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Abstract: Al-6%Mg-Sc-Zr alloys with the total ratio of Sc + Zr = 0.32 wt.% make up the target of this 

research. The content of scandium and zirconium varied with an increment of 0.02%. The alloys 

were produced by induction casting. Their ultrafine-grained (UFG) microstructure was formed with 

Equal Channel Angular Pressing (ECAP). Such cast alloys have a homogeneous macrostructure 

formed by small equiaxed grains in the central part of the ingot and columnar crystals along the 

edges of the cross section. After ECAP, the average grain size in the alloy specimens is 0.5–1 µm. 

The average grain size does not depend on the ratio of Sc and Zr in these alloys. Superplasticity tests 

were performed at temperatures ranging from 300 to 500 °C and at a strain rate varying between 

3.3·10-3 and 3.3·10-1 s-1. UFG Al-6%Mg-0.20%Sc-0.12%Zr and Al-6%Mg-0.18%Sc-0.14%Zr alloys ex-

hibit the highest superplasticity. It was suggested that changes in Sc:Zr ratio affect spatial distribu-

tion and composition of the following precipitating particles: Al3Sc, Al3Zr, Al3(ScxZr1-x). An increase 

in Zr concentration is shown to reduce the susceptibility of UFG alloys to cavitation fracture. 

Keywords: aluminum alloy; ultrafine-grained microstructure; superplasticity; dynamic grain 

growth; cavitation fracture 

 

1. Introduction 

Al-Mg alloys boast a wide array of applications in aircraft industry, rocket engineer-

ing, and shipbuilding [1-11]. Aluminum alloys with 6%Mg display a good combination of 

strength and ductility at room temperature, as well as improved corrosion resistance. Al-

6%Mg alloys are doped with scandium and zirconium to increase strength, ductility, cor-

rosion resistance, and weldability [12-38]. Some commercial and novel Al-Mg-(Sc,Zr) al-

loys shows higher superplastic characteristics [36,39-52]. Industrial Al-6%Mg-(Sc,Zr) al-

loys enjoy an optimal combination of performance characteristics but their active com-

mercialization is constrained by high prices for scandium and Sc-doped alloys. 

Nowadays much effort is taken to find ways to replace scandium with cheaper rare 

earth elements (REE) and transition metals (TM) [23-24,32-34,38,43,53]. The effect of Zr 

[23-25,29,30,32-35,39,51,52,53,69,70], Er [53,54,56,59-61,63,66,71,76], Hf 

[25,53,54,57,63,70,76], Yb [53,55,62,65,66,73], and Y [54,58,64,66,67,72,74,75] is studied 

thoroughly, including the combined effect of several doping elements on the kinetics of 

precipitation and growth of particles with L12 structure in aluminum alloys. Some works 

are worth mentioning as they demonstrate that precipitation of L12 particles in new alloys 

can develop in line with the discontinuous precipitation mechanism [51,61,77-83]. The mi-

crostructure and mechanical properties of fine-grained aluminum alloys, simultaneously 

doped with several REEs and TMs, were studied in detail in [21-32,34,43,52,54,56-

58,60,61,63,65-70,72-74,76]. 
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Much research focuses of superplasticity of fine-grained and ultrafine-grained (UFG) 

Al-Mg alloys doped with REE and PM [43,82-110]. The literature review shows that UFG 

Al-Mg-(Sc,Zr) alloys, including industrial alloys [88,99,106,108,109], demonstrate the 

highest superplasticity characteristics. High superplasticity characteristics of UFG Al-Mg-

(Sc,Zr) alloys system from high stability of their UFG microstructure at elevated defor-

mation temperatures. According to [111-114], small grains intensify grain boundary slid-

ing (GBS) rate, GBS being the main mechanism of superplastic deformation in UFG alu-

minum alloys. A highly stable UFG microstructure when heated and low dynamic grain 

growth rate in UFG Al-Mg-(Sc,Zr) alloys are explained by precipitation of Al3(Sc,Zr) na-

noparticles during heating. It should be noted that large particles that form as a result of 

discontinuous precipitation can lead to accelerated cavitation fracture of fine-grained alu-

minum alloys subjected to superplastic deformation [82,83]. 

This research aims to study superplastic characteristics of UFG Al-6%Mg-Sc-Zr alloys 

with different Sc:Zr ratios. 

