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A B S T R A C T

This study investigated the effect of Sc addition on the microstructure and mechanical properties of a high-Zn-
concentration Al (Al–49Zn) alloy. The addition of 0.5Sc obviously refined the Al grains and Zn phases in the
Al–49Zn alloy during solidification. It also suppressed the Al grain coarsening and Zn dissolution in the Al–49Zn
alloy during heat treatment because of the pinning effect of nanoscale Al3Sc precipitates and Sc atoms. Given its
refined structure and high thermal stability, the Al–49Zn–0.5Sc alloy showed high hardness and mechanical
stability after heating.

1. Introduction

The addition of rare-earth Sc into commercial Al alloys is an
effective approach to improve their microstructure and mechanical
properties. The primary Al3Sc phase can serve as a heterogeneous
nucleation site for Al grains during solidification and lead to grain
refinement in Al alloys [1–3]. The extremely fine and coherent Al3Sc
precipitates that are obtained during homogenization treatment can
significantly inhibit the dislocation and grain boundary (GB) motion in
Al alloys during subsequent thermomechanical processes, thereby
promoting dislocation and GB strengthening [2,4–6]. Thus, commercial
Al alloys added with Sc are usually characterized by high strength
[7–9], enhanced superplasticity [4,5,10], good welding performance
[11], and excellent thermal stability [12,13].

Different from commercial Al alloys, Al–Zn alloys contain much
higher solute concentrations (20%–45% mass fraction). Therefore, the
Al crystal grows cooperatively with the second phase during solidifica-
tion, and high-density Zn lamellae are observed in Al–Zn-based cast
alloys [14,15]. Moreover, a much more prominent solid-solution
hardening effect is achieved in the Al–Zn system than in commercial
Al alloys after heat treatment [20]. A unique dynamic precipitation
phenomenon is observed in Al–Zn-based alloys during cold deforma-
tions [15–20].

As mentioned above, the addition of Sc or high-concentration Zn
obviously affects the solidification, solid solution, precipitation, and
recrystallization in Al alloys. However, the synergistic effect of Sc and
high-concentration Zn on the microstructure and mechanical properties
of Al alloys remains unclear to date. Determining whether high solute
content affects Sc addition-induced increases in grain refinement, GB
pinning, and hardness in Al alloys is interesting. Li et al. [21] found that
the Zn solution temperature can lead to the precipitation of a nanoscale
Al3Sc phase in the Al–Zn–Mg–Sc system and that no intermetallic
compounds and interdiffusion exist between Sc and Zn. Thus, the
interaction between Zn solid solution and Al3Sc precipitation during
heat treatment is a worthwhile area of study.

In the present study, Al–49Zn and Al–49Zn–0.5Sc alloys were
subjected to microstructural examinations and hardness measurement
under as-cast and heat treatment conditions. This study aims to
understand the interaction between Sc addition and high-density Zn
solute, as well as elucidate the effect of Sc on the solidification and
thermal stability of high-Zn-concentration Al alloys. The results of this
study could provide a basis for further material design in the
Al–Zn–Sc–X system.
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2. Experimental Methods

Al–49Zn and Al–49Zn–0.5Sc alloys were prepared by melting
commercial pure Al (99.9%), pure Zn (99.9%), and Al–2%Sc (mass
fraction) master alloy in a resistance heating furnace with a graphite
crucible. The as-cast alloys were heated for 5 h and then quenched in
water. Heat treatment was conducted at 300 °C, 400 °C, 450 °C, and
480 °C.

The microstructures of the alloys were examined via optical
microscopy (OM), scanning electron microscopy (SEM), and transmis-
sion electron microscopy (TEM). The chemical composition of SEM
specimens was characterized using energy-dispersive X-ray spectro-
meter (EDS). Films for TEM were prepared by grinding the alloy to a
thickness of 30 μm and then ion-milling. The phases of the Al–49Zn and
Al–49Zn–0.5Sc alloys were confirmed through X-ray diffraction (XRD).
Hardness measurement was performed with a Vickers microhardness
tester (using 3000 gf load for 15 s).

