Fast Fourier Transform (FFT, see
Fig. 4b) clearly shows the presence of super-lattice spots as indi-
cated by the yellow circles, confirming the L1, structure. As
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Fig. 2. Evolution of Vickers microhardness as a function of temperatures during
ramp heating with a heating rate of 50 °C/h for 5182, 5182MZC and Al-Zr alloys.

revealed by the Inverse Fast Fourier Transform (IFFT, see Fig. 4c)
using these super-lattice reflections, the L1,-structured ordering
phase appears at the same location of the lath-like phase in
Fig. 4a. In this case, this lath-like phase can be identified as AlsZr
and its precipitation around Mn-rich dispersoids can be explained
by the heterogeneous nucleation of AlzZr on the pre-formed Mn-
rich dispersoid during ramp heating, which is similar to our previ-
ous study in a 3xxx alloy [29]. As a result, the content of solute Zr
atoms available for homogeneously nucleation in Al matrix is
thereby reduced, thus causing a lower density of spherical AlsZr
dispersoids as shown in Fig. 3h.

3.3. Isothermal aging after ramp heating to 400 °C

3.3.1. Evolution of microhardness

Hardness evolution of 5182 and 5182MZC alloys during a long-
time isothermal aging at 400 °C up to 200 h is presented in Fig. 5. It
can be found that the hardness of 5182MZC gradually increases
with aging time and reaches a peak value of 86.7 HV after 12 h
aging. Compared with its as-cast state, a considerable hardness
increment of 11.8 HV is obtained, reflecting the further precipita-
tion of strengthening dispersoids. With further increasing aging
time, the hardness slightly decreases to 85.4 HV after 48 h aging
at first, then rebounds to 87 HV until 200 h. Therefore, it proves
that 5182MZC also exhibits high heat resistance at 400 °C. In con-
trast, 5182 alloy shows no obvious precipitation hardening during
isothermal aging. After 200 h, a microhardness of 64.2 HV is
achieved, which is even lower than that (67.1 HV) of the as-cast
state.

3.3.2. Evolution of dispersoids

TEM images of 5182MZC alloy after 400 °C isothermal aging for
12 h, 48 h and 200 h are displayed in Fig. 6, and the corresponding
statistical size distribution results of both Mn-rich dispersoids and
AlsZr are shown in Fig. 7. After 12 h aging, dense Mn-rich disper-
soids can be observed but the distribution is very inhomogeneous.
In dendrite center region a lot of cuboid dispersoids with the size
smaller than 50 nm are detected, while coarser lath-like disper-
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soids with lower density dominate at dendrite periphery regions.
Corresponding size distribution in Fig. 7a reveals that the average
equivalent diameter of these Mn-rich dispersoids is 36.9 nm. EDS
mapping (see Fig. 8) further reveals that most Mn-rich dispersoids
here are Alg(Mn,Fe,Cr). It has to be mentioned that a small amount
of a-Al(Mn,Fe,Cr)Si, reflected by its characteristic diffraction motif
(inset in Fig. 6a) [33], are also present. Meanwhile, some rhom-
boidal B-Mg,Si phase with dark contrast can also be occasionally
observed in HAADF-STEM mode such as the one in Fig. 8. It is inter-
esting to see several Alg(Mn,Fe,Cr) dispersoids are attached to onto
surface of B-Mg,Si. As shown in Fig. 6d and Fig. 7b, only a small
number of AlsZr with a mean radius of 2.1 nm can be found in
the sample, showing the precipitation of AlsZr dispersoids is lim-
ited in this stage. Therefore, the super-lattice spots from AlsZr in
SADP (inset in Fig. 6a) is very faint because of the extremely low
density.