2. Materials and Methods 

The study focused on Al-6%Mg-Sc-Zr alloys with total content of Sc + Zr = 0.32 wt.%. 

The content of Sc and Zr in these alloys changed with an increment of 0.02 wt.%, however, 

total content remained constant Sc + Zr = 0.32 wt.%. The chemical composition of the alloys 

under study is presented in Table 1.  

Table 1. Aluminum alloys: Chemical composition and casting modes. 

Alloy 

No. 

Doping elements, wt.% / at.% 1 

Casting modes 
Sc Zr  

1 
0.10 0.22 0.32 

Argon purging before melting: 3 cycles 

Argon purging while heating: 3 cycles 

Induction stirring 

Cooling: 50–250 s, under vibration 

Time to melt: 6–10 min 

Melt temperature: 800 °C 

Holding time before pouring: 60 min 

Pouring temperature: 760 °C 

0.060 0.065 0.125 

2 
0.12 0.20 0.32 

0.072 0.059 0.131 

3 
0.14 0.18 0.32 

0.084 0.053 0.137 

4 
0.16 0.16 0.32 

0.096 0.047 0.143 

5 
0.18 0.14 0.32 

0.108 0.041 0.149 

6 
0.20 0.12 0.32 

0.120 0.035 0.156 

7 
0.22 0.10 0.32 

0.132 0.030 0.162 
1 Numerator – compositions in wt.%, denominator – cmpositions in at.%. 

Aluminum alloy workpieces of 2020160 mm were obtained by vacuum induction 

casting in line with the modes indicated in Table 1. An Indutherm Vacuum Tilt Casting 

Machine – VTC 200V (Germany) was used to produce ingots that were cast in a copper 

mold of 2222160 mm. A 150 cm3 ceramic crucible was used. The alloys were made from 

aluminum grade A99. Master alloys as Al-10%Zr and Al-2%Sc were obtained by induction 

casting followed by rolling into a foil 0.2 mm thick. 

The above workpieces were subjected to 3 cycles of Equal Channel Angular Pressing 

(ECAP, see [115-117]) to form a UFG microstructure. ECAP was performed at 275 ºC using 

a Ficep HF400L hydraulic press (Italy). Pressing was arranged using square-section tool-

ing, with a channel intersection angle of 90°. ECAP was performed in line with B mode 

and a strain rate of 0.4 mm/s. 

The resulting flat specimens shaped as a double blade (“dogbone-shaped”) with a 

working part of 223 mm were subjected to mechanical tests. Tensile tests were con-

ducted using a Tinius Olsen H25K-S machine at a strain rate of 3.310–3 s–1 (tensile rate of 
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10-2 mm/s). Tests were run at temperatures ranging from 30 to 500 ºC. Additionally, at 400, 

450, and 500 °C, the effect of strain rate (3.310–3, 3.310–2, 3.310–1 s–1) on superplasticity 

characteristics in UFG alloys was studied. While testing, stress ()–strain () curve was 

being registered and used to determine ultimate tensile strength (b) and elongation to 

failure (), as well uniform strain (q) corresponding to ultimate tensile strength. 

Microstructure of the alloys was studied with a Leica DM IRM metallographic mi-

croscope, a Jeol JSM-6490 scanning electron microscope (SEM), and a Jeol JEM-2100F 

transmission electron microscope (TEM). The fractographic analysis that followed tensile 

tests was performed using a Jeol JSM-6490 SEM. Microstructure of the specimens after 

tensile tests was studied using a Leica IM DRM metallographic microscope. Microhard-

ness (Hv) was measured using a Qness A50+ hardness tester under a 50 g load. The aver-

age accuracy of Hv measurement was 15 MPa. Microstructure studies and microhard-

ness measurements were carried out in the fracture area (Zone I in Fig. 1) and in the un-

deformed area (Zone II in Fig. 1) of the specimen. 

 

Figure 1. General view of the UFG aluminum alloy No. 6 specimen after superplasticity tests at 450 
оС, 3.3·10-2 s-1. Studied areas are indicated with dash lines. 