3. Results and Discussion

Fig. 1 shows the microstructure of the Al–49Zn alloy in the as-cast
state. The alloy was characterized by a typical dendritic structure
(Fig. 1(a)). The average sizes of the arm spacing and grain in the as-cast
Al–49Zn alloy were approximately 16 and 150 μm, respectively,
according to the size statistics (Fig. 1(b)). The solute segregation during
casting produced high-concentration Zn in the interdendritic eutectic
regions (Fig. 1(c) and (d)).

Fig. 2 shows the TEM micrographs of the as-cast Al–49Zn alloy. The
white and gray regions correspond to the Al and Zn phases, respec-
tively. A typical eutectic growth model was exhibited by the Al–Zn
binary system. Zn lamellae with an average thickness of 80 nm were
obtained in the Al matrix through the combination of the two shapes of
the Zn phase.

The crystallization temperature of nearly 100 °C in the Al–49Zn
alloy led to the formation of a typical dendritic structure (Fig. 1(a)). In
the dendritic grain interior, the growth of Al-rich crystal resulted in the
accumulation of rejected Zn atoms near the Al phase. The enrichment of
Zn atoms promoted the nucleation and growth of the Zn phase in the
neighboring regions of Al crystal. Thus, Zn lamellae were observed in
the Al grains (Fig. 2).

Fig. 3 shows the SEM images of the Al–49Zn–0.5Sc alloy in the as-
cast state. Dendritic and equiaxed structures of Al may be observed in
this sample (Fig. 3(a)). The average size of equiaxed grains was
approximately 41 μm, according to the size statistics (Fig. 3(b)). Zn
segregation appeared along the Al GBs (Fig. 3(c) and (d)). However, the
distribution of Sc was difficult to observe by mapping images because of
the low density of this element (Fig. 3(e)).

Point analysis by EDS of the as-cast Al–49Zn–0.5Sc alloy is
presented in Fig. 4. High Sc concentration was obtained near the GBs
(Spots 1 and 3). The white regions between Al grains corresponded to
the Zn phase, and the Sc content in the Zn phase was low (Spot 2). The
Sc distribution in the Al grain interior was uniform, and the mass
fraction was approximately 0.25% (Spots 4–6).

Fig. 5 shows the TEM micrographs of the as-cast Al–49Zn–0.5Sc
alloy. The morphology, distribution, and size of the Zn phase exhibited
distinct differences in the dendritic and equiaxed Al grains of this alloy
(Fig. 5(a)). Region B, which corresponded to the interior of the
dendritic grains, showed a similar microstructure to the as-cast Al–49Zn
alloy (Fig. 2). Zn lamellae were also displayed in this region (Fig. 5(b)).
Compared with the Zn phase in the dendritic grains, the second phase at
the dendritic–equiaxed grain interface was much smaller (Fig. 5(c)). A
higher density of the needle-like Zn phase, with a size of approximately
30 nm, was found in the equiaxed grains (Fig. 5(d)).

Clearly, minor Sc addition can change the morphology and size of Al
grains and the Zn phase of the Al–49Zn alloy during solidification
(Figs. 1–5).

For the Al–49Zn–0.5Sc alloy, two solidification modes occurred
simultaneously. One mode is similar to that of the Al–49Zn alloy, and
this mode promoted the formation of a dendritic structure in the as-cast
Al–Zn–Sc alloy (Fig. 3). Compared with the Al–49Zn alloy, the
Al–49Zn–0.5Sc alloy exhibited a higher supercooling degree during
solidification because of the greater number of solute atoms in the
latter. Karamazi et al. [22] showed that the eutectic spacing of the
Al–Zn system decreases with increasing supercooling degree. This
finding may explain why the size of the Zn phase in the dendritic
structure was smaller than that of the as-cast Al–49Zn alloy (Fig. 5(b)).
During the solidification of the dendritic structure in the Al–Zn–Sc
alloy, the growth of the Zn phase maybe also suppressed by the high Sc
solute concentration through the interdiffusion between Sc and Zn.

The other solidification mode was caused by the primary Al3Sc

Fig. 1. (a) OMmicrograph and (b) arm spacing and dendrite grain size distributions of the as-cast Al–49Zn alloy. The corresponding composition mapping of Al and Zn is shown in (c) and
(d), respectively.
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phase, which was confirmed by previous studies to be present in as-cast
Al alloys containing Sc [3]. The primary Al3Sc phase served as a
heterogeneous nucleation site for Al grains during solidification and
resulted in the formation of equiaxed Al grains and significant grain
refinement (Fig. 3). Heterogeneous nucleation occurs in other high-Zn-
concentration Al alloys, such as TiB-containing Al–35Zn alloy [23]. The
heterogeneous nucleation and constitutional supercooling influenced
the nucleation and growth of the Zn phase in the equiaxed grains,
which led to the different distributions, morphologies, and sizes of the
Zn phase in the equiaxed grains compared with those in the dendritic
grains (Fig. 5(d)).

