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A B S T R A C T   

Al–Zn–Mg–Cu–Zr–Sc alloys with different Sc contents were fabricated by casting, deformation, 
and T6 treatment. Deformation methods including rolling and friction-stir processing (FSP) were 
used to design their grain structure. A low additive amount (0.1) of Sc cannot refine the grains of 
the alloy with rolling and T6 treatment, and it instead coarsened the grains. The reason was the 
non-uniform distribution of nanosize Al3(Sc,Zr) phases that led to the occurrence of abnormal 
grain growth during homogenization. Meanwhile, the alloy with only 0.1Sc exhibited finer grains 
after FSP and T6 treatment than the alloys subjected to the same process but with higher Sc 
additive amount. Alloys with rolling-induced elongated grain structure exhibited better me
chanical properties, and alloys with FSP-induced fine equiaxed grain structure exhibited higher 
high-strain and high-temperature internal friction values. These features are important perfor
mance parameters for applications in fields where vibration and noise are sensitive. The optimum 
additive amounts of Sc for alloys with elongated and fine equiaxed grain structures were 0.25 and 
0.1, respectively.   

1. Introduction 

7xxx Al alloys (Al–Zn–Mg–Cu) have high specific strength, high toughness, high fatigue strength, good ductility, and low weight. 
Given these features, they are extensively used in the aerospace, rail transit, and marine industries [1–4]. 

Precipitate structure including size, density, type and distribution is an important factor affecting the mechanical properties of 7xxx 
alloys [5–7]. The mechanical properties of 7xxx alloys are also affected by their grain structure. For example, grain refinement can 
reportedly improve the room-temperature strength and ductility [8,9] and superplasticity [10–12] of 7xxx alloys. Our previous works 
have shown that the 7xxx alloy with fibrous grain structure has higher strength and ductility than the same alloy with an equiaxed 
grain structure [13,14]. 

Damping capacity is an important performance parameter for the applications of materials in fields where vibration and noise are 
sensitive. Thus, damping capacity is receiving increased attention in the Al alloy field [14–18]. In particular, the high-temperature 
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damping of Al alloys relies heavily on their grain structure, and their fine and equiaxed grains benefit the enhancement in their 
damping values [19]. Thus, the grain structure of 7xxx Al alloys should be fully considered under different application scenarios. 

Deformation with different methods and parameters can be used to effectively design the grain structure of Al alloys. Traditional 
deformation methods such as rolling causes grains to be elongated along the deformation direction and subsequently introduce fine 
elongated grains into 7xxx Al alloys [14,20,21]. Alloys with such grain structure are extensively used in the engineering field. 
Meanwhile, severe plastic deformation such as friction-stir processing (FSP) leads to the occurrence of complete dynamic recrystal
lization followed by the introduction of fine equiaxed grain structure with predominant high-angle grain boundaries into the Al alloys 
[10–14,19,22–26]. However, 7xxx alloys are typical heat-treatable alloys. Their deformation-induced fine grain structure is destroyed 
by high-temperature solid-solution treatment, which is an essential step for obtaining high-density nanosize precipitates (η′) in 7xxx 
alloys. Thus, grain boundary (GB) pinning phases should be introduced into 7xxx Al alloys to improve their grain stability. 

Nanosized Al3(Sc,Zr) precipitates can effectively pin the GB of Al alloys [27,28], and Sc addition is extensively used to improve the 
grain stability and promote the grain refinement of 7xxx Al alloys [29–33]. Meanwhile, the GB migration behavior and grain stability 
of Al alloys with different grain structures vary when studying the heat treatment of friction-stir welding joint [34,35]. Furthermore, 
the high cost of Sc causes the additive amount of this element to be an important issue in the application of Sc-containing 7xxx Al 
alloys. Thus, a comparative study on the effect of Sc content on the microstructure and performance of 7xxx alloys with different grain 
structures is necessary. 

In the present work, Al–Zn–Mg–Cu–Zr–Sc alloys with different Sc additive amounts were used as raw materials. Plastic working 
including rolling and FSP was used to design the grain structure of these alloys. The grain thermal stability of the alloys with different 
Sc contents and grain structures during solid-solution treatment and artificial aging was studied. The resulting mechanical properties 
and damping capacity were also evaluated. This study aimed to determine the optimum additive amount of Sc in 7xxx Al alloys with 
different grain structures, such as elongated and equiaxed. 