3. Results 

3.1. Alloy microstrucutre 

Figure 2 presents the results of examination of the cross section in the central part of 

the cast alloy specimens with different Sc:Zr ratios. Figure 2 shows that the specimens 

have a uniform macrostructure with a thin layer of columnar crystals along the edges of 

the ingot cross section. There are no large pores in the central part of the specimens. Scan-

dium and zirconium content variations do not affect the ingot macrostructure, but re-

duced Sc content causes almost complete disappearance of large columnar crystals along 

the edges of the specimens (Fig. 2d). 

   

(a) (b) (c) 

Figure 2. Macrostructure of Al-6%Mg-Sc-Zr cast alloys doped with 0.22% Sc + 0.10% Zr (а), 0.16% 

Sc + 0.16% Zr (b), 0.10%Sc + 0.22%Zr (c). 

Metallography examination of the cast alloys shows that Al3(Sc,Zr) submicron pri-

mary particles form during specimen crystallization. The primary particles are evenly dis-

tributed over the cross-section surface. Rectangular primary particles with increased Zr 

concentration are observed in the alloys with high Zr content (Fig. 3). 

Zone I Zone 

II 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 December 2022                   doi:10.20944/preprints202212.0355.v1

https://doi.org/10.20944/preprints202212.0355.v1


 

 

 

Figure 3. Primary Al3Zr particles in Al-6%Mg-0.10%Sc-0.22%Zr cast alloy. 

After ECAP, the alloys have a uniform UFG microstructure with a grain size of ~0.5–

1 µm. There are no abnormally coarse grains in the alloy microstructure. Electron micro-

scopic studies found no significant effect of Sc:Zr ratio on microstructure parameters of 

the UFG alloys. 

3.2. Cast alloy tests 

Figure 4 shows stress ()–strain () curves for the cast alloy specimens after tensile 

testing at various temperatures. At low temperatures (300, 350 °C), () curves exhibit a 

three-stage character: intense strain hardening followed by rapid stress relief caused by 

necking, reduction of cross-sectional area of a specimen. There is no stable plastic flow at 

low temperatures. At deformation temperatures rising to 400–450 °C, () curves clearly 

show stable plastic flow. At temperatures rising from 300 to 500 °C, flow stress in the 

alloys goes monotonically down from 90–110 MPa to 10–12 MPa, while elongation to fail-

ure increases (Fig. 4h). It should be mentioned that as Sc content decreases and Zr concen-

tration increases in the alloy, elongation to failure decreases (Fig. 3h) whereas flow stress 

changes insignificantly. 
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(g) (h) 

Figure 4. () tensile curves for Al-6%Mg-Sc-Zr cast alloys Nos. 1 (а), 2 (b), 3 (с), 4 (d), 5 (e), 6 (f), 

and 7 (g) as well as dependence of flow stress (solid lines) and elongation to failure (dash lines) on 

deformation temperature (h). Strain rate of 3.3·10-3 s-1. Deformation temperatures are indicated on 

the charts. 

The cast specimens tested at low temperatures (300, 350 °C) have oblique fractures 

with an angle of about 45°. Intergranular fracture is observed. At 450 and 500°C, steps 

(small grooves) are visible on the tips of elongated fracture fragments. Higher test tem-

peratures hardly reduce the fracture area. No significant differences in the nature of frac-

tures found in the cast aluminum alloy specimens of different chemical composition are 

observed (Fig. 5). Ductility of some alloys at 500 °C goes down because fracture starts 

along dendrite boundaries (Fig. 6). 

   

(a) (b) (c) 

   
(d) (e) (f) 

Figure 5. Fractographic analysis of cast alloy specimens No. 1 (a, b, c) and No. 7 (d, e, f) after testing 

at 300 (a, d), 400 (b, e) and 500 °C (c, f). SEM. 
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(a) (b) 

Figure 6. Dendrite fragments on the surface of fractures in cast alloy specimens No. 1 (a) and No. 7 

(b) after testing at 500 °C. SEM. 