Fig. 6 presents the SEM images of the Al–49Zn alloy after heat
treatment. After heating to 300 °C for 5 h, the size and morphology of
the Al grains in the Al–49Zn alloy showed no significant change
(Fig. 6(a)). When the temperature was increased to 400 °C, the
dendritic grains changed into equiaxed grains (Fig. 6(b)), and the
average grains size was about 150 μm, according to the grain size
statistics (Fig. 6(e)). Fig. 6(c) and (d) shows that the GB segregation of
Zn was not obvious after heating at 400 °C for 5 h.

Fig. 7 reveals the TEM micrographs of the Al–49Zn alloy after
heating at 400 °C for 5 h. The GB of the sample was several hundred
nanometers wide and contained some Zn particles (Fig. 7(a)). Com-

Fig. 2. TEM micrographs of the as-cast Al–49Zn alloy in different regions showing Zn phases with (a) fiber and (b) equiaxed shapes.

Fig. 3. (a) SEM micrograph and (b) equiaxed grain size distributions of the as-cast Al–49Zn–0.5Sc alloy. The corresponding composition mapping of Al, Zn, and Sc is shown in (c), (d), and
(e), respectively.
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pared with the Zn phase in the as-cast Al–49Zn alloy (Fig. 2), that in the
heat-treated alloy presented smaller sizes and higher densities
(Fig. 7(b)).

Fig. 8 shows the SEM images of the Al–49Zn–0.5Sc alloy after heat
treatment. After heating to 300 °C and 400 °C for 5 h, the equiaxed
grains in the Al–49Zn–0.5Sc alloy underwent slight coarsening
(Fig. 8(a) and (b)). When the temperature was increased to 480 °C,
the dendritic grains disappeared (Fig. 8(c)). And the average equiaxed
grains size of this sample was increased to approximately 55 μm,
according to the grain size statistics (Fig. 8(d)).

Fig. 9 reveals the TEM micrographs of the Al–49Zn–0.5Sc alloy after
heating at 400 °C for 5 h. Numerous nanoparticles and Zn phases can be
observed near the GB. The nanoparticles were less than 5 nm in size and
equiaxed. The selected area of diffraction revealed that the nanoparti-
cles contained the Al3Sc phase.

Fig. 10 displays the TEM micrographs of the Al–49Zn–0.5Sc alloy
after heating at 480 °C for 5 h. The Zn phase was uniformly distributed
in the Al grain after heat treatment (Fig. 10(a)). Furthermore, the Zn
phase was surrounded by a high density of nanoparticles (Fig. 10(b)).

Through HRTEM and FFT analyses, the nanoparticles were identified as
Al3Sc (Fig. 10(c)).

Fig. 11 shows the X-ray diffraction (XRD) patterns of the Al–49Zn
and Al–49Zn–0.5Sc alloys after different heat treatments. For the
Al–49Zn alloy, the Al peaks shifted toward the high-angle orientation
after heating at 400 °C for 5 h. The atomic radius of Zn (0.153 nm) was
smaller than that of Al (0.182 nm). Several studies showed that the
lattice parameter of Al increased with decreasing Zn concentration or
precipitation of the Zn phase from the Al matrix [24–26]. Thus, in the
present study, as the Zn atoms dissolved in the Al lattice, the lattice
parameter of the Al matrix decreased, and the Al peaks shifted toward
the high-angle orientation. By contrast, no peak shifts were observed in
the Al–49Zn–0.5Sc alloy during heat treatments (Fig. 11 inset).

The Al–49Zn and Al–49Zn–0.5Sc alloys exhibited different thermal
stabilities (Figs. 6 and 8). The dendritic grains transformed into
equiaxed grains, with an average size of 150 μm in the Al–49Zn alloy
after heat treatment at 400 °C for 5 h (Fig. 6(b)). Meanwhile, the same
heat treatment induced no significant changes in the morphology and
size of the Al grains in the Al–49Zn–0.5Sc alloy (Fig. 8(b)). The

Fig. 4. Point analysis by EDS of the as-cast Al–49Zn–0.5Sc alloy.