In the sample after 48 h aging, the distribution and morphology
of Mn-rich dispersoids barely changes compared with the 12 h-
aged sample. It is found from Fig. 7a that their equivalent diameter
slightly decreases to 35.2 nm, which may be explained by the poor
statistical from TEM images since the distribution of Mn-rich dis-
persoids are rather inhomogeneous. Besides, at this stage, an
increased density as well as a smaller inter-particle spacing of Als-
Zr nanoparticles are distinctly observed (Fig. 6e), which can also be
reflected by the sharp super-lattice spots from the inset in Fig. 6b.
Statistical result of AlsZr dispersoids only shows a small radius
increment from 2.1 to 2.4 nm with a narrow size distribution
(Fig. 7b), thus indicating further precipitation of AlzZr from the
matrix.

After long time aging up to 200 h, Mn-rich dispersoids show an
obvious coarsening with an increase in size to 65.3 nm (Fig. 7a). In
this case, the density of Mn-rich dispersoids decreases throughout
the dendrite arms, of which the fraction of lath-like dispersoids
seem to rise, as shown in Fig. 6¢. Similarly, there is a dramatic
increase in mean radius of AlsZr to 5.2 nm at this state (Fig. 7b).
The distribution of dense spherical AlsZr nanoparticles shown in
Fig. 6f in comparison to Fig. 6e indicates only a small reduction
in number density compared with the 48 h-aged sample. This illus-
trates that AlsZr is more resistant to coarsening than Mn-rich dis-
persoids during aging time from 48 to 200 h. During this period, a
slow coarsening of AlsZr coexists with a significant coarsening of
Mn-rich dispersoids, which determines the final microstructure
in Fig. 6¢ and f.

To evaluate the microstructural thermal stability of 5182MZC
alloy at 400 °C, SEM-BSE micrographs of the 200 h-aged sample
were taken in order to reveal the overall distribution of dispersoids
within the dendrite structure. The sample was well polished to
0.5 pm and then electro-polished in electrolyte of 33 % nitric acid
in methanol at —30 °C and 20 V for 45 s. In Fig. 93, two dendrite
arms can be distinguished within a grain, while coarse Alg(Mn,Fe,
Cr) constituent particles with bright contrast are distributed along
the grain boundary and in the inter-dendritic regions. As can be
seen, a high density of cuboid and lath-like Mn-rich dispersoids
can still be observed throughout the dendrite arms even after
200 h long-time aging. Enlarged images in Fig. 9b and ¢ demon-
strate their size gradually increases from dendrite center towards
the periphery while the density shows an opposite trend, which
is consistent with the TEM images shown in Fig. 6. Similarly, AlsZr
nanoparticles also exhibit inhomogeneity of distribution and the
dense AlsZr zone (see Fig. 9c) is located at the dendrite center,
the same as the Mn-rich dispersoids. It is worth of noting that this
phenomenon seems abnormal since Mn (eutectic element) and Zr
(peritectic element) show the opposite segregation tendency dur-
ing solidification [29], which could be related to the addition of
Cr (as discussed in Section 4.2). Besides, only a narrow
dispersoid-free zones can be detected in inter-dendritic regions
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Fig. 3. TEM micrographs of the 5182MZC alloy as-heated to (a-c) 400 °C; (d-f) 500 °C; (g, h) 550 °C. (a) At 400 °C, dense dispersoids precipitate from the Al matrix with very
fine size and inhomogeneous distribution. High resolution image together with it FFT in (b) reveals the structure of the a-dispersoid. In addition, some Mg,Si and sub-micron
Al;Mg, phase are also observed at 400 °C and inset in (c) shows SADP of AlsMg,. At 500 °C, the Mn-rich dispersoids grow, while very fine AlsZr starts to precipitated with
various densities at different areas, as indicated by yellow arrows in (e) and dark-field image in (f). The inset in (e) shows the L1, structure of AlsZr. All the dispersoids grows
and coarsens after heating to 550 °C as seen in (g, h). EDS point scanning were used to identify the composition of various phases during ramp-heating and corresponding
spectrums are displayed in (j). Besides, dark-field image of binary Al-Zr alloy as-heated to 550 °C is shown in (i) here for reference. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

(see Fig. 9a), indicating that the dispersoids have a strong resis-
tance to dissolution. In general, 5182MZC alloy shows a good ther-
mal stability with dense dispersoids after 200 h aging at 400 °C,
which are supposed to provide considerable dispersion-
strengthening effect.

