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Abstract: The purpose of the work is to study the influence of hafnium additives on the mechanical properties and
thermal stability of particles at elevated temperature during heat treatment of aluminum alloys with a high magnesium con-
tent. Two modifications of 1570 alloy were chosen for the study: without hafnium content and with its addition of 0.5 %
by weight. Both alloys were subjected to homogenizing annealing at a temperature of 440 °C with different exposure
modes, which ranged from 2 to 100 h. Microhardness was studied for various heat treatment modes, and the fine micro-
structure was studied as well using transmission microscopy. As a result, it was possible to identify that during annealing
at a short exposure time (2-8 h), the alloy with the hafnium addition has higher microhardness values exceeding those of
1570 alloy by an average of 20 HV units. This is associated with the fact that in 1570 alloy with hafnium additives, during
heat treatment, the number of precipitated particles increases while their average size decreases compared to the base al-
loy. At the same time, in 1570 alloy without hafnium content, when annealed at a temperature of 440 °C, there is no in-
crease in microhardness. This is caused by the fact that in 1570 alloy without hafnium content, when cooled after casting,
discontinuous decomposition occurs, which resulted in the fact that most of the scandium precipitates from the supersatu-
rated solid solution in the form of dispersoids. This phenomenon is not observed in the alloy with hafnium additives,
which indicates its ability to stop discontinuous decomposition during cooling the ingot after casting.
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that magnesium-scandium joint doping is very common in

INTRODUCTION

Aluminum alloys are currently among the most desira-
ble materials in many industries. One of the most popular
additives to aluminum alloys is magnesium, alloying with
which leads to a significant increase in strength properties
due to solid solution strengthening. Another common addi-
tive, that increases the mechanical properties of aluminum
alloys is scandium [1]. Its use leads to a significant refine-
ment of the grain structure during casting [2-4]. Moreover,
it promotes an increase in strength, due to the formation of
coherent strengthening AlsSc nanoparticles with the L1,
structure [5-7]. Considering the above, it is not surprising

modern industry.

At the same time, the use of scandium as an alloying
element has certain disadvantages: firstly, it is very expen-
sive, and secondly, due to the high rate of its diffusion in
aluminum, AlsSc nanoparticles have low thermal stability
and quickly coagulate when heated [8; 9]. To increase their
thermal stability, zirconium is added to the alloys, which
creates a shell around Al;Sc preventing the transition of L1,
to D023 and the decomposition of the supersaturated scandi-
um solution [10; 11]. Moreover, zirconium reduces
the amount of scandium required for effective modification
of the cast structure [7; 12].
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It is the principle of joint scandium-zirconium doping
that was used to develop a number of aluminum alloys,
with a high magnesium content. One of them is 1570 alloy,
which is very popular in modern industry. Hafnium addi-
tives could further increase the effectiveness of strengthen-
ing particles. This element is also an effective grain refiner
[13]. Moreover, like zirconium, it creates a shell around
AlsSc particles preventing further diffusion of scandium,
i. e., thermally stabilizes them [10; 14].

Recent studies [15; 16] showed that hafnium additions
to 1570 alloy significantly slow down the decomposition of
the supersaturated solid solution. Thus, in [16] it was found
that when adding 0.5 % of hafnium to 1570 alloy, the dis-
continuous decomposition of the supersaturated solid solu-
tion in it completely stops. The study [15] showed that add-
ing hafhium to 1570 alloy reduces the number of nanoparti-
cles precipitated from it during annealing at a temperature
of 370 °C and an exposure time of 4 h. This also indicates
a slowdown in the decomposition of the supersaturated so-
lid solution. It is worth noting that inhibiting the decompo-
sition of a supersaturated solid solution at a temperature of
370 °C will not provide advantages, since due to a decrease
in the number of nanoparticles, the strength characteristics
of the alloy will also decrease. However, slowing down
the rate of decomposition of a supersaturated solid solution
of scandium in aluminum can be useful at higher tempera-
tures, when the particles in the 1570 alloy begin to coagu-
late and coalesce, thereby losing their strengthening effect.
At the same time, hafnium additives allow thermally stabi-
lizing nanoparticles, thereby increasing their strength pro-
perties. Note, that increasing the thermal stability of parti-
cles is very important, since it will allow increasing the hot
deformation temperature. This, in turn, will increase
the ductility of the material and improve the energy effi-
ciency of hot rolling [17].