Fig. 5. TEM micrographs of the as-cast Al–49Zn–0.5Sc alloy at the (a) lower magnification and higher magnification of (b) Regions B, (c) C, and (d) D in panel (a).
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equiaxed grain size increased to approximately 59 μm in the
Al–49Zn–0.5Sc alloy when the heating temperature was increased to
480 °C, which was near the solidus curve temperature of the Al–49Zn
system (Fig. 8(c)).

Sc segregated near the GBs of the as-cast Al–49Zn–0.5Sc alloy, as
shown by Spots 1 and 3 in Fig. 4. Heat treatment induced the
precipitation of numerous Al3Sc nanoparticles along the GBs (Fig. 9).
These particles can strongly pin GBs and dislocations during annealing
[27,28] and thereby prevent intense grain growth. Compared with the
Al–49Zn–0.5Sc alloy, the Al–49Zn alloy possessed “cleaner” GBs

(Fig. 7(a)) and presented no pinning effect derived from nanoparticles.
Therefore, the Al grains in the Al–49Zn–0.5Sc alloy exhibited a higher
thermal stability compared with those in the Al–49Zn alloy.

Not only the Al grains but also the Zn phase in the Al–49Zn and
Al–49Zn–0.5Sc alloys demonstrated different thermal stabilities. For
the Al–49Zn alloy, the following three phenomena were observed
during heat treatment: 1) Zn segregation was almost eliminated, as
shown by the EDS mapping (Figs. 1 and 6); 2) the size of the Zn phase in
the Al grains was obviously refined (Figs. 2 and 7); and 3) the XRD
peaks of Al shifted toward the high-angle orientation (Fig. 11). Obvious

Fig. 6. (a) SEM micrographs of the Al–49Zn alloy after heating at (a) 300 °C and (b) 400 °C for 5 h. The corresponding composition mapping of Al and Zn of the Al–49Zn alloy after
heating at 400 °C for 5 h is shown in (c) and (d), respectively. And (e) grain size distributions of the Al–49Zn alloy after heating at 400 °C for 5 h.

Fig. 7. TEM micrographs of the Al–49Zn alloy after heating at 400 °C for 5 h. The (a) GB and (b) grain interior are displayed.
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solid-solution reaction occurred in the as-cast Al–49Zn alloy during
heat treatment. Furthermore, the solid-solution reaction possibly led to
the uniform distribution of Zn elements and refinement of the Zn phase.

Nearly no peak shift occurred in the Al–49Zn–0.5Sc alloy during
heat treatments even when the heat temperature was increased to
480 °C (Fig. 11). This phenomenon indicates that the solid-solution
reaction of Zn to the Al lattice was suppressed in this alloy. As
mentioned above, the growth of the Zn phase was suppressed by Sc
atoms during solidification. Thus, the Zn phase in the as-cast
Al–49Zn–0.5Sc alloy was surrounded by a high density of Sc atoms. A
similar phenomenon was also observed in other systems. For example,

Sc can be enriched at the Si/Al interface of Al–Si–Sc alloys [29], and Sc
segregation at the Al2Cu/Al matrix interfaces was characterized by
using 3DAP in Al–Cu–Sc alloys [30,31].

Chen et al. [7] discovered that the growth of Al2Cu precipitates can
be inhibited by Sc atoms in the Al–Cu–Sc alloy during 250 °C annealing.
Both precipitation and dissolution were affected by Sc. In this study, the
solid solution of Zn atoms to the Al lattice was suppressed by the
enrichment of Sc at the Zn phase/Al matrix interfaces of the
Al–49Zn–0.5Sc alloy during annealing at 400 °C. When the heating
temperature was increased to 480 °C, the Al3Sc nanoparticles precipi-
tated around the Zn phase (Fig. 10(b)). These particles also suppressed
the solid-solution reaction in the Al–49Zn–0.5Sc alloy. Therefore, the
Zn phase in the Al–49Zn–0.5Sc alloy showed greater thermal stability
than that in the Al–49Zn alloy.

