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Abstract

5xxx aluminum alloys are traditionally considered
non-heat-treatable. With the addition of Sc/Zr and
multistep heat treatment, two kinds of dispersoids (AlMn
and Al3(Sc,Zr)) were formed. The effect of Sc additions
(0.08–0.43 wt.%) on dispersoid formation and mechan-
ical properties of hot-rolled sheets was investigated. The
results showed that tensile properties initially increased
with increasing Sc addition. The yield strength (YS) and
ultimate tensile strength (UTS) of the alloy with 0.16 wt.
% Sc reached 295 and 411 MPa, respectively, showing
improvements of 28% in YS and 8% in UTS compared to
the base alloy. However, with a further increase of Sc, the
tensile properties declined owing to the formation of a
line/fan-shaped microstructure associated with discontin-
uous Al3(Sc,Zr) precipitation during solidification. The
evolution of Al3(Sc,Zr) and AlMn dispersoids during heat
treatment and hot rolling was characterized using scan-
ning and transmission electron microscopies. Their
influence on the mechanical properties of hot-rolled
AA5083 alloys was discussed.
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Introduction

Owing to their excellent combination of high
strength-to-weight ratio, good formability, high toughness,
excellent weldability and corrosion resistance, Al-Mg-Mn
5xxx alloys are considered excellent candidates for trans-
portation and construction industries [1, 2]. Traditionally,
5xxx aluminum alloys are classified as non-heat-treatable
alloys. Therefore, the achievable strength of this alloy series
is more limited than that of heat-treatable high-strength
aluminum alloys. Microalloying with Sc can significantly
improve the mechanical properties, preserve the work
hardening and enhance the recrystallization resistance of
Al-Mg-Mn 5xxx alloys [3, 4]. Owing to its
cost-effectiveness, Zr is often added together with Sc. The
combination of Sc and Zr can form core–shell Al3(Sc1-x,Zrx)
precipitates with the same L12-crystal structure of Al3Sc
while improving coarsening resistance [5].

In addition to work hardening and solid solution
strengthening, dispersoid strengthening can provide a sig-
nificant potential for improving the mechanical strength of
non-heat-treatable aluminum alloys, such as 3xxx [6, 7] and
5xxx [8] alloys. Recent studies in AA3004 and AA5083
alloys demonstrated that a multistep heat treatment can be
used to promote the precipitation of submicron-sized
Mn-bearing dispersoids and nano-sized Al3(Sc,Zr) disper-
soids, resulting in enhanced mechanical properties [8–10]. In
Al-Mg-Mn 5xxx alloys, the precipitation temperatures of
AlMn dispersoids and Al3(Sc,Zr) precipitates are similar,
and both phases are coarsening-resistant, which provides a
common basis for improving the mechanical properties
during heat treatment. However, there is little information on
the synergetic effects of these strengthening phases in 5xxx
alloys.

With additions of Sc and Sc + Zr, Al3Sc/Al3(Sc,Zr) pre-
cipitates can be formed either continuously or discontinu-
ously [11, 12]. Continuous precipitation usually occurs
during aging (300–400 °C), in which nano-sized Al3Sc/
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Al3(Sc,Zr) precipitates effectively retard the dislocation and
grain boundary movements and significantly improve the
alloy properties [5, 13]. However, discontinuous precipita-
tion can also occur during solidification with rod- and
lamellae-like morphologies [14, 15]. The tendency of
Al-Sc/Zr alloys to form Al3Sc/Al3(Sc,Zr) discontinuous
precipitates is strongly related to their Sc level (often in
high-Sc hypereutectic alloys) [12, 15] and solidification rate
[14, 16]. Most studies considered Al3Sc/Al3(Sc,Zr) discon-
tinuous precipitates as an undesirable microstructure feature,
which negatively affects the mechanical properties of the
alloy.