The purpose of the work is to study the influence of
hafnium additives on the mechanical properties and thermal
stability of AlsSc particles at elevated temperature of heat
treatment of high-magnesium aluminum alloys.

METHODS

To study the influence of hafnium on the formation of
microstructure and mechanical properties during high-
temperature annealing of rolled samples from aluminum
alloys with a high magnesium content, 1570 and 1570
(+0.5 wt. % Hf) alloys were cast. To cast ingots of the
studied alloys, a medium-frequency induction furnace was
used; ingots with dimensions of 20x40x400 mm and

a mass of 5 kg were cast into a steel mold, followed by
cooling in water.

The following materials were used as charging materials
for the alloy: aluminum of A85 grade, magnesium of MG90
grade, alloying composition of Al-Sc,, Al-Zrs, Al-Hf;
grades, and alloying tablets of MngyAlyo grade. First, alumi-
num was loaded and melted. After the aluminum melted
and the temperature reached 730 °C, slag was removed
from the melt surface. Next, the melt was heated to a tem-
perature of 770-790 °C and AlSc,, AlZrs, Al-Hf, alloying
compositions were added in portions weighing no more
than 300 g, followed by stirring and holding the melt for
5 min. After introducing the above-mentioned alloying
compositions, the melt was cooled to a temperature of
750 °C, after which new alloying components (Mg, Mn)
were added. Next, the melt was stirred for 3 min, followed
by heating the melt to a temperature of 740 °C and taking
a sample for express analysis of the melt chemical composi-
tion. The chemical composition of the alloys (Table 1) was
determined by the spectral method on an ARL 3460 atomic
emission spectrometer (GOST 25086, GOST 7727, GOST
3221, ASTM E 716, ASTM E 1251). The Hf content was
determined by calculation due to the absence of standard
samples. Before pouring the molten metal into the mold,
it was refined with carnallite flux introduced at the rate of
5g per 1 kg of charging material. After this, slag was re-
moved from the surface of the molten metal, and the metal
was poured into a steel casting mold at a uniform pouring
time of 20-30 s at a melt temperature of 730-750 °C. After
solidification, the ingot was removed from the chill mold
and cooled in water.

The ingots were annealed in an electric muffle furnace
at a temperature of 440 °C and held for 2, 4, 8, 16, 24, 48,
72, and 100 h, followed by quenching in water to fix
the supersaturated solid solution.

The microhardness of the studied alloy was measured
using a Wolpert 402MVD automatic microhardness test-
er in accordance with GOST 9450-76 at a load of 0.2 N
and a holding time of 10 s. Before testing began, one of
the surfaces of the plane-parallel sample was ground and
polished.

Using transmission microscopy on a JEM-2100 micro-
scope (JEOL, Japan) equipped with an INCA energy dis-
persive analysis attachment (Oxford Instruments, UK),
samples for both alloys considered in the work were studied
after 4 h of holding at temperatures of 370 and 440 °C.
Sample preparation for transmission electron microscopy
was carried out in several stages. At the first stage, using
a Sodick electroerosion machine (Sodick Co., Ltd, Japan),

Table 1. Chemical composition of the studied alloys
Taonuua 1. Xumuueckuii cocmas ucciedyemvlx Cnidagos

Alloy Al Si Fe Mn Mg Ti Zr Sc Hf
1570 Base 0.13 0.21 0.44 6.25 0.02 0.06 0.25 -
1570-0.5Hf Base 0.12 0.22 0.45 6.29 0.04 0.06 0.25 0.5
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two blanks were cut for foils with a thickness of 500 um.
The indicated thickness is determined by possible defor-
mation and bending of the foils during cutting, due to
the possible presence of internal stresses in the samples.
Next, the resulting blanks were mechanically thinned to
a thickness of ~120 pm using Grid 2000 abrasive wheels
(Struers, Denmark). Using a special punch, disks with
a diameter of 3 mm were extruded from the resulting blanks
and placed in a TenuPol-5 electrolytic thinning installation
(Struers, Denmark). Thinning was carried out at a tempera-
ture of —30 °C in an electrolyte of the following composi-
tion: 75 % of CH3OH, 25 % of HNOs. As a result, at least
5 foil samples for TEM were produced from each of
the 6 states. The fine structure of the samples was studied
on a JEM-2100 TEM transmission electron microscope
(JEOL, Japan), with an accelerating voltage of 200 kV
equipped with an INCA EDX-analysis attachment (Oxford
Instruments, UK). The resulting foils were immediately
placed in a bi-inclined TEM holder with the ability to in-
cline by +£30° along two axes. Due to the small size of
the particles (5-10 nm), the shooting was carried out at
a magnification of x200,000 and a long exposure time
(about 1 min), which made it possible to reliably record
even such small coherent particles. In the resulting images,
the number of particles and their chemical composition
were considered using an EDX-detector.