2. Experimental procedures 

Al–8Zn–2.1Mg–1.2Cu–0.15Zr–Sc alloys with Sc contents of 0, 0.1, 0.25, and 0.4 were fabricated by melting and casting. They were 
denoted as 0Sc, 0.1Sc, 0.25Sc, and 0.4Sc alloys, respectively. Graphite crucibles were used during casting, and the melting and casting 
temperature was 780 ◦C and 720 ◦C, respectively. Al–20Cu, Al–10Zr, Al–50Mg, and Al-2Sc master alloys and pure Al were used as raw 
materials during melting. The purity of all raw materials during melting exceeded 99.99 %, and the total impurities including Fe, Si, Cr, 
and Mn in all cast ingots were lower than 0.1 %. The cast alloys were subjected to homogenization at 470 ◦C for 24 h and then hot 

Fig. 1. Microstructure of cast ingots: (a, f) 0Sc; (b, g) 0.1Sc; (c, h) 0.25Sc; and (d, e, i) 0.4Sc alloys. (a)–(e) OM images. (f)–(i) SEM images.  
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rolled from 12 mm to 4 mm at 450 ◦C for four passes. The rolling speed was 0.5 m/s, and between every rolling pass, the samples were 
reheated at 450 ◦C for 3 min. 

Some of the hot-rolled alloys were solid-solution treated at 470 ◦C for 1 h and then rapidly quenched to room temperature by 
immersing in water. The artificial aging parameter was 120 ◦C for 24 h, which was the peak aging of the studied alloy. Thus, these 
samples were named as T6 samples. The other hot-rolled alloys were subjected to FSP with a traverse speed of 100 mm min− 1 and tool 
rotation rate of 300 rpm. The FSP samples were also solid-solution treated at 470 ◦C for 1 h and then artificially aged at 120 ◦C for 24 h. 
They were denoted as FSP + T6 samples. 

Alloy microstructure was examined by optical microscopy (OM; DMi8, Leica), scanning electron microscopy (SEM; Gemini SEM 
300, ZEISS), electron backscatter diffraction (EBSD) using a Hitachi S-3400 N SEM with an EDAX system, and transmission electron 
microscopy (TEM; Talos F200X, FEI). The specimens for OM, SEM, and EBSD were prepared using a polishing machine. OM images 
were obtained after etching the specimens with a solution of 2.2g H3BO3+6 mL HF+200 mL H2O with a power supply voltage of 20V. 
Energy-dispersive spectroscopy (EDS) was used to study the composition of the second phase in the SEM and TEM analyses. 

Tensile specimens were machined with their axes parallel to the rolling or FSP direction. The mechanical properties of the alloys 
were examined using a mechanical testing machine (AGS-X, Shimadzu) at a strain rate of 1.1 × 10− 3 s− 1. Damping specimens with a 
length of 35 mm and a width of 4 mm were machined with their axes parallel to the rolling or FSP direction. The damping capacity of 
the alloys was determined using a dynamic mechanical analyzer (242E, Netzsch). Measurements were recorded at amplitudes of 
0.1–150 μm, frequency of 1 Hz, and temperature of 30 ◦C-360 ◦C. 

3. Results 

3.1. Microstructure of alloys with casting and homogenization states 

Fig. 1 shows the OM and SEM images of cast ingots. A typical dendrite structure was observed in the 0Sc and 0.1Sc cast ingots 
(Fig. 1a and b). Alloys with Sc contents of 0.25 and 0.4 exhibited equiaxed grain structure (Fig. 1c and d), and the grain size of the 0.4Sc 
alloy was only about 23 μm (Fig. 1e). The shrinkage porosities can be observed in the cast ingots (Fig. 1a–d). GB segregation occurred 
in the alloys during solidification, as shown in the SEM images (Fig. 1f–i). EDS was used to analyze the chemical composition of GB 
phases in the cast ingots. 

The GB phases in the 0Sc cast ingot contained Zn, Mg, and Cu. The EDS data are not displayed in this paper. The primary Al3(Sc,Zr) 
phases were not observed in the 0.1Sc cast ingot, and Sc and Zr aggregated at the GBs, as shown in the EDS maps (Fig. 2). 