3.3.3. Tensile properties

Tensile stress-strain curves of 5182MZC and 5182 alloys after
different heat treatments are presented in Fig. 10. The yield
strength, ultimate strength and elongation derived from tensile
curves are displayed in Table 2. As can be clearly seen, upon aging
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Fig. 4. TEM images of 5182MZC alloy after ramp-heated to 550 °C. (a) HRTEM image shows heterogeneous nucleation of Al;Zr with abnormal morphology on Mn-rich
dispersoid; (b) FFT pattern of (a) and the superlattice spots are marked by yellow circles; IFFT of the superlattice spots in (b) showing the abnormal AlsZr with L1, structure.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Temporal evolution of the Vickers microhardness of 5182 and 5182MZC
alloys during isothermal aging at 400 °C after ramp heating to this temperature. To
minimize the systematic error, all the data for each alloy were collected on the
same sample with various aging time.

at 400 °C for 12 h, 5182MZC alloy obtains a significantly improved
yield strength of 135 MPa, which is corresponding to an increment
of 23 MPa (21 %) compared with the as-cast state. Based on TEM
observations, this increment is mainly attributed to the
dispersion-strengthening effect from precipitated dispersoids.
After longer time aging, 5182MZC exhibits relatively stable yield
strengths of 135 MPa at 48 h and 134 MPa at 200 h, which are con-
sistent with the microhardness results in Fig. 5. It illustrates that
5182MZC owns an outstanding heat resistance during 400 °C long
time exposure. In contrast, 5182 alloy, with a low content of Mn,
shows a negligible dispersion-hardening effect and much lower
yield strength. During isothermal aging, a stable yield strength of
only ~ 90 MPa is obtained without obvious variation. Besides, it
should be mentioned that both alloys here exhibit poor elongation
values of < 6 %. This is probably associated with the presence of
coarse constituent phases at grain boundaries formed during solid-
ification, which may induce cracks initiation because of stress con-
centration. Even so, much higher ultimate strengths can still be

obtained in all 400 °C aged 5182MZC alloy, while the strength
increment after yield point are also higher than that of the 5182
alloy at each state. This demonstrates an improved work hardening
ability of 5182MZC.

3.4. Recrystallization resistance

To study the influences of the dense dispersoids on the recrys-
tallization behavior of the cold-rolled alloys in the state, 75 % cold
rolling was conducted on both 5182 and 5182MZC alloys after
400 °C/48 h aging treatments. Fig. 11a demonstrates the hardness
evolution of the cold-rolled 5182 and 5182MZC alloys as a function
of annealing time during isothermal annealing at 400 °C, while
Fig. 11b shows the hardness after 1 h isochronal annealing at dif-
ferent temperatures. Evidently, both alloys achieve considerable
work hardening after rolling, reaching 108 HV and 126 HV, respec-
tively. During 400 °C annealing (Fig. 11a), a quick drop in hardness
of 5182 can be observed after 1 h, reaching to 64.3 HV which is
almost back to the value of 65 HV before rolling. This indicates that
5182 cannot resist recrystallization at this temperature. On the
contrary, the hardness of 5182MZC first decreases to 99.6 HV after
1 h and then slowly decreases to 94 HV until 24 h, showing a
strong resistance to softening at 400 °C. During annealing at differ-
ent temperatures (Fig. 11b), the hardness of 5182 sample drasti-
cally decreases to 82 HV at 300 °C and then further decrease to
64 HV at 350 °C, which is very close to the value before rolling,
indicating a fully recrystallization has happened. With further
increasing annealing temperatures, the hardness slightly fluctuates
and finally tends to stabilization. In comparison, 5182MZC alloy
exhibits a much slower decreasing rate of hardness with increasing
annealing temperatures. More specifically, after 1 h annealing at
450 °C, the 5182MZC sample still owns a relatively high hardness
values of 96 HV, which should be attributed to the extended recov-
ery process. Only after 500 °C/1h annealing, the hardness of the
deformed alloy decreases to the level of as-aged state, indicating
a superior resistance to softening in comparison with 5182
samples.