RESULTS

The changes in the microhardness of the studied alloys
are given below. According to Fig. 1, the mechanical cha-
racteristics of 1570 alloy generally remain unchanged and
are in the range of 82-89 HV units. This points to the fact
that all strengthening Als(Sc,Zr) particles, which have
a coherent L1, structure, precipitate during discontinuous
decomposition, and their formation does not occur at sub-
sequent stages of heat treatment.

At the same time, the alloy doped with hafnium shows
the greatest increase in microhardness in the range of 2—
8 h. This is associated with the fact that in the indicated
time intervals, the active decomposition of the supersatu-
rated solid solution begins and the precipitation of
strengthening particles of the AlsSc type begins. After
16 h of holding, the alloy with the hafnium addition ex-
hibits a decrease in microhardness, which is likely associ-
ated with the onset of loss of coherence and coalescence
of particles of the AlsSc type.

Using transmission microscopy after annealing at
440 °C for 4 h, the fine structure in both alloys was
studied. This annealing mode was chosen because, ac-
cording to microhardness data (Fig. 1), its greatest in-
crease was observed in the range from 2 to 8 h. There-
fore, it is under these heat treatment modes, that the pre-
cipitation of the largest amount of strengthening nano-
particles is expected.

Fig. 2 presents the results of transmission electron mi-
croscopy for 1570 alloy after annealing at 440 °C for 4 h.

Superstructure L1, reflections in 1570 alloy are visible
quite clearly, which indicates the presence of AlsSc nano-
particles coherent with the aluminum matrix. Shown in
Fig. 2 b data indicate the presence of large (about 1 pum)
particles precipitated in the alloy structure. These particles
are close in their chemical composition to Alg(Mn,Fe)

(Fig. 3) and, like AlsSc, appear during the decomposition of
a supersaturated solid solution, since this alloy contains Mn
and Fe. One should note that iron in aluminum alloys is an
unavoidable impurity.

AlsSc nanoparticles are also observed in 1570 alloy,
when it is heated to a temperature of 440 °C. Fig. 2 b shows
a predominance of particles with sizes in the range from 1.6
to 13.3nm in 1570 alloy. This indicates a predominantly
finely dispersed phase in this sample, however, bigger par-
ticles, larger than 25 nm, are also observed. In general, the
average particle size is 11.4 nm, and their average density is
2.2:10* cm™2. It should be noted that the particles in the
grain volume are distributed very unevenly, which is ob-
served in Fig. 2 ¢, 2 d. One can assume that this is a conse-
quence of discontinuous decomposition in this alloy during
cooling of the cast blank.

In the presented state (Fig. 4), superstructural reflections
are not visible so clearly, but they are present, which is asso-
ciated with a decrease in the coefficient of diffusion of scan-
dium in aluminum when doping the alloys with hafnium.
A rather large number of relatively coarse particles can be
observed (Fig. 4 b). These particles are also close in chemical
composition to Als(Mn,Fe) (Fig. 3 and Table 2) and are ex-
plained by the presence of manganese and iron in the alloy.

In the 1570-0.5Hf alloy, particles with sizes ranging
from 5.2 to 14.5 nm prevail (Fig. 4 b). At the same time,
dark-field images also show the precipitation of particles
larger than 25 nm. The average particle size in this alloy is
10.5nm, and the distribution density is 2.6x10%°cm™
In this case, the uneven distribution of particles in the grain
volume is somewhat reduced.