3.3. UFG alloy tests 

Figure 7 displays () curves for the UFG alloys tested at 300-500°C and at a strain 

rate of 3.3·10-3 s-1. Figure 7 shows that at 300 °C, intense strain hardening starts, which is 

quite typical of hot deformation in heavily deformed metals. With deformation tempera-

ture rising, flow stress decreases (Table 2), while () curves take shape typical of super-

plastic deformation: a relatively short stage of homogeneous (uniform) deformation (less 

than 200%) is followed by softening that gives way to superplastic flow. All specimens at 

the stage of softening and plastic flow undergo homogeneous (uniform) deformation, 

without forming macroscopic necks (Fig. 1). The duration of stable plastic deformation 

contributes the most to the total elongation to failure in the UFG alloys (Fig. 7). 
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(e) (f) 

  
(g) (h) 

Figure 7. () tensile curves for UFG alloys No. 1 (a), 2 (b), 3 (c), 4 (d), 5 (e), 6 (f), 7 (g) at a strain rate 

of 3.3·10-3 s-1, as well as () curves for the UFG alloys that display elongation to failure of over 1000% 

(h) when subjected to superplastic deformation. 

It is notable that in the UFG alloys whose elongation to failure exceeds 1000%, () 

curves exhibit only slight stress increase at severe strains (Fig. 7h). Maximum stress under 

superplastic deformation is small, and at 500°C and a strain rate of 3.3·10-3 s-1, it does not 

exceed 7 MPa for all the UFG alloys under study (Table 2). With a strain rate rising to 

3.3·10-1 s-1, differences in flow stress for the alloys become more noticeable (Table 2, Fig. 

7h). Minimum flow stress and maximum elongation to failure are observed in UFG alloy 

No. 6. At 450°C and a strain rate of 3.3·10-2 s-1 (0.1 mm/s), elongation to failure in UFG alloy 

No. 6 exceeds 1500%, while at 500°C, it exceeds 1400%. 
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Table 2. Effect of strain rate and temperature on superplasticity of the UFG alloys: flow stress b 

[MPa] / uniform strain eq [%] / elongation to failure  [%]. 

Т, оС 300 350 400 450 500 

�̇, s-1 3.310-3 3.310-3 3.310-3 3.310-2 3.310-1 3.310-3 3.310-2 3.310-1 3.310-3 3.310-2 3.310-1 

A
ll

o
y

 N
o

. 

1 

45 1 15 14 32 62 7 15 44 5 9 28 

70 2 175 145 105 70 130 125 75 175 135 100 

320 3 680 350 350 330 800 600 400 520 700 390 

2 

31 1 23 10 35 58 7 20 38 4 14 26 

75 2 120 140 115 100 135 120 100 185 110 100 

660 3 370 660 405 440 820 350 480 1000 320 550 

3 

48 1 17 15 37 68 9 12 52 4 14 23 

90 2 170 125 105 90 135 145 75 185 110 120 

300 3 600 320 320 380 370 1100 205 800 340 640 

4 

50 1 15 14 22 60 6 23 48 4 8 32 

95 2 115 175 140 100 170 110 100 190 165 95 

330 3 780 320 900 430 850 290 210 1010 1220 185 

5 

50 1 16 10 35 78 6 14 33 3 14 33 

110 2 125 115 115 65 140 135 100 200 130 95 

285 3 860 850 250 220 750 1420 810 650 300 180 

6 

44 1 22 12 28 74 6 11 31 3 7 18 

110 2 105 135 130 85 170 170 140 270 140 170 

350 3 410 410 380 275 600 1520 910 1030 1420 1230 

7 

50 1 16 9 19 57 7 22 48 5 14 23 

120 2 120 140 120 95 170 130 120 170 160 145 

285 3 690 700 780 410 900 330 160 350 400 860 
1 flow stress b [MPa]. 2 uniform strain eq [%]. 3 elongation to failure  [%]. 

It is worth mentioning that superplastic deformation of the UFG aluminum alloys is 

accompanied by intense pore formation (cavitation) (Fig. 8). At a given ratio of scandium 

and zirconium (Sc:Zr = const), an increase in the strain leads to an increase in the volume 

fraction and size of pores. Higher Zr content and lower Sc concentration reduce the ten-

dency of the UFG alloys to pore formation (Fig. 8). Pores are evenly distributed along the 

deformed part of the specimen, from the fracture area to the undeformed area, in accord-

ance with strain distribution in the specimen. If microscopic localized plastic flow occurs, 

local areas of the smallest cross section display an increased amount and size of pores (Fig. 