Increased Sc content to 0.25 led to the formation of primary Al3(Sc,Zr) phases in the cast ingot, and phases containing Zn, Mg, and 
Cu surrounded these Al3(Sc,Zr) phases (Fig. 3a–c). The ZnMgCu phases also surrounded the primary Al3(Sc,Zr) phases in the 0.4Sc cast 
ingot. Fine Al3(Sc,Zr) phases were observed inside these ZnMgCu phases (Fig. 3d–f). 

Fig. 4 shows the OM and SEM images of alloys after homogenization. Heat treatment at a high temperature and for a long duration 
caused the dendrite structure in the 0Sc and 0.1Sc cast ingots to transform into the equiaxed grain structure. Interestingly, the grain 
sizes of the 0.1Sc alloy was much larger than those of the alloy without added Sc (Fig. 4a and b). Meanwhile, the grain size and 
structure of 0.25Sc and 0.4Sc alloys were nearly unchanged by homogenization (Fig. 4c and d). The shrinkage porosities in the cast 
ingots cannot be eliminated after homogenization. 

GB phases were also observed in the homogenization-treated alloys, but their sizes were much lower than those in the cast ingots 

Fig. 2. (a) SEM image of 0.1Sc cast ingot, (b) Zn, (c) Mg, (d) Cu, (e) Sc, and (f) Zr EDS-maps of (a).  
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(Fig. 4e–i). Considering the large grain size, the 0.1Sc alloy exhibiting less GB phases than the other alloys (Fig. 4f). Al3(Sc,Zr) phases 
were observed in the GBs of the 0.25Sc and 0.4Sc alloys (Fig. 4g and h). These phases can promote the formation of η phases, as shown 
in the high-magnification SEM image (Fig. 4i). 

Fig. 3. EDS data of (a)–(c) 0.25Sc and (d)–(f) 0.4Sc cast ingots.  

Fig. 4. Microstructure of alloys after homogenization: (a, e) 0Sc; (b, f) 0.1Sc; (c, g) 0.25Sc; and (d, h, i) 0.4Sc alloys. (a)–(d) OM images. (e)–(i) 
SEM images. 
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3.2. Microstructure of alloys with deformation state 

Fig. 5 shows the OM and SEM images of alloys after hot rolling. The four studied alloys exhibited an elongated grain structure. The 
average short-axis of grains of the 0.1Sc alloy was about 25 μm, which was larger than those of the other alloys. Conversely, the 0.25Sc 
and 0.4Sc alloys exhibited a fine grain structure, with an average grain size (AGS) of about 8 μm (Fig. 5a–d). 

Coarsened η phases were distributed along the GBs of the four rolled alloys (Fig. 5e–i), and the fine grains led to the 0.25Sc alloy’s 
higher density of GB phases than the other alloys. The formation of GB phase was inhibited in the 0.1Sc alloy due to its large grain size 
and less GBs, and fine intragranular η phases with high density were observed in this alloy (Fig. 5g). Interestingly, 0.4Sc alloy con
tained much less coarse GB η phase than 0.25Sc alloy, although these two alloys had the same grain structure. The high density of fine 
intragranular η phase was also not observed in 0.4Sc alloy (Fig. 5i). 

Fig. 6 shows the EBSD and SEM images of FSP alloys. All studied alloys had fine equiaxed grain structures after FSP. The AGS of the 
FSP 0Sc sample was 2.28 μm (Fig. 6a), which was higher than those of the other FSP samples. The grains of the alloys with added Sc did 
not decrease with increased Sc content. The FSP 0.1Sc sample had the finest grains with an average size of 1.46 μm (Fig. 6b). The AGSs 
of 0.25Sc and 0.4Sc alloys were 1.68 and 2.01 μm, respectively (Fig. 6c and d). η phases were observed in the alloys after FSP. The size 
and density of these phases in the FSP 0.1Sc alloy were lower and higher than those in the FSP 0.4Sc alloy, respectively (Fig. 6e and f). 

3.3. Microstructure of alloys with T6 state 

Fig. 7 shows the OM and SEM images of alloys after T6 treatment. The grain structure of the four alloys were not changed by T6 
treatment (Fig. 7a–d). However, T6 treatment led to the dissolution of η phases. The second phases, which were observed in the SEM 
images, were the coarse Al3(Sc,Zr) phases. Obviously, the volume fraction of the coarse Al3(Sc,Zr) phases in the alloys increased with 
increased Sc content (Fig. 7e and f). 