DISCUSSION

It should be noted that a comparison of the average par-
ticle size observed in 1570 alloy after casting in [18] and
obtained in this study after heating at a temperature of
440 °C with a holding time of 4 h indicates that heat treat-
ment practically does not change the number and size of
particles. In both cases, their size is around 10 nm. This
leads to the fact that the microhardness of this alloy does
not change over time. The latter occurs because the major
share of scandium precipitates during the continuous de-
composition of a supersaturated solid solution when cooling
the ingot during casting, as well as during the formation of
primary intermetallides at the crystallization of this alloy
[16]. Therefore, for the process of continuous decomposi-
tion of a supersaturated solid solution when heating a given
alloy, there is no longer enough scandium and the number
of particles does not change. One can assume that zirconi-
um still quite actively blocks the growth of particles when
annealed at 440 °C for 4 h, which does not contradict
the data [19].

It is worth noting that the particles formed during de-
composition can also be coherent and make a rather large
contribution to strengthening [8]. In this case, their
strengthening effect is confirmed by the fact that the micro-
hardness after casting is significantly higher in 1570 alloy
containing nanoparticles formed as a result of discontinuous
decomposition, than in 1570 alloy with a 0.5 % hafnium
content, in which they are absent in this state [10].

A sharp increase in microhardness during heat treatment
of 1570 alloy with a 0.5 % hafnium content is explained
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Fig. 1. Change in microhardness during 440 °C annealing
Puc. 1. Hzmenenue muxpomeepoocmu npu omoicuze 440 °C

c d

Fig. 2. Fine structure of 1570 alloy during 440 °C annealing with a duration of 4 h:

a — microdifraction in the zone axis [001].; b — bright field, x20,000; c, d — dark field, x200,000

Puc. 2. Touxaa cmpyxmypa cnaaea 1570 npu omocuee npu 440 °C onumenvhocmuro 4 u:

a — muxpoougparyus 6 ocu 30ubl [001]4; b — ceemnoe none, x20 000; ¢, d — memnoe none x200 000

32

Frontier Materials & Technologies. 2024. No. 1



Zorin LLA., Aryshenskiy E.V., Kudryavtsev E.A. etal. “The influence of hafnium on high-magnesium alloys...”

Fig. 3. Areas of analysis of local chemical composition in a sample of 1570 alloy during 440 °C annealing with a duration of 4 h
Puc. 3. Yuacmku ananuza noxanvrozo xumuieckozo cocmasa 6 oopasye cnnaga 1570 npu omoicuze 440 °C onumensrnocmoio 4 u

c d

Fig. 4. Fine structure of 1570-0.5Hf alloy during 440 °C annealing with a duration of 4 h:
a — microdifraction in the zone axis [001].; b — bright field, x20,000; c, d — dark field, 200,000
Puc. 4. Touxas cmpykmypa cnaasa 1570-0,5Hf npu omacuee npu 440 °C onumensrnocmoio 4 u:
a — muxpoougparyus 6 ocu 30ubl [001]4; b — ceemnoe none, x20 000; ¢, d — memnoe none, X200 000
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Table 2. Local chemical composition of the particles in the 1570 alloy sample during 440 °C annealing with a duration of 4 h, at. %
Taonuua 2. Jloxanvuwiil xumuueckuii cocmae yacmuy 6 oopasye cniasa 1570 npu omoicuee 440 °C onumenvnocmoio 4 u, am. %