To further reveal the effect of dispersoids on recrystallization
behavior, EBSD characterization was conducted on both alloys
after annealing at 550 °C for 1 h. As seen in Fig. 11b, the annealed
5182 alloy is fully recrystallized with an average grain size
of ~ 21 pum. In contrast, as shown in Fig. 11c, only partial recrystal-
lizaiton has been achieved in 5182MZC alloy, where a large frac-
tion of deformation structure is retained. Both the deformed
grains (elongated along the RD) with high density dislocations
and the newly formed recrystallized grains (mostly finer than
10 pum) coexist in annealed 5182MZC sample, which can be distin-
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Fig. 6. TEM images of the 5182MZC alloy after isothermal aging at 400 °C for (a,d) 12 h, (b,e) 48 h and (c,f) 200 h, respectively. (a-b) bright-field (BF) micrographs and (c)
HAADF-STEM image are taken from the transition areas from dendrite periphery to center showing the size, density and distribution of Mn-rich dispersoids, while BF images
(d, e) plus HAADF-STEM image (f) are taken at high magnifications in order to reveal the evolution of AlsZr nanoparticles. Insets in (a, b) are corresponding SADP along [001]
zone axis of the matrix, showing the appearance of super-lattice spots from AlzZr.
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Fig. 7. Respective size distribution histograms of the (a) Mn-rich dispersoids and (b) AlsZr nanoparticles of the 5182MZC alloy after aging at 400 °C for various time.
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Fig. 8. HAADF-STEM image and corresponding EDS maps on the local region in 5182MZC alloy after isothermal aging at 400 °C for 12 h. Independent of the size and
morphology, most dispersoids with bright contrast can be identified as Alg(Mn,Fe,Cr). In addition, coarse rhomboidal B-Mg,Si phase with the size of a few hundred
nanometers can also be observed.
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Fig. 9. SEM-BSE images of 5182MZC alloy after aging at 400 °C for 200 h. (a) Low-magnification image shows the overall distribution of dispersoids across the dendrite arms
and inter-dendritic regions. Constituent phase formed during solidification generally distributes at grain boundaries and inter-dendritic regions. (b) and (c) are enlarged
figures from dendrite periphery and center, respectively, showing the inhomogeneity of Mn-rich dispersoids. (d) High-magnification micrograph of dendrite center reveals
the high density nano-sized dispersoids of both Alg(Mn,Fe,Cr) and AlsZr. Note small white spots in (c) are identified as fine AlsZr nanoparticles and some of them are marked
by yellow arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Tensile stress-strain curves for 5182MZC and 5182 alloys after ramp-
heating to 400 °C and then isothermal aging for various time. Note the tensile curve
of 5182MZC at as-cast state is also displayed as a reference.

guished by their morphology and the distribution of low angle
grain boundaries/subgrain boundaries. In this case, the unrecrys-
tallized fraction is as high as 72 %, indicating a strong recrystalliza-
tion resistance in the presence of dispersed AlsZr and Mn-rich
dispersoids.

4. Discussion
4.1. Precipitation characteristics of dispersoids

In the present Al-Mg-Mn-Fe-Si-Zr-Cr alloy, high density of
nano-sized dispersoids including both AlsZr and Mn-rich phases
have been achieved after appropriate heat treatment regimes. Gen-
erally, the precipitation behavior of dispersoids is complicated in
this multicomponent alloy system, which is related to the interac-
tions between different phases/elements. As is found in Section 3, a
fairly certain part of the precipitated Mn-rich dispersoids were
identified as Alg(Mn,Fe,Cr), while the fraction of a-Al(Mn,Fe)Si is
lower. This observation is different from those in 3xxx [34], 6xxx
[35] and some 5xxx series alloys (such as AA5052 [36]) although
the presence of Si element can participate and accelerate the for-
mation of Mn-bearing dispersoids. In fact, the high Mg:Si ratio in
present 5182MZC alloy facilitates the formation of primary Mg,Si
particles during solidification (see Fig. 1c), thus reducing the Si
content in Al matrix. In addition, during ramp heating procedure
the precipitation of Mg,Si happens at low temperature range and
thus further scavenges residual Si solute atoms before the Mn
decomposition, as seen in Fig. 3c. As a result, the precipitation of