Fig. 8 shows the TEM images of 0.1Sc alloy after T6 treatment. Sub-grains were observed in T6 0.1Sc alloy, as shown in the bright- 
field (BF) image (Fig. 8a). Nanosize Al3(Sc,Zr) phases and high-density η′ phases dispersed inside the grains of T6 0.1Sc alloy are shown 
its high-resolution TEM (HRTEM) image (Fig. 8b). High-angle annular dark field (HAADF) image (Fig. 8c) and EDS maps (Fig. 8d–f) 
showed that the η and nanosize Al3(Sc,Zr) phases were dispersed at and near the GBs of T6 0.1Sc alloy, respectively (Fig. 8c). 

Fig. 9 shows the EBSD and SEM images of FSP alloys after T6 treatment. Heat treatment led to significant coarsening of the grains in 
FSP 0Sc alloy, with some of them even exceeding 100 μm (Fig. 9a). Meanwhile, the AGSs of the FSP + T6 0.1Sc, 0.25Sc, and 0.4Sc 

Fig. 5. Microstructure of alloys after hot rolling: (a, e) 0Sc; (b, f, g) 0.1Sc; (c, h) 0.25Sc; and (d, i) 0.4Sc alloys. (a)–(d) OM images. (e)–(i) 
SEM images. 
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alloys were 2.30, 2.54, and 2.55 μm, respectively (Fig. 9b–d), which were slightly higher than those of FSP samples added with Sc 
(Fig. 6b–d). Thus, the grains in FSP alloys added with Sc had high thermal stability, and the uniformly fine equiaxed grain structures 
were well retained in these samples after heat treatment. Solid-solution treatment led to the solution of η phases in FSP alloys, and only 
Al3(Sc,Zr) phases were observed in the Sc-containing alloys, as shown in the SEM images. The volume fraction of large Sc-containing 
phases in the FSP + T6 alloys increased with increased Sc content (Fig. 9e and f). 

Fig. 10 shows the TEM images of FSP 0.1Sc and 0.4Sc alloys after T6 treatment. The size of fine equiaxed grains in the FSP 0.1Sc 
alloy after T6 treatment were lower than those of most sub-grains in the same alloy with T6 treatment but without FSP (Fig. 8a and 
10a). High-density nanosize Al3(Sc,Zr) phases were observed in 0.1Sc alloy (Fig. 10b). HRTEM image (Fig. 10d) and EDS maps 
(Fig. 10e–g) showed that the size of these phases was about 10 nm (Fig. 10c). η′ phases with high density and η phases were also 

Fig. 6. Microstructure of alloys after FSP: (a) 0Sc; (b, e) 0.1Sc; (c) 0.25Sc; and (d, f) 0.4Sc alloys. (a)–(d) EBSD maps. (e, f) SEM images.  

Fig. 7. Microstructure of alloys after T6 treatment: (a) 0Sc; (b, e) 0.1Sc; (c) 0.25Sc; and (d, f) 0.4Sc alloys. (a)–(d) OM images. (e, f) SEM images.  
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Fig. 8. TEM images of 0.1Sc after T6 treatment: (a) BF, (b) HRTEM, and (c) HAADF images. (d) Zn, (e) Mg, and (f) Sc EDS-maps of (c).  

Fig. 9. Microstructure of FSP alloys after T6 treatment: (a) 0Sc; (b, e) 0.1Sc; (c) 0.25Sc; and (d, f) 0.4Sc alloys. (a)–(d) EBSD maps. (e, f) 
SEM images. 
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Fig. 10. TEM images of FSP (a)–(g) 0.1Sc and (h, i) 0.4Sc alloys after T6 treatment. (a, b, e) BF. (c, f) HRTEM. (d) HAADF images. (e) Zn, (f) Mg, and 
(g) Sc EDS-maps of (d). 

Fig. 11. (a) Stress–strain curves and (b) mechanical properties of alloys with different Sc contents and processing routes.  
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dispersed inside the grains and at the GBs of FSP + T6 0.1Sc alloy, respectively (Fig. 10c and d). FSP + T6 0.4Sc alloy also contained 
high-density nanosize Al3(Sc,Zr) and η′ phases, but the size of Al3(Sc,Zr) was about 20 nm, which was higher than that in 0.1Sc alloy 
(Fig. 10h and i). 