Chemical elements Al

Studied spectra 77.84

10.6 11.4

by the fact that active processes of precipitation of AlsSc
particles from a supersaturated solid solution begin in it.
This occurs because, unlike 1570 alloy, it retains enough
scandium for continuous decomposition. Note that there are
several possible reasons for suppressing the discontinuous
decomposition of a supersaturated solid solution with
the help of hafnium [16]. Not dwelling on the hypotheses in
detail, one can state that the absence of discontinuous de-
composition in alloys when doped with hafnium allows
activating the formation of AlsSc nanoparticles, which as
a result leads to an increase in microhardness. The higher
properties of the 1570-0.5Hf alloy are generally explained
by a larger number of nanoparticles and their more even
precipitation. A more finely dispersed distribution of nano-
particles, in principle, distinguishes a solid solution with
continuous decomposition from a discontinuous one [8].
With further heating for several hours, the microhardness
remains at the same level, which means that the nanoparti-
cles retain their size and number. However, after holding
for more than 8 hours, the microhardness begins to de-
crease, which indicates a coagulation process. Then its de-
crease slows down significantly, which indicates the inhibi-
tion of coagulation processes. The lower microhardness
values in 1570-0.5Hf alloy during long holding can be ex-
plained by the fact that a larger number of particles are
available for the coalescence process in it than in 1570 al-
loy. Thus, hafnium additives make it possible to provide
a significant advantage in strength properties during the
first 8-10 h of heating, however, and then it is lost. It
should also be noted that further study of the influence of
hafnium additions on the thermal stability of AlsSc particles
should be carried out in low-alloyed aluminum alloys (pos-
sibly with a lower scandium and zirconium content), which
allow dissolving the discontinuous decomposition products.
This will make it possible to distinguish the influence of an
increase in strength properties resulting from the inhibition
of discontinuous decomposition during the recrystallization
process from the effect obtained by increasing the thermal
stability of Al3Sc nanoparticles.

CONCLUSIONS

1. Hafnium additives have a positive effect on the pro-
perties of 1570 alloy during heat treatment. Hafnium pre-
vents the process of discontinuous decomposition of a su-
persaturated solid solution both during the ingot cooling
after crystallization and during subsequent heat treatment.

2. 1t was found that in 1570 alloy with hafnium addi-
tives, during heat treatment, the total fraction of particles
increases while their average size decreases in comparison
with the original 1570 alloy.

3. Time intervals of 2-8 h are the most successful an-
nealing mode for alloys with hafnium additives at a tempe-

rature of 440 °C. This is associated with the precipitation of
strengthening AlsSc particles from the supersaturated solid
solution; while for 1570 alloy, microhardness indicators
remain unchanged, due to the fact that all nanosized disper-
soids precipitate during the discontinuous decomposition of
the solid solution.

REFERENCES

1. Ri E.Kh., Ri Kh., Deev V.B., Kolisova M.V. Effect
of scandium on the structure, segregation and proper-
ties of the aluminium cast alloy AM4.5CD. Tsvetnye
metally, 2019, no. 7, pp. 78-85. DOI: 10.17580/tsm.
2019.07.10.

2. Zakharov V.V., Fisenko I.A., Kunyavskaya T.M. Pro-
spects of alloying of aluminium alloys with scandium.
Tekhnologiya legkikh splavov, 2020, no. 1, pp. 28-34.
EDN: PDWRPX.

3. Lei Zhiguo, Wen Shengping, Huang Hui, Wei Wu,
Nie Zuoren. Grain Refinement of Aluminum and Alu-
minum Alloys by Sc and Zr. Metals, 2023, vol. 13,
no. 4, article number 751. DOI: 10.3390/met13040751.

4. Li Qinglin, Zhang Yushi, Lan Yefeng, Pei Ruijie,
Feng Xiangyu, Xia Tiandong, Liu Dexue. Effect of scan-
dium addition on microstructure and mechanical properties
of as-cast Al-5%Cu alloys. Vacuum, 2020, vol. 177, article
number 109385. DOI: 10.1016/j.vacuum.2020.109385.

5. Yu Kun, Li Wenxian, Li Songrui, Zhao Jun. Mechanical
properties, and microstructure of aluminum alloy 2618
with Als(Sc, Zr) phases. Materials Science and Engi-
neering: A, 2004, vol. 368, no. 1-2, pp. 88-93. DOI: 10.
1016/j.msea.2003.09.092.

6. Rokhlin L.L., Bochvar N.R., Tarytina I.E. Joint effect of
scandium and zirconium on the recrystallization of alu-
minum Al-Mg,Si alloys. Russian metallurgy (Metally),
2015, vol. 2015, no. 5, pp. 381-388. DOI: 10.1134/S00
36029515050134.

7. Davydov V.G, Elagin V.., Zakharov V.V., Rostova T.D.
About scandium and zirconium additions in aluminium al-
loys. Metal Science and Heat Treatment, 1996, vol. 38,
no. 7-8, pp. 347-352. DOI: 10.1007/bf01395323.