This study investigated the effect of Sc additions (0.08–
0.43 wt.%) on the precipitation behavior of dispersoids and
mechanical properties in a typical Al-Mg-Mn AA5083 alloy
during thermomechanical processing (heat treatment and hot
rolling). To clarify the roles of micro-alloyed Sc and Zr, the
microstructural evolution after heat treatment and hot rolling
was characterized by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM).

Methodology

Four Al-Mg-Mn alloys were prepared according to the
typical AA5083 chemical composition with various Sc and
Zr levels, denoted as the Base, Sc08, Sc15, and Sc43 fol-
lowing their Sc levels. The chemical compositions of the
experimental alloys, as analyzed by optical emission spec-
troscopy, are shown in Table 1. The alloys were prepared in
an electrical resistance furnace, and the melt was cast in a
permanent steel mold preheated at 250 °C with a cooling
rate of 2 °C/s to produce cast ingots with a dimension of
30 � 40 � 80 mm.

After casting, all alloys were subjected to a three-step heat
treatment (275 °C/12 h + 375 °C/48 h + 425 °C/12 h) to
promote the precipitation of AlMn-dispersoids and Al3(Sc,
Zr) precipitates and to improve the processability of rolling
[8, 10]. After heat treatment, the samples were hot-rolled at
500 ± 20 °C to a final thickness of 3.2 mm (87% reduction)
using a laboratory-scale rolling mill. After rolling and before
mechanical testing, all rolled sheets were annealed at 300 °C
for 5 h to relieve the rolling-induced thermal stress.

The Vickers microhardness was measured at room tem-
perature with a load of 10 g and a 20 s dwell time. The
average value was calculated from 20 measurements for
each sample. Uniaxial tensile tests were conducted using an
Instron 8801 servo-hydraulic testing unit at a strain rate of
0.5 mm/min. The tensile samples were machined according
to ASTM E8/ E8M-16a in the rolling direction with a gauge
length of 32 mm and gauge area of 3 � 6 mm. Average
results were obtained from three repeated tests.

The microstructure evolution was characterized using
scanning electron microscopy (SEM, JSM-6480LV) and
transmission electron microscopy (TEM, JEM-2100). In
addition, the cast samples were etched with Keller’s reagent
for 30 s to highlight the discontinuous precipitates. Image
analysis with ImageJ software was used for measuring the
area fraction of intermetallic particles, the size and number
density of the AlMn dispersoids and Al3(Sc,Zr) precipitates.
The number density was measured according to Eq. 1 [8, 10]

ND ¼ N

A � ðDþ tÞ ð1Þ

where; N is the number of particles in the TEM image, A is
the total area, D is the equivalent diameter, and t is the
thickness of the TEM foil. Finally, the grain structure was
mapped and analyzed after rolling and annealing using the
Electron Back-Scatter Diffraction (EBSD) technique with a
step size of 1 lm.

Results and Discussion

Evolution of the Microstructure in the As-Cast
and Heat Treatment

Figure 1 displays the as-cast microstructure of the experi-
mental alloys after Keller etching. The microstructure is
mainly composed of the a-Al matrix surrounded by inter-
metallic phases distributed along the interdendritic regions.
The three major intermetallic compounds (IMC) in the
experimental alloys were Fe/Mn-rich phases (a-Al15(Fe,
Mn)3Si2 and Al6(Fe,Mn)), and primary Mg2Si as identified
by SEM-EDS. A small amount of the low melting point
eutectic phases, s-Al6CuMg4 and b-Al5Mg3, was also

