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Introduction

Aluminum alloys are widely used in various industries due to its high corrosion resistance, weldability,
and low density [1-5]. In particular, in the aerospace industry, 4/-Mg alloys, known in foreign literature as
5XXX series of alloys, are one of the most common groups of aluminum alloys [6, 7]. These alloys are in
high demand because the addition of magnesium enhances its mechanical properties through solid solution
strengthening [8, 9]. The addition of scandium further improves its mechanical properties [10—12].

Scandium has low solubility in supersaturated aluminum solid solution, with a solubility of 0.35 % at
equilibrium conditions and 655 °C [13]. However, if the cooling rate is high enough after casting, excess
scandium can be dissolved in the aluminum matrix. Heating the alloy between 250 °C and 350°C causes
the supersaturated solid solution to decompose and leads to the precipitation of 4/,Sc, which has a spherical
morphology with a radius ranging from 2 to 20 nm [14-16]. These particles have an LI,-type lattice and
minimal mismatches with the aluminum matrix, which ensures its coherence. Such nanoparticles provide
strengthening, which occurs due to particles intercepting by dislocations. The strengthening effect is
based on the Orowan mechanism when the nanoparticle sizes range from 1.5 to 4 nm [17-19]. Moreover,
scandium is a potent structure modifier, and its refinement capability is due to the L, structure of primary
intermetallic compound A/,Sc formed in the liquid phase and the minimal mismatch between crystalline
lattice and aluminum solid solution [13, 14]. It is worth noting that the modifying effect appears only when
the scandium concentration reaches 0.6%, when primary A4/,Sc particles begin to form in the liquid [14].

However, as the temperature rises to 400 °C, scandium nanoparticles formed during solid solution
decomposition start coagulating and increasing in size. When particle reaches a critical diameter of 30—40
nm, it loses its coherence, and the strengthening effect disappears [16]. This is a significant limit for the
use of scandium alloy. For example, it reduces the temperature of the homogenization and hot deformation
processes, which inevitably affects its efficiency and leads to higher energy costs [20].

Minor zirconium additions are used to improve the thermal stability of 4/,Sc-type nanoparticles [21].
Zirconium can form a shell around A4/,Sc particles as it is partially soluble in it. This shell inhibits the
growth of 4/,Sc nanoparticles at elevated temperatures as zirconium has a lower diffusion coefficient than
scandium [22]. Additionally, zirconium reduces scandium concentration, which is needed to form primary
AlLSc intermetallic compounds in the liquid phase, contributing to the as-cast structure modification [23, 24].

One of the classic aluminum alloys with a high Mg content and Sc and Zr additives, successfully used
in industry, is /570 alloy [25, 26]. However, even with the presence of zirconium, A/,Sc particles still do
not have sufficient thermal stability to retain its size during high-temperature homogenization and further
hot deformation [20]. One way to solve this problem is to add hafnium to the /570 alloy. Hafnium has an
even lower diffusion coefficient than zirconium [22] and partially dissolves in 4/,Sc particles [27], creating
thermal stabilizing shells around it [22]. The joint addition of hafnium and zirconium is highly effective for
thermal stabilization of 4/,Sc particles [28, 29].

The effect of combined hafnium and zirconium additions on the thermal stabilization of 4/,Sc particles
has been mainly studied for lean aluminum alloys, but aluminum alloys with a high Mg content have
several specific features. Firstly, magnesium slightly accelerates the decomposition kinetics of aluminum
solid solution supersaturated with scandium [30]. Secondly, it stimulates an increase in the critical size of
nanoparticles, after which its coherence is lost [13, 31]. Therefore, studying the hafnium effect on A/,Sc
particles in commercial aluminum alloys with a high Mg content is of utmost interest.