8. Zakharov V.V. The effect of scandium on the structure
and properties of aluminum alloys. Metal Science and
Heat Treatment, 2003, vol. 45, no. 7-8, pp. 246-253.
DOI: 10.1023/A:1027368032062.

9. Zakharov V.V. Kinetics of decomposition of the solid
solution of scandium in aluminum in binary Al-Sc
alloys. Metal Science and Heat Treatment, 2015,
vol. 57, no. 7-8, pp. 410-414. DOI: 10.1007/s11041-015-
9897-z.

10. Forbord B., Lefebvre W., Danoix F., Hallem H., Mar-
thinsen K. Three-dimensional atom probe investigation
on the formation of Als(Sc, Zr)-dispersoids in aluminium

34

Frontier Materials & Technologies. 2024. No. 1


https://doi.org/10.17580/tsm.2019.07.10
https://doi.org/10.17580/tsm.2019.07.10
https://elibrary.ru/pdwrpx
https://doi.org/10.3390/met13040751
https://doi.org/10.1016/j.vacuum.2020.109385
https://doi.org/10.1016/j.msea.2003.09.092
https://doi.org/10.1016/j.msea.2003.09.092
https://doi.org/10.1134/S0036029515050134
https://doi.org/10.1134/S0036029515050134
https://doi.org/10.1007/bf01395323
https://doi.org/10.1023/A:1027368032062
https://doi.org/10.1007/s11041-015-9897-z
https://doi.org/10.1007/s11041-015-9897-z

Zorin LA., Aryshenskiy E.V., Kudryavtsev E.A. et al. “The influence of hafnium on high-magnesium alloys...”

11.

12.

13.

14.

15.

16.

17.

18.

19.

alloys. Scripta materialia, 2004, vol. 51, no. 4, pp. 333—
337. DOI: 10.1016/j.scriptamat.2004.03.033.

Zakharov V.V. Stability of the solid solution of scandium
in aluminum. Metal Science and Heat Treatment, 1997,
vol. 39, no. 1-2, pp. 61-66. DOI: 10.1007/bf02467664.
Royset J., Ryum N. Scandium in aluminium alloys. In-
ternational Materials Reviews, 2005, vol. 50, no. 1,
pp. 19-44. DOI: 10.1179/174328005X14311.

Li Hong-ying, Li De-wang, Zhu Zhi-xiang, Chen Bao-
an, Chen Xin, Yang Chang-long, Zhang Hong-yu,
Kang Wei. Grain refinement mechanism of as-cast alu-
minum by hafnium. Transactions of Nonferrous Metals
Society of China, 2016, vol. 26, no. 12, pp. 3059-3069.
DOI: 10.1016/S1003-6326(16)64438-2.

Jia Zhi-Hong, Huang Hui-Lan, Wang Xue-Li,
Xing Yuan, Liu Qing. Hafnium in aluminum alloys:
a review. Acta Metallurgica Sinica, 2016, vol. 29,
pp. 105-119. DOI: 10.1007/s40195-016-0379-0.

Drits A.M., Aryshenskiy E.V., Kudryavtsev E.A., Zo-
rin 1LA., Konovalov S.V. The study of supersaturated
solid solution decomposition in magnesium-rich alumi-
num alloys with scandium and hafnium additions. Fron-
tier Materials & Technologies, 2022, no. 4, pp. 38-48.
DOI: 10.18323/2782-4039-2022-4-38-48.

Zorin LA., Aryshenskiy E.V., Drits A.M., Konova-
lov S.V., Komarov V.S. Effect of hafnium on cast mi-
crostructure in alloy 1570. lzvestiya vysshikh uchebnykh
zavedeniy. Tsvetnaya metallurgiya, 2023, vol. 29, no. 1,
pp. 56-65. DOI: 10.17073/0021-3438-2023-1-56-65.
Yashin V.V., Rushchits S.V., Aryshenskiy E.V., La-
tushkin 1.LA. Rheological behavior of 01570 and
AA5182 wrought aluminum alloys under hot defor-
mation conditions. Tsvetnye metally, 2019, no. 3,
pp. 64-69. DOI: 10.17580/tsm.2019.03.09.