3.4. Performances of alloys with T6 state 

Fig. 11 (a) shows the stress–strain curves and Fig. 11 (b) shows the mechanical properties of alloys with different Sc contents and 
processing routes. The yield strength (YS) and ultimate tensile strength (UTS) of T6 alloys increased with increased Sc content, and T6 
0.1Sc alloy had a lower tensile elongation (EL) than the other three T6 alloys. T6 0.25Sc alloy exhibited the optimum comprehensive 
mechanical properties with an YS of 548 MPa, UTS of 627 MPa, and EL of 18 %. Extra FSP significantly decreased the ductility and 
slightly decreased the UTS of T6 alloys. Thus, FSP deteriorated the comprehensive mechanical properties of T6 alloys. 

Fig. 12 shows tensile fracture surface images of studied alloys. For the T6 alloys, many dimples were observed on the fracture 
surface of samples 0Sc, 0.25Sc, and 0.4Sc (Fig. 12a, c, and 12d). Meanwhile, dimples and tearing surfaces can be observed on the 
fracture surface of the 0.1Sc sample (Fig. 12b). All FSP + T6 alloys exhibited typical ductile fracture, and the dimples in the Sc- 
contented samples were much finer than that in the Sc-free sample (Fig. 12e–i). 

Fig. 13 shows the damping capacities of alloys with different Sc contents and processing routes. The internal friction (IF) values of 
the alloys increased with increased strain and temperature. T6 0Sc alloy exhibited lower high-strain IF values than T6 alloys added 
with Sc, and the difference in IF values among the 0.1Sc, 0.25Sc, and 0.4Sc alloys was very small. Extra FSP can enhance the high-strain 
IF values of all T6 samples, and the high-strain IF values of FSP + T6 alloys with Sc content not exceeding 0.25 increased with increased 
Sc content. The high-strain IF of FSP 0.4Sc alloy after T6 treatment was nearly equal to that of 0.25Sc alloy subjected to the same 
process (Fig. 13a). 

The high-temperature IF values of T6 alloys with Sc content not exceeding 0.25 increased with increased Sc content, and this value 
of T6 0.4Sc alloy was equal to that of 0.25Sc alloy subjected to the same process. Extra FSP decreased the high-temperature IF of the T6 
0Sc alloy but enhanced the high-temperature IF values of the other three T6 alloys added with Sc. FSP 0.1Sc alloy after T6 treatment 
exhibited the highest high-temperature IF among all alloys, and the high-temperature IF of FSP 0.4Sc alloy after T6 treatment was also 
equal to that of 0.25Sc alloy subjected to the same process (Fig. 13b). 

4. Discussion 

Low mismatch between Al3(Sc,Zr) phase and Al matrix induced the primary Al3(Sc,Zr) phases to promote the heterogeneous 
nucleation of Al alloys during solidification, thereby leading to the formation of the fine equiaxed grains’ casting structure [36]. 
However, previous research has indicated that minor Sc addition cannot lead to the formation of primary Al3(Sc,Zr) or Al3Sc phases in 
Al alloys during solidification [37,38]. In the present study, primary Al3(Sc,Zr) phases were not observed in the cast ingot with a Sc 
additive amount of 0.1, and heterogeneous nucleation did not occur in this alloy during solidification. Thus, the 0.1Sc cast ingot had a 
dendrite structure (Fig. 1b). Additive amounts of 0.1Zr and 0.1Sc can lead to the formation of Al3(Sc,Zr) phases in Al alloys during 
solidification [39]. Accordingly, the eutectic reaction caused the Sc- and Zr-rich phases, as well as the ZnCuMg phases, to aggregate at 
GBs in the 0.1Sc cast ingot (Fig. 1g and 2). 

With increased Sc content, primary Al3(Sc,Zr) phases formed (Fig. 3), causing the 0.25Sc and 0.4Sc cast ingots to exhibit fine 
equiaxed grain structure, which significantly differed from that of 0Sc and 0.1Sc cast ingots (Fig. 1a, c, and 1d). The grain size of the 
cast ingot was not further refined with increased Sc content beyond 0.25. This phenomenon may be attributed to the same content of Zr 
in the studied alloys and the excessive Sc atoms in the 0.4Sc alloy that participated in the eutectic reactions during solidification. The 
segregation degree of ZnMgCu phases in the 0.25Sc and 0.4Sc cast ingots was reduced by the grain refinement (Fig. 1f–i), and the 
Al3(Sc,Zr) phases also promoted the formation of ZnMgCu phases (Fig. 3). 