Table 1 Chemical composition
of experimental alloys

Alloys Elements, wt.%

Mg Mn Si Fe Cu Cr Ti Sc Zr

Base 4.78 0.79 0.26 0.31 0.12 0.14 0.09 – –

Sc08 4.76 0.79 0.26 0.35 0.10 0.15 0.10 0.08 0.08

Sc15 4.75 0.81 0.31 0.31 0.11 0.15 0.09 0.16 0.17

Sc43 4.76 0.75 0.30 0.33 0.10 0.15 0.10 0.43 0.15
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detected along the interdendritic regions. Furthermore, the
area fraction of Fe/Mn-rich intermetallic and Mg2Si
remarkably increased with the Sc and Zr addition. For
instance, the area fractions of Fe/Mn-rich and Mg2Si IMCs
increased from 1.98%, 0.7% in the base alloy to 2.31%,
0.77% in alloy Sc08, and further to 3.14%, 0.9% in alloy
Sc15. This could be attributed to the reduction of Mn and
Mg solubility associated with the addition of Sc and Zr [17,
18].

In addition, in the Sc-containing alloys (Sc15 and Sc43),
a few primary Al3(Sc,Zr) particles were detected inside the
aluminum dendrite cells and their fraction increased with
increasing Sc content (Fig. 1 c and d). Furthermore, in the
alloy Sc43 with the highest Sc content (0.43%), several areas
exhibited the formation of fan- and line-shaped aggregates
(marked by red dashed lines in Fig. 1d), which was rarely
observed in the Sc08/Sc15 alloy. This type of precipitate was
related to the decomposition of the supersaturated solid
solution to form discontinuous Al3(Sc,Zr) precipitates
(DCP) at a moving grain boundary. More details on the
discontinuous precipitation mechanism were reported in our
previous study [19].

After heat treatment, the low-melting-point eutectic pha-
ses (s-Al6CuMg4/b-Al5Mg3) were entirely dissolved in the

aluminum matrix with a partial dissolution of Mg2Si in all
cases. Meanwhile, a large number of duplex precipitation
populations (AlMn dispersoids and Al3(Sc,Zr) precipitates)
were formed, as shown in Fig. 2. Bright-field TEM images in
Fig. 2 a-d show the precipitation of submicron-sized Mn-
dispersoids; their size and number density are quantified in
Table 2. The types of AlMn dispersoids were identified as
Al4Mn and Al6Mn based on SADP and TEM-EDS analysis
in our previous work [8]. With increasing Sc and Zr contents,
the size of the dispersoids increased, and the number density
decreased. For instance, the equivalent diameter of AlMn
dispersoids in the base alloy was *25 nm and the number
density was *56 � 1020 m−3, while the diameter of dis-
persoids in the Sc15 alloy increased to *33.5 nm and the
number density decreased to 30 � 1020 m−3 (Table 2). There
are two possible reasons for increasing the size and
decreasing the number density of AlMn dispersoids in
Sc-containing alloys. First, adding Sc and Zr reduces the
solubility of Mn, Mg, and Si in the aluminum matrix [17, 18].
Secondly, the addition decreases the nucleation efficiency of
AlMn dispersoids during heat treatment by decreasing the
nucleation sites in the first stage (275 °C/12 h) [20, 21].

In addition to the AlMn-dispersoids, a large number of
nano-sized, spherical Al3(Sc,Zr) precipitates were also

Fig. 1 SEM images showing the as-cast microstructure evolution with Sc and Zr content after etching with Keller’s reagent
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formed in the Sc-containing alloys, as shown in the
dark-field TEM images in Fig. 2e–g. The Al3(Sc,Zr) pre-
cipitates were much finer with a higher number density than
the AlMn-dispersoids, and were uniformly distributed in the
Al matrix. These precipitates filled the space between the
AlMn dispersoids, lowering the inter-particle distance, and
resulting in more obstacles for dislocation movements. In
addition, Fig. 2d, g revealed a number of rod-like precipi-
tates, non-uniformly distributed in the Al matrix, which
originally came from the as-cast fan- and line-shaped mi-
crostructure (Fig. 1d) but were partially dissolved during the
heat treatment. Those rod-like precipitates were discontinu-
ous precipitates of Al3(Sc,Zr) (DCP) formed during solidi-
fication [15, 19], and their size was much larger than the
spherical ones. Furthermore, as shown in Fig. 2g (marked by
green dashed lines), there were almost no spherical Al3(Sc,
Zr) precipitates in the vicinity of the rod-like discontinuous
precipitates.