Materials & Design 226 (2023) 111647

a-dispersoids is thermodynamically reduced, which is also in con-
sistent with the findings in AA5083 alloy [20].

Based on the TEM results in Figs. 3 and 6, the precipitation
sequence of dispersoids in 5182MZC alloy during aging can be
clearly defined as formation of Mn-rich dispersoids including both
o-dispersoids and Alg(Mn,Fe,Cr) firstly, and then formation of AlsZr
at higher temperature ranges. This discrepancy in precipitation
kinetics mainly attributes to the higher diffusivity of Mn than that
of Zr in fcc Al, considering both nucleation and growth of disper-
soids are thermal-diffusion controlled processes [29]. However, it
is worth of noting that the density of dispersed AlsZr is rather lim-
ited after ramp-heating to 550 °C. One important observation here
is that the heterogeneous nucleation of AlzZr on pre-formed Mn-
rich dispersoids (see Fig. 4 and section 3.2.2) reduces the supersat-
uration of Zr solute atoms in Al matrix and therefore reduce the
driving force for homogeneous nucleation directly in the matrix.
Besides, it may also be associated with dissolution of Mg,Si phase
in the range of 500-550 °C, thus giving rise to a re-increase of Si
content in solid solution. Solute Si element was known to acceler-
ate the coarsening rate of AlsZr by enhancing Zr diffusion [37,38].
In this case, coarsening of AlsZr will be accelerated as a result. In
comparison, isothermal aging after ramp-heating to 400 °C is con-
ducive to achieving a good combination of both nano-sized Alg(Mn,
Fe,Cr) and AlsZr, as shown in Fig. 6.

4.2. Effect of Cr-addition on Mn-rich dispersoids

Cr, as a typical dispersoid-forming element in Al, acts an impor-
tant role in the precipitation of dispersoids in the present work. It
was reported that several Cr-containing dispersoids, such as a-Al
(Cr,Fe)Si and o’-AlCrSi, can precipitate during high temperature
annealing (>520 °C) in Al-Si-Mg [39] and Al-Mg-Si [40] alloys.
However, it is identified that during aging solute Cr has partici-
pated the precipitation of Mn-rich dispersoids (especially for Alg(-
Mn,Fe,Cr)) in the present 5182MZC alloy, as shown in Figs. 3 and 8.
Therefore, the addition of 0.2 wt% Cr indeed contributes to increase
the volume fraction of Alg(Mn,Fe,Cr) dispersoids. More impor-
tantly, the enrichment of peritectic Cr element in the dendritic cen-
ter regions can provide enough driving force for the precipitation
of Mn-rich dispersoids, although in these regions there is a deple-
tion of Mn solute due to its opposite segregation mode during
solidification. As a result, the global distribution of the Mn-rich dis-
persoids across dendrite arms is distinctly improved, and dense
Alg(Mn,Fe,Cr), instead of wide precipitate-free-zones, can be
observed in the center of dendrites after aging (Fig. 9).