9). Metallographic studies show that pores are found mainly along grain boundaries of 

the UFG alloys (Fig. 10). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 8. General view of the aluminum alloy specimens after superplasticity tests: (a) alloy No.2 

(450 оС, 3.310-2 s-1), (b) alloy No.3 (450 оС, 3.310-2 s-1), (c) alloy No.5 (450 оС, 3.310-2 s-1), (d) No.7 (450 
оС, 3.310-3 s-1). 
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(a) 

 

(b) 

Figure 9. General view of the UFG alloy specimens after superplasticity tests: (a) alloy No.5 (500 оС, 

3.310-3 s-1); (b) alloy No.6 (500 оС, 3.310-3 s-1). 

Figure 10 and Table 2 present the results of studies of grain growth under superplas-

tic deformation of the UFG alloys with different Sc:Zr ratios. Figure 11 and Table 2 show 

that Sc:Zr ratio has a significant effect on microstructure evolution in the aluminum alloys 

under superplastic deformation. The alloys with high Zr content at elevated temperatures 

are characterized by abnormal grain growth: the average grain size can reach 100 µm. 

Pores often occur along the boundaries of abnormally coarse grains (Fig. 11b). 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 10. Microstructure of the deformed part of alloy specimens No. 1 (a, b), No. 2 (c, d) and No. 

7 (e, f) after testing at 450 °C (a, c, e) and 500 °C (b, d, f). Strain rate of 3.3·10-3 s-1. 

The analysis of results presented in Table 2 shows that a decrease in Sc content in the 

UFG alloys causes a slight increase in the average grain size in the strained zone, close to 

the fracture area. There is no definite dependence of the average grain size in the unde-

formed part of the specimen on Sc:Zr ratio. This is obviously due to differences in testing 

times, which depend on the degree of elongation to failure in the specimens. 

It is crucial that ECAP is accompanied by the formation of macroscopic shear bands. 

At small strain (few ECAP cycles), this leads to inhomogeneous strain distribution in the 

specimen and consequently to inhomogeneous recrystallization processes. The character-

istic width of macroscopic shear bands can reach 0.5 mm. By way of example, Figure 11 
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shows the results of metallography examination in two adjacent areas of the undeformed 

part of the specimens. Figure 11 shows that the microstructure in two neighboring areas 

of Zone I (see Fig. 1) can vary significantly. 

  
(a) (b) 

  
(c) (d) 

Figure 11. Microstructure of the undeformed part of alloy specimens No. 1 (a, b) and No. 7 (c, d) 

after superplasticity testing: (a, b) – 450 оС, 3.3·10-2 s-1, (c d) – 400 оС, 3.3·10-2 s-1. 

It should be noted that despite significant microstructure inhomogeneity in Zone I, 

the average grain size in the fracture area turns out to be several times smaller than the 

average grain size in the undeformed area of the specimen (Table 3). The results obtained 

prove that there is no strain-induced grain growth in the studied materials. We reckon 

that dynamic recrystallization is the most probable microstructure evolution mechanism 

in the UFG aluminum alloys under superplasticity, which corresponds to the results pre-

sented in [96,118,119]. 
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Table 3. Results of studying grain size in the UFG alloy specimens after superplasticity testing. Nu-

merator: average grain size in the undeformed area (Zone I in Fig. 1), denominator: average grain 

size in the deformed area (Zone II in Fig. 1). 

Т, оС 300 350 400 450 500 

�̇, s-1 3.310-3 3.310-3 3.310-3 3.310-2 3.310-1 3.310-3 3.310-2 3.310-1 3.310-3 3.310-2 3.310-1 

A
ll

o
y

 N
o

. 

1 
15-20 15-20 15-20 15-20 15 15-20 15-20 15 15-20 15-20 15 

0.5-1 2.1 2.7 3.0 2.0 3.7 3.0 2.6 7.0 3.8 2.4 

2 
15-20 15-20 15-20 15 15 15-20 15-20 15 20-25 20 15-20 

1.9 1.9 2.8 2.3 1.4 3.4 4.3 1.8 6.3 5.1 2.5 

3 
30 30-35 30-40 30-40 30-35 50 35-45 25-35 45-50 40-50 35-45 

1.6 1.9 2.3 2.2 1.3 2.5 2.5 2.4-2.5 5.5 2.5 2.3 

4 
20-25 25 25-35 25-30 25 45-55 40-50 40-45 50 40-50 30-50 

1.2 2.3 3.1 2.6 1.5 3.8 2.5 2.3 6.3 3.3 2.1 

5 
15-20 15-20 - - - 10 5-10 5-10 10 5-10 5-10 

1.4 2.2 2.9 2.2 2.2 3.6 2.8 1.9 4.5 2.7 2.2 

6 
10-20 15-20 20-25 20 20 20-30 20-25 20-25 30 25-30 25 

1.5 1.6 2.3 1.6 1.4 3.6 2.7 1.8 4.4 3.9 2.8 

7 
50 50 50-70 50 50 50-100 50-70 50 100-150 100-120 100 

0.5-1 1.7 2.2 1.3 1.2 2.6 2.3 0.5-1 3.7 2.7 2.3 
1 average grain size in the undeformed area (Zone II in Fig. 1); 2 average grain size in the deformed 