The image analysis results in Table 2 show that the
number density of spherical Al3(Sc,Zr) precipitates initially
increased with increasing Sc content to 0.16 wt.% (Sc15)
and then decreased with increasing Sc to 0.43 wt.% (Sc43).
The reason for this effect is that the formation of discon-
tinuous precipitates consumed large amounts of Sc and Zr
solutes, decreasing the Sc and Zr content in the solid solu-
tion. Furthermore, it created a depleted zone surrounding the
rod-like precipitates, preventing further precipitation of the
spherical Al3(Sc,Zr) precipitates.

Microstructure Evolution During Hot Rolling

Prior to hot rolling, all samples were preheated at 500 °
C/1.5 h and then hot-rolled at 500 °C. Typical microstruc-
tures after hot rolling are shown in Fig. 3. Because of the
high reduction ratio (87%), the intermetallic particles were

Fig. 2 Bright-field TEM images (a, b, c, d) showing the distribution of AlMn dispersoids for Base, Sc08, Sc15 and Sc43; dark-field TEM images
(e, f, g) showing the distribution of Al3(Sc,Zr) precipitates for Sc08, Sc15 and Sc43

Table 2 Quantitative measurements of AlMn dispersoids and Al3(Sc,Zr) after heat treatment and rolling

Alloy After heat treatment After rolling and annealing

AlMn dispersoids Al3(Sc,Zr) AlMn dispersoids Al3(Sc,Zr)

d (nm) Nd (1020/m3) d (nm) Nd (1022/m3) d (nm) Nd (1020/m3) d (nm) Nd (1022/m3)

Base 24.8 ± 1.7 55.9 ± 22.2 – – 32.4 ± 0.2 23.1 ± 46 – –

Sc08 29.6 ± 5 30.9 ± 64.0 5.3 ± 0.5 11.3 ± 683 57.2 ± 0.6 6.01 ± 9.6 11.9 ± 0.5 2.7 ± 385

Sc15 33.5 ± 2.6 30.1 ± 56.7 6.1 ± 1.2 19.7 ± 741 56.0 ± 0.6 6.48 ± 13.3 12.6 ± 0.4 5.7 ± 297

Sc43 33.6 ± 1.6 28.7 ± 21.2 8.3 ± 1.4 5.2 ± 741 64.6 ± 1.7 6.80 ± 11.3 37.8 ± 2.6 0.7 ± 177
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fragmented, and the grains were elongated in the rolling
direction, as shown in Fig. 3a–d. In addition, the line- and
fan-shaped structures related to DCP in Sc43 completely
disappeared. This could be attributed to the accelerated
dissolution of the DCP rod-like precipitates due to the high
rolling temperature (500 °C) and the accelerated diffusion
rates during hot deformation [7, 22, 23].

Bright- and dark-field TEM images (Fig. 3e–h) and
(Fig. 2i–k) revealed that both AlMn dispersoids and spher-
ical Al3(Sc,Zr) precipitate coarsened during preheating and
hot rolling as compared to the heat-treated alloys. This
resulted in a size increase, and a significant decrease in
number density (see Fig. 3 and Table 2). The quantitative
results in Table 2 show that the number density of AlMn
dispersoids decreased by 59%, 79%, and 76% during hot
rolling for the Base, Sc15, and Sc43 alloys, respectively.
Although the AlMn dispersoids coarsened, the number
density in the base alloy was still higher than in
Sc-containing alloys. On the other hand, the fine and

spherical Al3(Sc,Zr) particles coarsened and exhibited a re-
duction in number density, particularly in the Sc43 alloy. For
instance, the Al3(Sc,Zr) precipitate size increased during
rolling by 104% and 107% in the Sc08 and Sc15 alloys,
compared to 355% in the Sc43 alloy.