GB migration occurred in the 0Sc cast ingot during homogenization, and then its dendrite structure changed into large equiaxed 
grain structure (Fig. 4a). The high-temperature heat treatment also led to the precipitation of nanosize Al3(Sc,Zr) phases with strong 
GB pinning ability in Sc-containing Al alloys [29], and the GB migration of 0.25Sc and 0.4Sc cast ingots were inhibited. Thus, the fine 
equiaxed grain structure was retained in these two alloys after homogenization (Fig. 4c and d). Meanwhile, the 0.1Sc cast ingot did not 
exhibit a high thermal stability of grain structure, although high-density nanosize Al3(Sc,Zr) phases can be observed in its TEM images 
(Fig. 8b and 10b). 

The low Sc content led to only few nanosize Al3(Sc,Zr) phases precipitating in the 0.1Sc alloy at the early stage of homogenization. 
The GBs in the areas containing the precipitates were pinned. GB migration occurred in other areas, and the non-uniform distribution 
of nanosize Al3(Sc,Zr) phases provided more space for the grains’ rapid growth. Abnormal grain growth occurred in 0.1Sc alloy. 

ZnMgCu phases can be dissolved in Al alloys during homogenization. However, η phases re-precipitated in the alloys during the 
slow cooling after homogenization. GBs and coarse Al3(Sc,Zr) phases acted as nucleation points for the η phases, and 0.4Sc alloy with 
fine grain structure and high volume fraction of coarse Al3(Sc,Zr) phases contained more coarse η phases than the other three alloys 
after homogenization. Conversely, 0.1Sc alloy contained the least coarse η phases among all homogenized alloys due to its coarse grain 
structure (Fig. 4e–i). 

Hot rolling led to the formation of elongated grain structure in the four alloys. The rolled 0.1Sc alloy exhibited coarser grains than 
the other rolled alloys (Fig. 5a–d) due to its coarser grains before rolling. η phases dynamically precipitated in the alloys during hot 
rolling, and the GBs provided more energy and space for this precipitation. Thus, the fine grains caused the 0.25Sc alloy to exhibit a 
higher density of coarsened η phases than the other alloys (Fig. 5h). GB precipitation was suppressed in the 0.1Sc alloy due to its coarse 
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grain structure, but the hot rolling induced the intragranular precipitation, and a high density of fine η phases were observed in this 
alloy after hot rolling (Fig. 5f and g). Meanwhile, 0.4Sc alloy had the same grain structure as 0.25Sc alloy under all states, but it 
contained considerably less η phases than the others after hot rolling (Fig. 5i). This phenomenon can be attributed to the high numbers 
of Zn, Mg, and Cu solution atoms that were consumed in 0.4Sc alloy during the slow cooling after homogenization. 

FSP caused dynamic recrystallization in the studied alloys, and the lack of nanosize Al3(Sc,Zr) phases led to the coarsening of 
recrystallized grains in FSP 0Sc alloy, Thus, FSP 0Sc alloy exhibited a higher AGS than the other FSP alloys (Fig. 6a–d). For the Sc- 
containing FSP alloys, the AGS did not decrease with increased Sc content and presented the opposite trend. The FSP 0.1Sc alloy 
had the finest grain structure, and the FSP 0.4Sc alloy exhibited the coarsest grain structure. This phenomenon can be attributed to the 
following. First, a high density of nanosize Al3(Sc,Zr) phases was obtained in 0.1Sc alloy (Fig. 8b and 10b), and the increased Sc content 
did not increase the Al3(Sc,Zr) phases density but increased their size (Fig. 10h and i). The fine Al3(Sc,Zr) phases had higher pinning 
effect for the GBs. Second, the other second phases such as η phases pinned the GBs of Al alloys during thermomechanical processes 
[40], and a high density of fine η phases was observed in 0.1Sc alloy before and after FSP (Fig. 5f, g, and 7e). Meanwhile, 0.4Sc alloy 
contained the least density of η phases before and after FSP (Fig. 5i and 7f). The high density of fine η phases inhibited the 
recrystallized-grain coarsening of 0.1Sc alloy during FSP. 