area (Zone I in Fig. 1). 

Microhardness studies in the UFG alloy specimens after superplasticity testing yield 

quite unexpected results. Figure 12 reveals the dependences of microhardness Hv on de-

formation temperature for deformed (Fig. 12a) and undeformed (Fig. 12b) areas in the 

UFG alloy specimens. Hv(T) dependence for the undeformed part of the specimens has a 

conventional two-stage character, microhardness values reach maximum after defor-

mation at 350°C. Microhardness values reach maximum after deformation in alloys No. 

5-7 at 350 °C (Fig. 12a). With temperatures rising, microhardness values for the unde-

formed part of the specimens decrease (Fig. 1a). With deformation temperatures rising, 

microhardness values for the deformed part of the specimens decrease monotonically 

(Fig. 12b). It is noteworthy that hardness values in the fracture area after deformation at 

450–500 °C turn out to be less than those for the undeformed part of the specimens. 

  
(a) (b) 

Figure 12. Dependences of microhardness on testing temperature in the UFG aluminum alloys. 

Strain rate of 3.3·10-3 s-1. Figure 12a: results of microhardness studies of the undeformed part (Zone 

I), Figure 12b: results of microhardness studies of the deformed part (Zone II). 
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4. Discussion 

Below is the preliminary analysis of possible superplastic deformation mechanisms 

in UFG Al-6%Mg-Sc-Zr alloys. First, we need to determine strain rate sensitivity coeffi-

cient of flow stress (m) in the following superplasticity equation for the UFG alloys: 

�̇ = �(�∗/�)�/�(�/�)�(����/��)(��/��),   (1) 

where m – strain rate sensitivity coefficient of flow stress that depends on strain rate �̇, p 

– numerical parameter equal to 2 or 3 [111,113]; b – Burgers vector, G – shear modulus, k 

– Boltzmann constant, * – flow stress, Deff – effective diffusion coefficient under super-

plasticity. It is usually assumed that * = b, Deff = D0exp(Qeff/kT), where Qeff – apparent 

activation energy of superplastic flow. 

The rheological superplasticity equation can also be presented in such a way that 

contributions of intergranular (��̇)  and intragranular deformation (��̇)  are separated 

[111,113]: 

�̇ = ��̇ + ��̇.       (2) 

To calculate intragranular strain rate ��̇, the usual power-law creep strain rate equa-

tion is used [111]. To describe grain boundary slip (GBS) rate ��̇, the following equation 

is usually applied: 

��̇ = ��(�/�)�(�/�)�(��/��)(���/��),    (3) 

where Ab – numerical coefficient equal to ~100 [111,113]. Under optimal superplasticity 

conditions, when GBS contributes the most to the deformation of a fine-grained material, 

m is usually equal to 0.5 [111]. 

Strain rate sensitivity coefficient � = ln(��) /ln (�̇) can be determined by the slope 

of flow stress–strain rate dependence in logarithmic coordinates. The analysis of ln(��) −

ln (�̇) dependences presented in Figure 13 shows that m ranges from 0.32 to 0.42. In UFG 

alloy No. 6 with the highest elongation to failure observed, at 450 and 500 °C, m is 0.36  

0.03 and 0.39  0.02, respectively. Such m value is not very high, which means that GBS 

and intragranular deformation make comparable contributions to superplastic flow in the 

UFG aluminum alloys under study. We reckon that one of the most probable reasons for 

this is dynamic recrystallization accompanied by grain growth (see [118,119]). 
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(a) (b) 

  
(c) (d) 
Figure 13. Flow stress–strain rate dependence in logarithmic coordinates for UFG alloys Nos. 1 (a), 

2 (b), 6 (с), 7 (d). 