The reduced particle density and increased size of both
AlMn dispersoids and Al3(Sc,Zr) precipitates after hot roll-
ing are predominantly attributed to two factors. Firstly, the
rolling temperature (500 °C) is higher than their formation
temperature [7, 22]. Secondly, the high number density of
dislocations generated during rolling accelerates the diffu-
sion of alloying elements in the matrix, resulting in the
growth and coarsening of both types of particles [23]. The
most significant coarsening of spherical Al3(Sc,Zr) precipi-
tates occurred in the Sc43 alloy (Fig. 3h), and the dissolved
DCP Al3(Sc,Zr) further accelerates the coarsening of the
spherical Al3(Sc,Zr) through the diffusion/growth mecha-
nism, indicating their negative effect on the characteristics of
the spherical Al3(Sc,Zr) precipitates [16].

Fig. 3 Typical hot-rolled microstructures: (a, b, c, d) OM images and
(e, f, g, h) bright-field TEM images showing the distribution of AlMn-
dispersoids for Base, Sc08, Sc15, and Sc43; (i, j, k) dark-field TEM

images showing the distribution of Al3(Sc,Zr) precipitates for Sc08,
Sc15 and Sc43, respectively
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Figure 4 illustrates the grain structure of the base Sc08
and Sc15 alloys via Euler orientation maps after hot rolling
and annealing. It can be seen that all samples exhibited a
mixture of deformed grains in the rolling direction and
recrystallized grains along the grain boundaries. In the base
alloy, the recrystallized grains were coarser with an average
size of 25 µm (marked by yellow dashed lines in Fig. 4a)
and were randomly grown in the deformed grains. However,
in the Sc-containing alloys, a chain of fine equiaxed and
recrystallized grains (marked by yellow lines in Fig. 4b, c)
was distributed along the grain boundaries with an average
size of 3–8 µm. The lower fraction and the smaller size of
recrystallized grains in the Sc-containing alloys can be
explained by the effective pinning effect of Al3(Sc,Zr) pre-
cipitates [3, 24, 25]. The predominant fibrous deformed
grains along with the fine recrystallized grains in the
Sc-containing alloys could provide additional strengthening
at room temperature by inhibiting dislocation movement and
grain rotation [26].

Mechanical Properties of Hot-Rolled Sheets

Figure 5 shows the microhardness of the experimental alloys
after heat treatment and rolling. In general, the microhard-
ness of the Sc-containing alloys was substantially higher
than the base alloy, indicating the significant strengthening

effect of the nano-sized, spherical Al3(Sc,Zr) precipitates.
It can be seen that the microhardness value first increased
with increasing Sc content, from the base alloy via Sc08 up
to the Sc15 alloy, and then decreased significantly to the
Sc43 alloy. The microhardness evolution after rolling and
annealing showed a similar trend to the as heat-treated
condition, corresponding to the substantial strengthening
effect of the fine and spherical Al3(Sc,Zr) precipitates
(Fig. 3).

Fig. 4 All Euler orientation maps showing the grain structure after hot rolling and annealing

Fig. 5 Microhardness after heat treatment and hot rolling/annealing
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Figure 6 shows the ambient-temperature tensile proper-
ties of all four hot-rolled samples. Figure 6a demonstrates
the typical engineering stress–strain curves. As shown in
Fig. 6a, the stress level significantly increased with the
addition of Sc and Zr, confirming the contribution of Sc
towards improving the tensile properties. Figure 6b presents
the tensile property data (YS, UTS and elongation). Similar
to the microhardness trend, the YS and UTS initially
increased with the Sc addition. The Sc15 alloy achieved the
highest YS and UTS at 295 and 411 MPa, representing an
improvement of 28% in YS and 8% in UTS relative to the
base alloy. However, further increasing the Sc content to
0.43 wt.% significantly decreased the strength. For example,
the Sc43 alloy gave a YS of 260 MPa, corresponding to an
improvement of 13% compared to the base alloy, which was
slightly lower than that of the Sc08 alloy.