Similar to Mo [41], the partitioning of Cr into Mn-rich disper-
soids was also reported to markedly influence the heat resistance
of the dispersoids in Al alloys [30,42]. As seen in Section 3.3.2,
the size of Mn-rich dispersoids is increased from 36.9 nm to
65.3 nm while the density of the dispersodis is still high after
200 h long time exposure at 400 °C, which shows better a heat
resistance compared with our previous study of a Cr-free Al-Mn-
Fe-Si-Zr alloy [29]. This should be associated with the fact that
the diffusivity of Cr in fcc Al (3.2 x 102! m?/s) is almost two orders
of magnitude lower than that of Mn (6.4 x 107'° m?/s) at 400 °C

Table 2
Tensile yield strength (YS), ultimate strength (UTS) and elongation (EL) of studied alloys at different states in the present study.
Alloy State YS (MPa) UTS (MPa) EL (%)
5182 400 °C/12 h aged 90.8+1.3 167.7£5.4 54 +0.8
400 °C/200 h aged 89.1+15 150.2 + 8.2 3.8+0.6
5182MZ As-cast 111.7 £ 7.6 165.0 + 4.0 3609
400 °C/12 h aged 134.6 + 4.1 218.7 £ 16.2 42 +0.7
400 °C/48 h aged 135.1 £ 10.1 223.1+19.5 32+1.0
400 °C/200 h aged 1335+14 208.1 + 14.6 29+0.5
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Fig. 11. Hardness evolution of 75 % cold-rolled 5182 and 5182MZC alloys: (a) during isothermal annealing at 400 °C until 24 h, (b) after annealing at different temperatures
for 1 h. (c, d) EBSD-IPF maps of 5182 and 5182MZC alloys after annealing at 550 °C for 1 h, respectively, showing their grain structures. Note high angle grain boundaries
(>15°) and low angle grain boundaries/subgrain boundaries (3-15°) are represented by black lines and grey lines, respectively. The unindexed areas in white color are coarse

intermetallic phases distributed along grain boundaries as shown in Fig. 1c.

[29,43]. One characteristic evidence related to this mechanism is
that in the dendrite center where there is a high Cr content, dense
Alg(Mn,Fe,Cr) particles with rather small size can be still observed
after 200 h aging, as shown in Fig. 9a and c. Therefore, it is reason-
able to expect that Cr can improve the thermal stability of Mn-rich
dispersoids at 400 °C.

4.3. Dispersion-strengthening from dispersoids

The application of dispersion-strengthening in Al alloys is usu-
ally restricted by either low density or low volume fraction of dis-
persoids. In the present 5182MZC alloy, the precipitation of mainly
two kinds of nano-sized phases, Mn-rich dispersoids and AlsZr, is
proved to enhance the dispersion-hardening response, leading to
age hardening like hardness curves during the applied heat treat-
ments. The obtained hardness increments of 5182MZC at peak-
aged state are 9.2 and 11.8 HV during ramp heating and isothermal
aging, respectively. However, it should be mentioned that the pre-
cipitation of Mn-rich dispersoids also greatly decreases the Mn and
Cr contents in Al matrix, thus reducing their solid solution
strengthening at the same time. Taking this factor into considera-
tion, the actual hardening contribution from dispersoids should
be much higher than the observed hardness increment. It can be
seen from Fig. 10 that a superior yield strength of 134.6 MPa is
achieved in 5182MZC alloy after 12 h isothermal aging, which is
48.3 MPa (48 %) higher than that of the reference 5182 alloy. This
improvement in yield strength is mainly ascribed to the high den-
sity and volume fraction of dispersoids across dendrite arms/-
grains. In addition, these dispersoids exhibit high heat resistance
at 400 °C. Usually, the dispersion hardening effect caused by Mn-
rich dispersoids decreases quickly during exposure to this temper-
ature [30] due to the coarsening of the dispersoids. In this work,
the reduction of strengthening effect by Mn-rich dispersoids can
be compensated by the continuous precipitation of nano AlsZr pre-
cipitates. As a result, no obvious change in yield strength can be
detected after 200 h aging. Therefore, it demonstrates that
5182MZC owns a good thermal stability at 400 °C and shows the
potential to be used for high temperature applications.