The effect of adding 0.5 % hafnium to the /570 alloy was studied in the as-cast state. It was found that
0.5 % hafnium addition stimulates as-cast structure modification and leads to the complete termination of
discontinuous decomposition of aluminum solution supersaturated with scandium [32, 33]. Discontinuous
decomposition during ingot cooling down is a negative process when 4/,Sc needle-shaped precipitates are
formed [34-36]. Such particles are usually semi-coherent to the aluminum matrix and do not contribute
significantly to strengthening compared to equiaxed dispersed phases formed during heat treatment. After
discontinuous decomposition, the aluminum supersaturated solid solution contains no scandium, which is
needed for 4/,Sc nanoparticle formation during subsequent thermomechanical treatment [12, 34].
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Considering the ability of 0.5 % hafnium to inhibit discontinuous decomposition, it is worth investigating
its effect on the microstructure and mechanical properties of the 7570 alloy in the as-cast state and during
subsequent thermomechanical treatment. Most /570 alloy products are thin-walled and are produced from
sheets that are supplied in annealed or cold-rolled states, depending on the required properties. Therefore,
it makes sense to study the effect of 0.5 % hafnium on the microstructure and mechanical properties of the
1570 alloy after these types of treatment. To achieve the study objective, the following tasks need to be
addressed: studying nanoparticle formation during /570 alloy homogenization annealing, as its size and
number will dictate alloy structure and properties during subsequent thermomechanical treatment stages.
Additionally, the effect of 0.5 % hafnium on mechanical properties and grain structure needs to be studied
for cold-rolled and annealed states.

Study methodology

The study focused on the /570 aluminum alloy and its version with the addition of 0.5 % hafnium.
These alloys were chosen based on its chemical composition, which is listed in Table 1. The production of
these alloys was carried out in the lab induction furnace UI-25P, and the resulting ingots had dimensions
of 20x40x400 mm. Molten metal was cast into a steel chill mold with water cooling at a melt temperature
of 720740 °C.

Table 1
Chemical composition of the studied alloys, %
Alloy Al Si Fe Mn Mg Ti Zr Sc Hf
1570 base 0.17 0.26 0.4 6.1 0.03 0.07 0.25 -
1570 0.5Hf base 0.15 0.32 0.42 6.36 0.01 0.04 0.2 0.52

Specimens preparation technology
Ingots casting

Ingots weighing 5 kg each were produced; with 3 ingots cast per each chemical composition. The charge
stock used included 485 grade aluminum, MG90 grade magnesium, and alloying compounds such as
Al-Sc2, Al-Zr5, AlI-Hf2, and Mn90A110 tablets. The content of elements was determined according to various
standards such as GOST 25086, GOST 7727, GOST 3221, ASTM E 716, and ASTM E 1251 using an atomic
emission spectrometer ARL 346(0. The required concentration of stock materials, including hatnium, was
calculated theoretically since there is a currently no GOST covering hafnium additive. After solidification,
the ingots were removed from the mold and water chilled.

Homogenization annealing

Homogenization annealing at 440 °C for 4 hours dissolves non-equilibrium eutectic and improves
chemical homogeneity in aluminum solid solution. Uniaxial tensile tests were conducted on homogenized
specimens.

Rolling

The studied specimens underwent a rolling process. It is important to note that the commercial pro-
duction of /570 alloy sheets involves hot rolling above the recrystallization temperature followed by cold
rolling. The laboratory rolling process used the same practice in order to produce sheet material. Initially,
the specimens were hot rolled in a Duo reversing mill. The process reduced the thickness from 40 mm to
5 mm at a temperature of 440 °C and a roll rotation speed of 3 m/min. After every three passes, the ingots
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were heated back up to the initial rolling temperature. The overall reduction percentage was 88 %. It is
worth mentioning that the hot rolling temperature was the same as the homogenization temperature. This is
because a higher temperature may cause particle coagulation, at least in the alloy without hatnium content.
Lower temperatures may result in a loss of plasticity [20]. Rolling a small ingot that has already been heated
after homogenization, including its heating in the furnace, takes no more than 30 minutes. The microstruc-
ture and properties of the alloy were not examined after this operation since it was not a finishing operation,
and short-term heating did not significantly affect 4/,Sc particles. After reaching a thickness of 5 mm, the
tapes underwent cold rolling to 2 mm thick. The percentage of reduction during cold rolling was 95 %.

Cold rolled tape annealing

The cold-rolled tape from the tested alloys was annealed after rolling to examine how the hafnium
content affects the recrystallization process. Furthermore, an additional series of annealing was conducted
on the cold-rolled tape to investigate the mechanical properties of the alloy (Table 2).