Intense pore formation under superplasticity in UFG Al-6%Mg-Sc-Zr aluminum al-

loys is triggered by Al3(Sc,Zr) secondary particles. As shown in [82,83,120,121], superplas-

tic deformation of fine-grained alloys results in accumulated defects of secondary parti-

cles, which impede lattice dislocations and GBS. Defects of dislocation-disclination type 

in secondary particles are expected to trigger micropores, the size of which grows along 

with deformation degree and strain rate (see [120,121]). In line with the model described 

in [120,121], pore formation in the area of plastic deformation localization stems from in-

creased local strain in the necking area. 

The analysis of specimen surfaces after superplasticity testing shows that a decrease 

in Zr content and an increase in Sc concentration reduce the tendency of the UFG alloys 

to pore formation. We reckon that large Al3(Sc,Zr) particles formed by discontinuous pre-

cipitation are one of the most probable reasons for this effect. As shown in [82,83], discon-

tinuous precipitation accompanied by formation of large acicular Al3Sc particles can be 

observed during annealing of the UFG alloys with high Sc content. Such particles can 

reach 50-200 nm in size. With Sc concentration growing, the number of large Al3(Sc,Zr), 

particles formed by discontinuous precipitation increases. This leads to intensified pore 
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formation under superplastic deformation conditions. The effect of pore formation under 

superplastic deformation in UFG Al-0.5%Mg-Sc alloys with large Al3Sc particles was de-

scribed in [82,83]. 

Another factor conducive to the formation of large particles can be differences in spa-

tial distribution of Sc and Zr atoms in the aluminum alloy. It is known that during ingot 

crystallization, spatial distribution of doping elements can be described using distribution 

coefficient K = CS/CL, where CS and CL are concentrations of the doping element in the 

crystal lattice and in the molten metal [122]. If K < 1, doping elements are concentrated in 

the molten metal and after crystallization, they shift mostly towards grain/dendrite 

boundaries. If K > 1, doping elements are found mostly in the crystal lattice. K for Sc atoms 

in aluminum is KSc = 0.9-1.0, while for Zr in aluminum, KZr = 2.5 [122]. In accordance with 

[115], nonequilibrium grain boundaries in UFG materials can be described as melt islands 

(L-phase) surrounded by a crystal lattice (S-phase). This being the case, the concentration 

of doping elements along grain boundaries (Cb) can be linked to the concentration of dop-

ing elements in the crystal lattice (CV) using distribution coefficient KC = Cv/Cb, where  

is grain boundary free (excess) volume proportional to the volume fraction of L-phase 

islands [115]. Thus, it can be assumed that during aluminum alloy ingot crystallization, 

Zr atoms may concentrate mostly in the aluminum crystal lattice, while Sc atoms may be 

evenly concentrate in the crystal lattice and grain / dendrite boundaries. As a result, dur-

ing heating, Al3Zr secondary particles will mostly precipitate in the crystal lattice and 

Al3Sc particles will precipitate along grain boundaries (particle Al3Sc) and in the crystal 

lattice (particle Al3(Sc,Zr)). 

In conclusion, let us analyze the effect of Sc:Zr ratio on superplastic characteristics of 

the UFG aluminum alloys. Table 2 shows that alloy No. 6 Al-6wt.%Mg-0.20wt.%Sc-

0.12wt.%Zr (Al – 6.67 at.% Mg – 0.12 at.% Sc – 0.036 at.% Zr) with Sc:Zr ratio = 3.3 (at.%) 

has the highest superplasticity characteristics. Alloy No. 5 Al-6wt.%Mg-0.18wt.%Sc-

0.14wt.%Zr (Al – 6.67 at.%Mg – 0.11 at.%Sc – 0.04 at.%Zr) with Sc:Zr ratio = 2.8 (at.%) has 

good superplasticity properties. Thus, optimal Sc:Zr ratio for Al-6%Mg alloy varies from 

2.8 to 3.3. As a first approximation, it can be assumed that the average optimal Sc:Zr ratio 

is ~ 3 (at.%), which corresponds to Al3(ScxZr1-x) composition with x = 0.75. 