As shown in Figs. 5 and 6, both the hardness and strength
initially increased with increasing Sc addition up to 0.16%
Sc, and then gradually degraded with further addition of Sc
to 0.43%. These changes in mechanical properties are
mainly attributed to the evolution of microstructures, espe-
cially the evolution of both AlMn dispersoids and spherical
Al3(Sc,Zr) precipitates. As illustrated in Fig. 2 and Table 2,
with the addition of Sc and Zr, although the size of AlMn
dispersoids increased and the number density decreased, the
precipitation of a large number of fine and spherical Al3(Sc,
Zr) more than compensated for the loss of AlMn dispersoids,
leading to the higher hardness in Sc-containing alloys
(Fig. 5). During hot-rolling, although both AlMn dispersoids
and spherical Al3(Sc,Zr) coarsened (Fig. 3), the spherical
Al3(Sc,Zr) still effectively improved the mechanical prop-
erties due to their fine size and high number density.
Meanwhile, the number density of fine and spherical Al3(Sc,
Zr) increased with the increasing Sc up to *0.16%, which

gave the highest mechanical properties. However, a decrease
of both hardness and mechanical properties was observed
with further addition of Sc (0.43%). This was principally
associated with the formation of coarse discontinuous
Al3(Sc,Zr) in the as-cast condition, consuming more Sc and
Zr from the solid solution. This resulted in a low number
density of coarser spherical Al3(Sc,Zr) precipitates after heat
treatment (Fig. 3 and Table 2), resulting in the decreased
hardness of Sc043 after heat treatment in Fig. 4. During hot-
rolling, the released Sc and Zr solutes from the dissolution of
discontinuous Al3(Sc,Zr) further accelerated the coarsening
of spherical Al3(Sc,Zr) precipitates (Fig. 3k), leading to
lower mechanical properties compared to the Sc15 alloy.
However, the mechanical properties of the Sc43 alloy were
still higher than the Sc-free base alloy, further confirming the
positive contribution of nano-sized, spherical Al3(Sc,Zr)
precipitates on mechanical properties. However, due to the
high cost of Sc, the addition of Sc should be well controlled
to achieve the optimal mechanical properties for industrial
applications, which is *0.16 wt.% Sc based on the strength
evolution in the context of this work.

Conclusions

(1) During multistep heat treatment, two strengthening
phases (AlMn dispersoids and Al3(Sc,Zr) precipitates)
precipitated in the Sc/Zr-containing Al-Mg-Mn based
alloys. However, the addition of Sc and Zr caused a
reduction in number density of AlMn dispersoids. At
high Sc levels (0.43 wt.%), the presence of coarse
rod-like discontinuous Al3(Sc,Zr) reduced the number
density of fine and spherical Al3(Sc,Zr) precipitates.

Fig. 6 a Typical engineering stress–strain curves of the rolled/annealed samples, and b the mean tensile properties versus Sc content
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(2) During hot-rolling, both AlMn dispersoids and spheri-
cal Al3(Sc,Zr) exhibited coarsening. More significant
coarsening of spherical Al3(Sc,Zr) particles occurred
with the 0.43% Sc addition due to the dissolution of
discontinuous Al3(Sc,Zr).

(3) Hardness and strength increased with Sc additions up to
0.16 wt.%, followed by a decrease with further addition
of Sc to 0.43 wt.%.

(4) In the hot-rolled and annealed condition, the highest
strength was achieved with 0.16 wt.% Sc. The YS and
UTS values of 295 and 411 MPa, respectively, repre-
sented improvements of 28% in YS and 8% in UTS
compared to the base alloy free of Sc.
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