Table 2
Annealing modes of cold-rolled tape
Annealing for recrystallization verification Annealing for mechanical properties analysis
470 °C — 3 hours 340 °C — 3 hours
500 °C — 3 hours 440 °C - 3 hours
530 °C — 3 hours 470 °C — 3 hours
550 °C — 3 hours 530 °C - 3 hours

It is worth noting that the annealing temperature for high-magnesium alloy can be chosen from a wide
range of temperatures (340 to 530 °C), depending on the required mechanical properties level and the
desired combination of strength and plastic properties, as well as the contents of scandium, zirconium, and
hafnium. This is precisely why these temperature values were chosen for the present study.

Methods for studying the microstructure and mechanical properties of specimens

Transmission electron microscopy

The fine structure of the specimens was analyzed using a JEOL analytical transmission electron micro-
scope from Japan. The microscope had a 200 kV accelerating voltage and an INCA attachment for EDX
analysis from Oxford Instruments in the UK. To achieve precision positioning of the foil specimen, a 2-axes
rotation holder was used, allowing it to be tilted £30° along each axis.

For particle transmission electron microscopy (7EM) analysis, standard procedures were followed. This
included preparing two 500 um thick foil specimens, further thinning it mechanically to 120 um, and elec-
trolytic thinning [29]. A total of five thin foil specimens were prepared for TEM analysis. For the examina-
tion of 4/,Sc particles, a specimen was placed in the zone axis, and an electron diffraction pattern was taken.
During the examination, a weak superstructure reflection from the (011) o plane was detected. This method
allowed the acquisition of dark-field images (DF), which helped count the visible particles. To determine
the particle size and density, we used a Digitizer software module. We assessed the average particle size and
its fraction by studying five different fields of view for each condition.

Optical microscopy

Optical microscopy was performed using an Axiovert microscope, and the average grain size after
recrystallization was determined using the secant method.
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Mechanical properties

The alloys underwent uniaxial tensile tests at room temperature using a Zwick/Roell universal testing
machine in accordance with ISO 6892-1, GOST 1497-84, and GOST 11150-84 standards. At least 5 tenfold
round specimens with a 10 mm diameter were tested for each analyzed state. The data from the tests
performed after the specific specimens production process stage is presented in Table 3 below.

Table 3

Technological chain of the specimens’ research

Process chain stage

Homogenized material Cold rolled material

Test

TEM Mechanical properties
Mechanical properties Optical microscopy

Results and discussion

The structure of the as-cast material after homogenization annealing for 4 hours at 440 °C is shown in
figure 1.

Fig. 1. Fine structure of a cast billet made of 7570 alloy after its homogenization annealing
at 440 °C for 4 hours:

a) microdiffraction in the zone of axis [001] a; b) DF
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The average size of the particles in the specimen is 11.4 nm with a density of f= 2.2x10" cm™ as
analyzed through transmission electron microscopy (DF) in fig. 1. The homogenization annealing process
resulted in particles mostly ranging from 1.6 nm to 13.3 nm, indicating a prevalence of fine phases in the
specimen. However, there are also some coarse particles exceeding 25 nm in size. In figure 1 a one can
clearly observe superstructural reflections L ,; this fact, according to [32], indicates the presence of 47,Sc
particles in aluminum alloys containing scandium.

The size range of particles in the /570 0.5Hf alloy is dominated by particles that are between 5.2
and 14.5 nm in size (as shown in figure 2, b). However, particles larger than 25 nm are also identified in
DF images. The average particle size in this alloy is 10.5 nm, with a particle distribution density of
2.6x10" cm™. It is observed that the non-uniformity of particle distribution inside the grain volume was
reduced when compared to the 7570 alloy. Although superstructure reflections are present (as shown in
figure 2, a), it is relatively weak compared to the original /570 alloy. This means that a smaller amount of
dispersed phases is formed.