4.4. Effect of dispersoids on recrystallization

For as-rolled commercial 5182 alloy, a full recrystallization has
been achieved after 1 h annealing at 350 °C, with a total hardness
reduction of 44 HV, which completely levels off the work harden-
ing (43 HV) arisen from 75 % cold rolling (Fig. 11b). This observa-
tion is similar to the results found in Al-5 Mg [44] and AA5050
[45] alloys. In contrast, a significantly retarded recrystallization is
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achieved in 5182MZC alloy, which should be mainly ascribe to
the dense dispersoids formed before cold rolling. Both AlsZr and
(Mn, Cr)-rich disperosids own high thermal stability due to the
low diffusivities of Zr and Cr and thus can provide Zener pinning
force on the migration of dislocations and (sub)grain boundaries
during high temperature annealing. Herein, the Zener force (Pz)
can be described by the classical equation [19]:

3f Ve

P; = o5

where 7, is the specific grain boundary energy, f, and r are the
volume fraction and radius of dispersoids, respectively. For
5182MZC alloy, the synergistic additions of Mn, Zr and Cr, together
with an optimized heat treatment (aging), results in a high volume
fraction of small dispersoids (high f,/r ratio), which is essentially
required to achieve a higher Zener force. In addition, the homoge-
neous spatial distribution of dispersoids across the grains/den-
drites (see section 3.3.2) in 5182MZC is also of great importance.

As a result, the recrystallization resistance of 5182MZC is obvi-
ously stronger than that of other commercial AA5xxx alloys which
are only either Mn-containing [19,46] or Zr-containing [47,48].

Fig. 11d demonstrates a partially recrystallized microstructure
of 5182MZC alloy However, upon annealing at 550 °C (~0.8Tm),
coarsening of both types of dispersoids will become significant
and the pinning effect will be reduced. As a result, the recrystal-
lizaiton will start. After 1 h annealing, the hardness value of 83
HV is found to be lower than that of sample before rolling (87
HV). This reflects the loss in dispersion-strengthening effect due
to the coarsening of dispersoids.

5. Conclusions

In this work, a new 5182MZC alloy was designed on the basis of
AA5182 alloy with an increased Mn content to 1 wt% and micro-
alloying of Zr and Cr. During ramp heating and 400 °C isothermal
aging, the precipitation behavior of various dispersoids and their
dispersion-hardening effect were systematically investigated. In
addition, the effect of dispersoids on the recrystallization behavior
of the cold-rolled alloys was also assessed. The major conclusions
can be drawn as follow:

(1) High density of nano-sized particles including both Mn-rich
dispersoids (a-Al(Mn,Fe)Si and Alg(Mn,Fe,Cr) types) and Als-
Zr are achieved in 5182MZC alloy upon aging. The precipita-
tion kinetics of Mn-rich dispersoids is obviously faster than
that of AlsZr, which can be attributed to the higher diffusiv-
ity of Mn than Zr in Al solid solution.
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(2) It is found that coarse lath shaped AlsZr phase with L1,
structure could nucleate on pre-formed Mn-rich dispersoids
in 5182MZC alloy during ramp heating.

(3) A superior dispersion-strengthening effect with a yield
strength of 135 MPa is obtained in 5182MZC alloy after
400 °C isothermal aging, which is 48 MPa (48 %) higher than
that of the reference 5182 alloy. The modified alloy also
shows a high thermal stability at 400 °C. Upon 200 h heating,
the alloy keeps almost constant yield strength. This has been
attributed to the continuous precipitation of AlsZr nanopar-
ticles during 400 °C heating, which compensates the
strength loss caused by the coarsening of Mn-reach
dispersoids.

(4) The micro-addition of 0.2 wt% Cr significantly promotes the
precipitation of dense and fine Mn-rich dispersoids in the
dendritic center regions, thus improving their global distri-
bution across dendrite arms. Moreover, the partitioning of
Cr into the Mn-rich dispersoids slows down the coarsening
kinetics because of the lower diffusivity of Cr than that of
Mn.

(5) With a proper aging treatment before cold rolling, the as-
rolled 5182MZC exhibits an outstanding softening resistance
at elevated temperatures. With the presence of homoge-
neously distributed dense dispersoids, only partial recrystal-
lization can be achieved in 5182 MZC after annealing at
550 °C for 1 h.
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