The composition of particles in Al-Sc-Zr alloys was studied in sufficient detail in 

many works (see, for example, [123-135]). As shown in [136], precipitation of Al3(Sc0.5Zr0.5) 

particles is more energetically favorable than that of Al3Sc and Al3Zr particles. x = 0.5 ratio 

corresponds to the solubility limit of Group 4 transition metal atoms in Al3Sc particles 

with L12 structure [123]. As outlined in [137], there are three variants of Al3(Sc,Zr) particles 

precipitation: Al3(Sc0.75Zr0.25), Al3(Sc0.5Zr0.5), Al3(Sc0.25Zr0.75). Production of Al3(Sc0.74Zr0.26) in-

termetallic compound and its properties were described in [138]. As shown in [139-141], 

Al3(Sc,Zr) particles have the following structure: Al3Sc core – Al3Zr shell. 

Let us assume that due to differences in distribution coefficients of Sc and Zr atoms 

in aluminum, three types of particles in the alloys under study can precipitate: Al3Sc, 

Al3Zr, Al3(ScxZr1-x). Al3Sc particles and Al3(ScxZr1-x) variable composition particles precip-

itate in alloys with high Sc concentration. With Zr content growing in the alloy, Sc con-

centration (x) in Al3(ScxZr1-x) particles decreases and Al3Zr particles precipitate. It is note-

worthy that Zr atomic mass (91.224 a.m.u.) is almost two times bigger than Sc atomic mass 

(44.96 a.m.u.), therefore when 0.02 wt.% Sc is substituted with 0.02 wt.% Zr, Al3(Sc,Zr) 

particles rise in number. Thus, from a formal perspective, partial replacement of Sc with 

Zr of an equivalent mass can decrease the volume fraction of precipitating Al3(Sc,Zr) par-

ticles. High volume fraction (in at.%) of secondary Al3(Sc,Zr) particles in UFG alloys No. 

5-7 (Table 1) is one of the important factors for ensuring high superplasticity characteris-

tics in alloys with a higher scandium content. 

However, the diffusion coefficient of zirconium in aluminum [142] is much less than 

that of scandium in aluminum [143-146]. As a result, Al3Zr particles precipitate at higher 

temperatures and/or longer annealing times compared to Al3Sc particles. Thus, hardening 

of Al-Zr alloys is weaker than that of Al-Sc alloys under the same annealing conditions. 

Precipitation of primary Al3Zr particles is another factor conducive to a decrease in the 
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volume fraction of Al3Zr and Al3(ScxZr1-x) particles in alloys with high Zr content (Fig. 3). 

Increased content of Al3Sc and Al3(ScxZr1-x) particles in alloys Nos. 6-7 is the most likely 

reason why cavitation erosion accelerates (Fig. 9) and why a finer-grained microstructure 

in the deformation region forms (Table 3). 

Thus, Sc:Zr ratio affects superplastic characteristics of UFG Al-6%Mg-Sc-Zr alloys 

through a change in the composition and amount of precipitating secondary Al3Sc, Al3Zr, 

Al3(Sc,Zr) particles. 

5. Conclusions 

1. Deformation behavior of cast and UFG Al-6%Mg-Sc-Zr alloys with different Sc:Zr 

ratio (Sc + Zr = 0.32 wt.%) was researched. It was shown that peak values of elongation to 

failure for the UFG alloys (> 1500%) are several times higher than those for the cast alloys 

(< 200%). Maximum ductility is observed in the UFG alloys with Sc:Zr = 0.28–0.32 (in at.%). 

Strain rate sensitivity coefficient of flow stress m is close to 0.4 at 450–500 °C and do not 

depend on Sc:Zr ratio. 

2. Under superplastic deformation of UFG Al-6%Mg-Sc-Zr alloys, intense pore for-

mation is observed, and an increase in Sc content in the alloys increases the volume frac-

tion and size of pores. The pores are found mainly along grain boundaries of the alumi-

num alloys. It was suggested that intense pore formation results from large Al3Sc particles 

that are formed by discontinuous precipitation. 

3. Under superplastic deformation of the UFG alloys, dynamic recrystallization oc-

curs accompanied by the formation of a homogeneous fine-grained microstructure in the 

deformed part of the specimens. The average grain size in the deformed part of the spec-

imens decreases while Sc content in Al-6%Mg-Sc-Zr alloys increases. Microstructure of 

the UFG alloys with high Zr content after superplastic deformation is characterized by 

abnormally coarse grains with pores along their boundaries. 
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