It is important to note that previous studies showed that in the as-cast /570 alloy, discontinuous decom-
position resulted in the formation of some 7-10 nm A/,Sc nanoparticles. However, discontinuous decom-
position is not observed in the alloy with hafnium addition, and 4/,Sc particle formation does not occur.
By comparing the study results for the as-cast state and after homogenization with the data presented in the
paper [29], it can be concluded that heating at 440 °C for 4 hours increases the general number of nanopar-

Fig. 2. Fine structure of the cast billet made of alloy 1570 0.5Hf after its homogenization annealing
at 440 °C for 4 hours:

a) microdiffraction in the zone of axis [001] a; b) DF
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ticles in the 7570 alloy. In an alloy with hafnium additives, all particles are formed during heat treatment.
However, finally, after thermal treatment, 4/,Sc nanoparticles in both alloys generally have approximately
equal size and number.

The 7570 aluminum alloy and its modified version with 0.5 % hafnium addition exhibit almost identi-
cal strength in a homogenized state (figure 3). After analyzing post-heat treatment strength properties and
as-cast state data from the paper [33], it is evident that heating has minimal effect on ultimate strength
(figure 3), showing only a slight increase. The influence of particles on the increase in yield stress is ex-
plained primarily by the degree of influence of dispersed phases. The greater the number of particles of
the dispersed phase released, the more difficult it is for dislocations to move along planes and, as a con-
sequence, when the movement of dislocations is difficult, the yield strength increases. On the other hand,
several factors such as metal porosity, presence of coarse intermetallic compounds, etc., affect the ultimate
strength. Therefore, the ultimate strength remains at the same level.

350 ; ; 12
T
300+ 7 7 L 10
2501 '
- 8
o
S 200 -
o (6 o
= 1501 310 10.
- 4
1001 1201 3
>
50 553 2
35
0‘0
0- ‘ 020 . 0
1570 1570 0.5Hf

. 0, MPa o,, MPa @ 0, %

Fig. 3. Mechanical properties of studied as-cast alloys after
homogenization annealing at 440°C — 4 hours

The homogenized state of both alloys exhibits similar strength parameters primarily associated with
similar particle numbers and sizes.

Figure 4 shows the effects of cold rolling and annealing at different temperatures on the alloys. Dur-
ing cold rolling, the alloys form a fiber structure (as shown in figure 4), and black dots visible in the grain
structure depict coarse intermetallic compounds. The size, chemical composition and morphology of these
alloys have been already studied [32, 33]; therefore, its analysis by scanning microscopy methods was not
carried out in the current paper.

At temperatures up to 440 °C, cold-rolled sheets maintain a non-recrystallized structure. This shows that
the A/,Sc particles efficiently inhibit the recrystallization process [37]. In the 1570 alloy, new grain nuclei
only appear during annealing at 500 °C for 3 hours, and only with an increase in annealing temperature to
530 °C, a mixed structure with an approximate ratio of 1:1 can be observed. The alloy with 0.5 % hafnium
addition is more susceptible to recrystallization. After annealing at 500 °C and soaking for 3 hours, a mixed
structure with predominantly recrystallized grains is observed in the /570 alloy with 0.5 wt% Hf. If the an-
nealing temperature is further increased to 530 °C, a fully recrystallized structure is observed in the alloy
containing 0.5 % hafnium. It is worth noting that in hafnium-containing alloys, the resultant microstructure
has a smaller grain size due to recrystallization than the as-cast state. The causes of accelerated recrystal-
lization in the /570 alloy with hafnium addition require further investigation.
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Fig. 4. Microstructure of sheets after cold rolling with 90 % deformation and subsequent annealing
of alloys 1570 (left) and 1570-0.5Hf (right):

a) after cold rolling; b) after annealing at 470 °C for 3 hours; c¢) after annealing at 500 °C for 3 hours; d) after annealing
at 530°C for 3 hours

It should also be emphasized that recrystallization in hathium-containing alloys should not be interpreted
as an entirely negative process. The occurrence of a super-fine as-cast structure and the possibility of
modification during recrystallization can create conditions for obtaining grain with sufficient sizes for
superplastic flow. This is facilitated by the fact that, according to [32], hatnium additives contribute to the
modification of the cast structure in /570 alloy. In the case of recrystallization after annealing at 530 °C
for 3 hours, the grain size is 25 um. Therefore, by increasing the overall degree of cold rolling in an alloy
containing hafnium and introducing several intermediate recrystallization annealing, each of which will
cause a refinement of the structure, it is possible to achieve an average grain size of up to 8 um. This grain
size is sufficient for superplastic flow in aluminum alloys with high magnesium content [38].