The elongated grain structure in the four hot-rolled alloys exhibited high thermal stability, and significant grain coarsening did not 

Fig. 12. Tensile fracture surface images of (a) 0 Sc-T6, (b) 0.1Sc-T6, (c) 0.25Sc-T6, (d) 0.4Sc-T6, (e) 0Sc-FSP-T6, (f), (g) 0.1Sc-FSP-T6, (h) 0.25Sc- 
FSP-T6, and (i) 0.4Sc-FSP-T6 alloys. 

Fig. 13. (a) Strain amplitude and (b) temperature-dependent damping capacities of alloys with different Sc contents and processing routes.  
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occur in the hot-rolled alloys after T6 treatment (Fig. 7a–d). However, fine equiaxed sub-grains can be observed in the elongated grains 
(Fig. 8a). Solid-solution treatment dissolved the η phases (Fig. 7e and f), and the subsequent aging caused the precipitation of η′ phases 
with high density (Fig. 8b and c). GBs can also promote the coarsening and formation of η phases (Fig. 8c). 

T6 treatment significantly coarsened the fine equiaxed grains in the FSP 0Sc alloy, causing some of its grains to increase to as large 
as 100 μm (Fig. 9a). The high proportion of high-angle GBs and weak texture caused the fine equiaxed grain structure to exhibit weaker 
thermal stability than the elongated grain structure. However, the high density of nanosize Al3(Sc,Zr) phases pinned the GBs of the FSP 
Sc-containing alloys. The uniformly fine equiaxed grain structures were well retained in them after T6 treatment (Fig. 9b–d). Notably, 
the minor Sc additive amount of 0.1 can effectively suppress grain coarsening in the FSP 7xxx alloys. Solid-solution treatment also led 
to the dissolution of η phases in the FSP alloys (Fig. 9e and f), and the subsequent aging led to the precipitation of η′ phases with high 
density (Fig. 10b, c, 10h, and 10i). GBs can also promote the coarsening and formation of η phases (Fig. 10d and h), and the fine grains 
caused the FSP + T6 samples’ higher density of η phases than the T6 samples. 

Nearly no difference existed in the density and size of the η′ phases among the four T6 treated alloys, and they exhibited a similar η′ 
induced-strengthening effect. The strength of T6 alloys increased with increased Sc content because it led to increased volume fraction 
of the Sc-containing phases with higher hardness than the Al matrix. The ductility of the T6 Al alloys can be decreased and improved by 
the high-volume fraction of hard phases and fine grain structure, respectively, by the change in stress concentration during tension. 
Thus, the T6 0.25Sc alloy acquired the optimum comprehensive mechanical properties due to its fine grains and moderate amount of 
Al3(Sc,Zr) phases compared with the other T6 alloys. Meanwhile, the large grains in T6 0.1Sc alloy led to the mixed fracture of 
toughness-brittleness and low ductility of this sample (Fig. 12b). The ability of extra FSP to deteriorate the mechanical properties of T6 
7xxx Al alloys with or without added Sc has been found in our previous works. The reason of this phenomenon can be attributed to the 
strong <111> texture and less η phases in the T6 alloys without FSP [13,14]. 

Dislocation movement is the low-temperature damping mechanism of Al alloys [15,41,42]. The quantity of movable dislocations 
and dislocation pinning points are the critical factors affecting the IF values of Al alloys at room temperature. The quantity of 
dislocation pinning points including vacancies, dislocations, solution atoms, and η′ phase in the four T6 alloys was similar. However, 
the Sc-containing alloys contained primary or eutectic Al3(Sc,Zr) phases, which can induce more movable dislocations in the Al matrix 
during high-strain vibration. Thus, the T6 alloys added with Sc exhibited greater high-strain IF values than the T6 0Sc alloy. The 
increased Sc content primarily increased the size of Al3(Sc,Zr) phases. Thus, the difference in IF values among T6 0.1Sc, T6 0.25Sc, and 
T6 0.4Sc alloys was very small due to their similar quantity of movable dislocations. FSP can effectively fragment and disperse the large 
Al3(Sc,Zr) phases in the Sc-containing alloys, leading to the formation of more movable dislocations. Thus, the FSP + T6 alloys had 
greater high-strain damping than the T6 alloys with the same chemical composition. However, the excessive second phases can also pin 
the movement of dislocations and subsequently decrease the IF values. Thus, FSP + T6 0.4Sc alloy did not exhibit greater high-strain 
damping than FSP + T6 0.25Sc alloy. Their IF values were also higher than those of the other two FSP + T6 alloys. 