Fig. 12 shows that the hardness values of the Al–49Zn and
Al–49Zn–0.5Sc alloys in their cast state were 92 and 127 HV, respec-
tively. The hardness of the Al–49Zn alloy increased with rising heating
temperature and then peaked to 152 HV at 400 °C. Then, the hardness
remained stable with further increase in heating temperature. Unlike
the Al–49Zn alloy, the Al–49Zn–0.5Sc alloy exhibited higher hardness
stability at temperatures below 450 °C. Then, the value slightly
decreased with increasing heat temperature.

The refined structures, such as fine Al grain and nanosized Zn phase
in the as-cast Al–49Zn–0.5Sc alloy, increased the hardness value of this
alloy compared with the as-cast Al–49Zn alloy.

For the Al–Zn system, solid-solution strengthening is the most
important strengthening mechanism. For example, hardening by grain
refinement, the increase in the number of dislocations, the presence of
nanosized precipitates, and the softening by the decomposition of
supersaturated solid solution occur simultaneously during the deforma-
tion of supersaturated binary Al–Zn alloys. The net effect of above
phenomena always leads to the “work softening” exhibited by the
supersaturated Al–Zn alloys [15,18,25,26,32]. Hence, the increments in
solid-solution strengthening significantly enhanced the hardness of the
Al–49Zn alloy after heat treatments. Meanwhile, the low-temperature
(below 400 °C) heat-treated Al–49Zn–0.5Sc alloy showed nearly no
hardness change due to the high microstructure stability during heat
treatment. When the heating temperature exceeded 400 °C, slight
softening was observed in the Al–49Zn–0.5Sc alloy because of grain

Fig. 8. SEM micrographs of the Al–49Zn–0.5Sc alloy after heating at (a) 300 °C, (b) 400 °C, and (c) 480 °C for 5 h. And (d) grain size distributions of the Al–49Zn–0.5Sc alloy after heating
at 480 °C for 5 h.

Fig. 9. TEM micrograph of the Al–49Zn–0.5Sc alloy after heating at 400 °C for 5 h. The
inset shows the diffraction pattern of the selected area. The white and red numbers
correspond to the planes of Al and Al3Sc, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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coarsening.

4. Conclusions

The effect of Sc addition on the solidification, thermal stability, and
hardness of a high-Zn-concentration Al alloy were investigated. The
following conclusions were reached:

(1) The addition of 0.5Sc to the Al–49Zn alloy caused the dendritic

substructure to change into a bimodal structure containing den-
dritic and equiaxed grains in the cast state. Furthermore, 0.5Sc
addition led to the significant grain refinement and changes in
distribution, morphology, and size of the Zn phase in the Al–49Zn
alloy.

(2) Compared with the Al–49Zn alloy, the Al–49Zn–0.5Sc alloy showed
a higher thermal stability. In addition, the grain size of the
Al–49Zn–0.5Sc alloy was approximately 59 μm after heating at
480 °C for 5 h. The nanoscale Al3Sc precipitates strongly pinned the
GBs and prevented grain growth during annealing. An obvious
solid-solution reaction occurred in the Al–49Zn alloy during heat

Fig. 10. TEM micrographs of the Al–49Zn–0.5Sc alloy after heating at 480 °C for 5 h at (a) lower magnification, (b) higher magnification, and (c) under HRTEM of the nanoparticles in
panel (b). The arrows in panel (b) denote the nanoparticles.

Fig. 11. XRD of the as-cast and heat-treated Al–49Zn and Al–49Zn–0.5Sc alloys under
different heating temperatures.

Fig. 12. Variation in Vickers hardness of the as-cast and heat-treated Al–49Zn and
Al–49Zn–0.5Sc alloys after heating at different temperatures.
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treatment. Meanwhile, the solid solution of Zn atoms to the Al
lattice was suppressed by the addition of Sc in the Al–49Zn–0.5Sc
alloy during heat treatment.

(3) Both the finer Al grain size and nanosized Zn phase improved the
hardness of the as-cast Al–49Zn–0.5Sc alloy compared with the as-
cast Al–49Zn alloy. After heat treatment, the increase in solid-
solution strengthening enhanced the hardness of the Al–49Zn alloy.
Minor hardness changes occurred in the Al–49Zn–0.5Sc alloy
because of the high thermal stability of this alloy.
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