Figure 5 depicts the mechanical properties of the alloys after undergoing different treatment modes, as
shown in figure 4. The yield strength values of the studied alloys are generally similar (figure 5, @). In both
cases, the yield strength of the alloys dropped from 460 MPa in the cold-rolled state to around 150 MPa
after being annealed at the highest temperature of 530 °C and soaked for 3 hours. This decrease is due to
the recovery and dislocation annihilation that occur during the low-temperature thermal treatment. Conse-
quently, the strength parameters after annealing at 530 °C and 3 hour soaking are almost the same as the
parameters observed in the as-cast state [33].

As the temperature and soaking time increase, the ultimate strength of both alloys changes in a man-
ner similar to the yield strength values (figure 5, b). The plasticity of the alloys increases, which is related
to a decrease in the number of linear defects and hardening degree (figure 5, c¢). In general, the 7570-
0.5Hf alloy has lower plasticity than the original alloy. This is due to the formation of coarse primary
Al,Sc intermetallic compounds caused by the hafnium content in 7570-0.5Hf [32]. Thus, the hafnium
content does not have a significant effect on either the number of 4/,Sc nanoparticles or the increase in
strength properties caused by it.

Separately, it is worth saying that the past recrystallization does not have a significant effect on the
strength properties. This is explained by the fact that in /570 alloy the grain remains deformed even during
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Fig. 5. Mechanical properties of 1570 and 1570-0.5Hf sheets:
a) yield strength, 60.2, MPa; b) ultimate strength, o, MPa; ¢) relative elongation, 8, %

annealing at a temperature of 530 °C (figure 4), which improves the mechanical properties. On the other
hand, in an alloy with hafnium after recrystallization, a decrease in the average grain size is observed, which
also has a beneficial effect on strength.

Conclusion

After conducting the study, the following conclusions can be made:

1. The TEM results after homogenization showed that annealing in a /570-0.5Hf alloy led to
a reduction in the average size of nanoparticles and an increase in its overall portion compared to the
1570 alloy. However, this does not have a significant effect on the difference in mechanical properties in
homogenized states.

2. The addition of 0.5 wt. % hafnium content increases the tendency of the /570 alloy to recrystallize
during high-temperature treatment. However, further studies are required to understand the causes of
this effect. Regardless of whether there is recrystallization in the 7570-0.5Hf alloy, both studied alloys
demonstrate similar strength parameters associated with the average grain size decrease after recrystallization.
Recrystallization can also have an additional modifying effect on the size of the cast structure.

References

1. Kaibyshev R., Avtokratova E., Sitdikov O. Mechanical properties of an Al-Mg-Sc alloy subjected to
intense plastic straining. Materials Science Forum, 2010, vol. 638—642, pp. 1952—-1958. DOI: 10.4028/www.
scientific.net/MSF.638-642.1952.

Vol. 26 No. 1 2024 %



% OBRABOTKA METALLOV MATERIAL SCIENCE

2. Amer S., Yakovtseva O., Loginova 1., Medvedeva S., Prosviryakov A., Bazlov A., Pozdniakov A. The
phase composition and mechanical properties of the novel precipitation-strengthening Al-Cu-Er-Mn-Zr alloy.
Applied Sciences (Switzerland), 2020, vol. 10 (15). DOI: 10.3390/app10155345.

3.Deev V.B., Ri EK., Prusov E.S., Ermakov M.A., Goncharov A.V. Modifitsirovanie liteinykh
alyuminievykh splavov sistemy Al-Mg—Si obrabotkoi zhidkoi fazy nanosekundnymi elektromagnitnymi
impul’sami [Modification of AlI-Mg-Si casting aluminum alloys by liquid phase processing with nanosecond
electromagnetic pulses]. Izvestiya vysshikh uchebnykh zavedenii. Tsvetnaya metallurgiya = Russian Journal of
Non-Ferrous Metals, 2021, vol. 27 (4), pp. 32—41. DOI: 10.17073/0021-3438-2021-4-32-41. (In Russian).