With increased vibration temperature, the main damping mechanism of Al alloys changed into interface sliding, including GB and 
phase-boundary sliding [15]. The FSP-induced fine equiaxed grain structure had excellent GB slipping ability [19,43], and this 
structure can be well preserved in the FSP alloys with added Sc after T6 treatment. Thus, the FSP + T6 Sc-containing alloys exhibited 
greater high-temperature IF values than T6 alloys with the same chemical composition, and the large grain size caused the 
high-temperature IF values of the FSP + T6 0Sc alloy to be lower than those of this alloy without FSP. The volume fraction of the 
primary or eutectic Al3(Sc,Zr) phases in the studied alloys increased with increased Sc content. The longer phase interfaces between Al 
matrix and the second phases promoted the interface damping of high-Sc-content alloys. Thus, the high-temperature IF values T6 
alloys increased with increased Sc content. The FSP-induced fragmentation of large Al3(Sc,Zr) phases increased the density and 
decreased the size of these phases, thereby promoting the interface damping of the FSP alloys. However, the excessive second phases 
can also pin the GBs and decrease the high-temperature IF values of the high-Sc-containing FSP alloys. The formed networks conferred 
the FSP + T6 0.1Sc alloy with greater high-temperature IF values than the FSP + T6 alloys with higher Sc contents. 

5. Conclusions 

The effects of Sc content on the microstructure, mechanical properties, and damping capacity of T6-treated 
Al–8Zn–2.1Mg–1.2Cu–0.15Zr–Sc alloys with different grain structures were studied. The main conclusions drawn were as follows.  

(1) The minor Sc additive amount of 0.1 cannot induce heterogeneous nucleation in Al–Zn–Mg–Cu–Zr–Sc alloy during casting due 
to the absence of primary Al3(Sc,Zr) phases. Conversely, the major Sc additive amount of 0.4 cannot lead to further grain 
refinement of this casting alloy. GB migration and nanosize Al3(Sc,Zr) phases also formed in the Al–Zn–Mg–Cu–Zr–Sc alloy 
during heat treatment at high temperature. The non-uniform precipitation of the nanosize Al3(Sc,Zr) phases in the 0.1Sc alloy at 
the early stage of homogenization caused abnormal grain coarsening in this alloy.  

(2) The coarse grain structure in the 0.1Sc alloy after homogenization suppressed GB precipitation but promoted the intragranular 
precipitation of this alloy during hot rolling. The rolled 0.4Sc alloy contained considerably less η phases than the other rolled 
alloys due to the high numbers of Zn, Mg, and Cu solution atoms consumed in this alloy during homogenization. The GB pinning 
effect of the nanosize Al3(Sc,Zr) phases caused the FSP alloys with added Sc to exhibit finer grains than FSP alloy without added 
Sc. The FSP 0.1Sc alloy exhibited the finest grains of all FSP alloys due to its higher density of η phases before FSP and finer 
nanosize Al3(Sc,Zr) phases.  

(3) The elongated grain structure in all alloys had high thermal stability during T6 treatment. Meanwhile, the high proportion of 
high-angle GBs and poor texture weakened the thermal stability of the fine equiaxed grain structure in the FSP alloys. 
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Significant grain coarsening occurred in the FSP 0Sc alloy after T6 treatment. The uniformly fine equiaxed grain structures were 
well retained in the three FSP Sc-containing alloys after T6 treatment due to the pinning effect of the high-density nanosize 
Al3(Sc,Zr) phases. T6 treatment led to the formation of high-density η′ phases in the alloys with elongated and fine equiaxed 
grain structures.  

(4) For the Sc-containing alloys with the same chemical composition, the elongated grain structure exhibited better mechanical 
properties than the fine equiaxed grain structure, which had greater high-strain and high-temperature IF values than the 
elongated one. For T6 Al–8Zn–2.1Mg–1.2Cu–0.15Zr–Sc alloys not subjected to FSP, the optimum additive amount of Sc was 
0.25 due to the formation of fine grains and moderate amount of Al3(Sc,Zr) phases. For FSP + T6 alloys, the best additive 
amount of Sc was 0.1 due to the low cost and formation of a finer grain structure. Our findings indicated the potential appli
cations of Al–8Zn–2.1Mg–1.2Cu–0.15Zr–0.1Sc alloy with fine equiaxed grain structure in fields where vibration and noise are 
sensitive. 
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