4. Filatov Yu.A. Issledovanie vliyaniya dobavok Fe + Ni, Co i Hf na soprotivlenie polzuchesti alyuminievogo
splava 01570 [A study of the effect of Fe + Ni, Co and Hf additives on the creep resistance of 01570 aluminum
alloy]. Tekhnologiya legkikh splavov = Technology of Light Alloys, 2022, no. 3, pp. 4-7. DOI: 10.24412/0321-
4664-2022-3-4-7.

5. Smola B., Stulikova I., O¢enasek V., Pelcova J. Effect of Sc and Zr additions on the microstructure and age
hardening of an AIMg3MnCer alloy: structure and age hardening of AIMgMnCrScZr. Materials Characterization,
2003, vol. 51 (1), pp. 11-20. DOI: 10.1016/j.matchar.2003.09.002.

6. Kolobnev N.I., Ber L.B., Tsukrov S.L. Termicheskaya obrabotka deformiruemykh alyuminievykh
splavov [Heat treatment of wrought aluminium alloys]. Moscow, NP APRAL Publ., 2020. 552 p. ISBN 978-5-
9906007-8-2.

7. Aryshenskii E., Hirsch J., Bazhin V., Kawalla R., Prahl U. Impact of Zener-Hollomon parameter on
substructure and texture evolution during thermomechanical treatment of iron-containing wrought aluminium
alloys. Transactions of Nonferrous Metals Society of China, 2019, vol. 29 (5), pp. 893-906. DOI: 10.1016/
S1003-6326(19)64999-X.

8. Nokhrin A.V., Shadrina I., Chuvil’deev V., Kopylov V., Bobrov A.A., Gryaznov M., Sysoev A., Kozlova N.,
Chegurov M., Berendeev N., Zheleznov A., Piskunov A., Pushkova D., Murashov A.A., Revva D. Study of the
thermal stability of structure and mechanical properties of submicrocrystalline aluminum alloys Al-2.5Mg-Sc-Zr.
Journal of Physics: Conference Series, 2019, vol. 1347, p. 012058. DOI: 10.1088/1742-6596/1347/1/012058.

9. Filatov Yu.A. Dal’neishee razvitie deformiruemykh alyuminievykh splavov na osnove sistemy Al-Mg—
Sc [Further development of Al-Mg—Sc wrought alloys]. Tekhnologiva legkikh splavov = Technology of Light
Alloys, 2021, no. 2, pp. 12-22. DOI: 10.24412/0321-4664-2021-2-12-22.

10. Fuller C.B., Murray J.L., Seidman D.N. Temporal evolution of the nanostructure of Al(Sc,Zr) alloys:
Part I — Chemical compositions of Al,(S¢,_ Zr ) precipitates. Acta Materialia, 2005, vol. 53 (20), pp. 5401-
5413. DOI: 10.1016/j.actamat.2005.08.016.

11. Song M., He Y.H. Investigation of primary Al,(Sc,Zr) particles in Al-Sc-Zr alloys. Materials Science
and Technology, 2011, vol. 27 (1), pp. 431-433. DOI: 10.1179/174328409X443236.

12. Parker B.A., Zhou Z.F., Nolle P. The effect of small additions of scandium on the properties of aluminium
alloys. Journal of Materials Science, 1995, vol. 30, pp. 452-458. DOI: 10.1007/bf00354411.

13. Royset J., Ryum N. Scandium in aluminium alloys. International Materials Reviews, 2005, vol. 50 (1),
pp. 19-44. DOI: 10.1179/174328005X14311.

14. Davydov V.G., Elagin V.I., Zakharov V.V., Rostoval D. Alloying aluminum alloys with scandium
and zirconium additives. Metal Science and Heat Treatment, 1996, vol. 38 (8), pp. 347-352. DOI: 10.1007/
BF01395323.

15. Seidman D.N., Marquis E.A., Dunand D.C. Precipitation strengthening at ambient and elevated
temperatures of heat-treatable Al(Sc) alloys. Acta Materialia, 2002, vol. 50 (16), pp. 4021-4035. DOI: 10.1016/
$1359-6454(02)00201-X.

16. Yan K., Chen Zh., Lu W., Zhao Ya., Le W., Naseem S. Nucleation and growth of Al,Sc precipitates
during isothermal aging of Al-0.55 wt% Sc alloy. Materials Characterization, 2021, vol. 179, p. 111331.
DOI: 10.1016/j.matchar.2021.111331.

17. Knipling K.E., Karnesky R.A., Lee C.P., Dunand D.C., Seidman D.N. Precipitation evolution in Al-
0.1Sc, Al-0.1Zr and Al-0.1Sc—0.1Zr (at.%) alloys during isochronal aging. Acta Materialia, 2010, vol. 58,
pp. 5184-5195. DOI: 10.1016/J.ACTAMAT.2010.05.054.

18. Chen H., Chen Z., Ji G., Zhong S., Wang H., Borbély A., Bréchet Y. Experimental and modelling
assessment of ductility in a precipitation hardening AIMgScZr alloy. International Journal of Plasticity, 2021,
vol. 139. DOI: 10.1016/j.ijplas.2021.102971.

% Vol. 26 No. 1 2024



MATERIAL SCIENCE OBRABOTKA METALLOV %

19. Brown L.M., Stobbs W.M. The work-hardening of copper-silica. Philosophical Magazine, 1971,
vol. 23 (185), pp. 1201-1233. DOI: 10.1080/14786437108217406.

20. Yashin V.V., Aryshenskiy V.Yu., Latushkin [.A., Tepterev M.S. Obosnovanie tekhnologii izgotovleniya
ploskogo prokata iz alyuminievykh splavov sistemy Al-Mg—Sc dlya aerokosmicheskoi promyshlennosti
[Substantiation of a manufacturing technology of flat rolled products from Al-Mg—Sc based alloys for the
aerospace industry]. Tsvetnye metally, 2018, no. 7, pp. 75-82. DOI: 10.17580/tsm.2018.07.12. (In Russian).

21. Zakharov V.V. Combined alloying of aluminum alloys with scandium and zirconium. Metal Science and
Heat Treatment, 2014, vol. 56 (5-6), pp. 281-286. DOI: 10.1007/s11041-014-9746-5.

22. Hallem H., Lefebvre W., Forbord B., Danoix F., Marthinsen K. The formation of A13(SCXZrnyl_x_y)—
dispersoids in aluminium alloys. Materials Science and Engineering: A., 2006, vol. 421 (1-2), pp. 154-160.
DOI: 10.1016/j.msea.2005.11.063.

23. Belov N.A., Alabin A.N., Eskin D.G., Istomin-Kastrovskii V.V. Optimization of hardening of Al-Zr—Sc
cast alloys. Journal of Materials Science, 2006, vol. 41, pp. 5890-5899. DOI: 10.1007/s10853-006-0265-7.

24.Bo H., Liu L.B., Hu J.L., Jin Z.P. Experimental study and thermodynamic modeling of the Al-Sc—Zr
system. Computational Materials Science, 2017, vol. 133, pp. 82-92. DOI: 10.1016/j.commatsci.2017.02.029.

25. Bronz A.V., Efremov V.I., Plotnikov A.D., Chernyavsky A.G. Splav 1570S — material dlya germetichnykh
konstruktsii perspektivnykh mnogorazovykh izdelii RKK «Energiya» [Splav 1570S — material for pressurized
structures of advanced reusable vehicles of RSC energia]. Kosmicheskaya tekhnika i tekhnologii = Space
Engineering and Technology, 2014, no. 4 (7), pp. 62—67.

26. Avtokratova E.V. Perspektivnyi Al-Mg-Sc splav dlya samoletostroeniya [Promising Al-Mg-Sc alloy
for aircraft construction]. Vestnik Ufimskogo gosudarstvennogo aviatsionnogo tekhnicheskogo universiteta. =
Vestnik UGATU, 2007, vol. 9 (1), pp. 182—-183.

27. Rokhlin L.L., Bochvar N.R., Boselli J., Dobatkina T.V. Investigation of the phase relations in the Al-
rich alloys of the Al-Sc—Hf system in solid state. Journal of Phase Equilibria and Diffusion, 2010, vol. 31,
pp- 327-332. DOI: 10.1007/s11669-010-9710-z.

28. Boerma D.O., Smulders P.J.M., Prasad K.G., Cruz M.M., Silva R.M.C., Pleiter F. Thermal stability of
a supersaturated solution of hafnium in aluminium. Journal of the Less-Common Metals, 1988, vol. 145 (1-2),
pp. 481-496.

29. Drits A.M., Aryshenskii E.V., Kudryavtsev E.A., Zorin 1.A., Konovalov S.V. Issledovanie raspada
peresyshchennogo tverdogo rastvora v vysokomagnievykh alyuminievykh splavakh so skandiem,
legirovannykh gafniem [The study of supersaturated solid solution decomposition in magnesium-rich aluminum
alloys with scandium and hafnium additions]. Frontier Materials & Technologies, 2022, no. 4, pp. 38—48.
DOI: 10.18323/2782-4039-2022-4-38-48. (In Russian).

30. Zakharov V.V. Stability of the solid solution of scandium in aluminum. Metal Science and Heat Treatment,
1997, vol. 39 (2), pp. 61-66. DOI: 10.1007/BF02467664.

31. Iwamura S., Miura Y. Loss in coherency and coarsening behavior of Al,Sc precipitates. Acta Materialia,
2004, vol. 52 (3), pp. 591-600. DOI: 10.1016/j.actamat.2003.09.042.

32. Zorin 1.A., Aryshensky E.V., Drits A.M., Konovalov S.V., Komarov V.S. Vliyanie gafniya na lituyu
mikrostrukturu v splave 1570 [Effect of hafnium on cast microstructure in alloy 1570]. Izvestiya vysshikh
uchebnykh zavedenii. Tsvetnaya metallurgiya = Russian Journal of Non-Ferrous Metals, 2023, vol. 1, iss. 1,
pp- 56-65. DOI: 10.17073/0021-3438-2023-1-56-65. (In Russian).

33. Zorin 1.A., Drits A.M., Aryshenskii E.V., Konovalov S.V., Grechnikov F.V., Komarov V.S. Vliyanie
perekhodnykh metallov na mikrostrukturnuyu kompozitsiyu alyuminievykh splavov v litom sostoyanii [Effect
of transition metals on as-cast aluminum alloys microstructure composition]. Fundamental 'nye problemy
sovremennogo materialovedeniya = Basic Problems of Material Science, 2022, vol. 19 (4), pp. 520-531.
DOI: 10.25712/ASTU.1811-1416.2022.04.011.

34. Blake N., Hopkins M.A. Constitution and age hardening of Al-Sc alloys. Journal of Materials Science,
1985, vol. 20, pp. 2861-2867. DOI: 10.1007/BF00553049.

35. Norman A.F., Prangnell P.B., McEwen R.S. The solidification behaviour of dilute aluminium—scandium
alloys. Acta Materialia, 1998, vol. 46 (16), pp. 5715-5732. DOI: 10.1016/S1359-6454(98)00257-2.

36. Aryshenskii E., Lapshov M., Hirsch J., Konovalov S., Bazhenov V., Drits A., Zaitsev D. Influence of the
small Sc and Zr additions on the as-cast microstructure of AI-Mg-Si alloys with excess silicon. Metals, 2021,
vol. 11, p. 1797. DOI: 10.3390/met11111797.

Vol. 26 No. 1 2024 %



% OBRABOTKA METALLOV MATERIAL SCIENCE

37. Ocenasek V., Slamova M. Resistance to recrystallization due to Sc and Zr addition to Al-Mg alloys.
Materials Characterization, 2001, vol. 47, pp. 157-162. DOI: 10.1016/S1044-5803(01)00165-6.

38. Kishchik M., Mikhaylovskaya A., Kotov A., Drits A., Portnoy V. Effect of modes of heterogenizing
annealing before cold rolling on the structure and properties of sheets from alloy 1565ch. Metal Science and
Heat Treatment, 2019, vol. 61, pp. 228-233. DOI: 10.1007/s11041-019-00405-2.

Conflicts of Interest

The authors declare no conflict of interest.

© 2024 The Authors. Published by Novosibirsk State Technical University. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0).

% Vol. 26 No. 1 2024