Zorin I.A., Drits A.M., Aryshenskiy E.V., Kono-
valov S.V., Grechnikov F.V., Komarov V.S. Effect of
transition metals on as-cast aluminum alloys microstruc-
ture composition. Fundamentalnye problemy sovremen-
nogo materialovedeniya, 2022, vol. 19, no. 4, pp. 520-
531. DOI: 10.25712/ASTU.1811-1416.2022.04.011.
Zakharov V.V. About joint alloying of aluminum alloys
with scandium and zirconium. Metal Science and Heat
Treatment, 2014, vol. 56, no. 5-6, pp. 281-286. DOI: 10.
1007/s11041-014-9746-5.

CIIUCOK JIMTEPATYPBI

Pu 5.X., Pu X., llceB B.b., Konmucosa M.B. Bnusiaue
CKaHIWS Ha CTPYKTYpoOOpa3oBaHHE, JTHKBAI[HOHHBIC
MPOIIECCHl M CBOMCTBA JIMTEHHOrO alFOMUHUEBOTO CILjia-
Ba AM4,5Kn // 1lBetnsie metamibl. 2019. Ne 7. C. 78—
85. DOI: 10.17580/tsm.2019.07.10.

3axapos B.B., ®ucenko U.A., Kynsasckas T.M. Ilep-
CIICKTUBLI JICTUPOBAHUA AJIIOMHWHHCBBIX CIIABOB CKaH-
queMm // TexHomorumsi nerkux cruraBoB. 2020. Ne 1.
C. 28-34. EDN: PDWRPX.

Lei Zhiguo, Wen Shengping, Huang Hui, Wei Wu,
Nie Zuoren. Grain Refinement of Aluminum and
Aluminum Alloys by Sc and Zr // Metals. 2023.
Vol. 13. Ne 4. Article number 751. DOI: 10.3390/
met13040751.

Li Qinglin, Zhang Yushi, Lan Yefeng, Pei Ruijie,
Feng Xiangyu, Xia Tiandong, Liu Dexue. Effect of
scandium addition on microstructure and mechanical
properties of as-cast Al-5%Cu alloys // Vacuum. 2020.

10.

11.

12.

13.

14.

15.

16.

17.

Vol. 177. Article number 109385. DOI:
j.vacuum.2020.109385.

Yu Kun, Li Wenxian, Li Songrui, Zhao Jun. Mechanical
properties, and microstructure of aluminum alloy 2618
with Als(Sc, Zr) phases // Materials Science and Engi-
neering: A. 2004. Vol. 368. Ne 1-2. P. 88-93. DOI: 10.
1016/j.msea.2003.09.092.

Poxmun JIJI., bousap H.P., Tapeituna W.E. Bnusuue
CKaHaus COBMECTHO C HUPKOHHWEM Ha PEKpUCTALIM3a-
LUI0 aTIOMUHHUEBBIX CIUIaBOB cucteMbl Al-MQySi //
Merammer. 2015. Ne 3. C. 51-59. EDN: TNZOKN.
Davydov V.G., Elagin V.1., Zakharov V.V., Rostova T.D.
About scandium and zirconium additions in aluminium
alloys // MerannoBenenne u TepMuyeckas o0paboTKa
metamioB. 1996. Ne 8. C. 25-30. EDN: MOVQJR.
3axapoB B.B. BiusHue ckanaus Ha CTPYKTypy U CBOM-
CTBa AJIFOMHUHHUEBBIX CILIABOB // MeTaJ'IJ'IOBeZ[eHI/Ie " TCp-
muueckas obpadorka meramwioB. 2003. Ne 7. C. 7-15.
EDN: QIWYNV.

3axapos B.B. Kunernka pacmajga TBepIOro pacTBOpa
CKaHIWS B QJIOMUHMM B JIBOMHBIX cruiaBax Al-Sc //
MeTaJ’IJ’IOBe,I[CHI/IC " TCpMUYCCKast 06pa60TKa MCTaJIJIOB.
2015. Ne 7. C. 44-48. EDN: UAVTYF.

Forbord B., Lefebvre W., Danoix F., Hallem H., Mar-
thinsen K. Three-dimensional atom probe investigation
on the formation of Als(Sc, Zr)-dispersoids in alumini-
um alloys // Scripta materialia. 2004. Vol. 51. Ne 4,
P. 333-337. DOI: 10.1016/j.scriptamat.2004.03.033.
Zakharov V.V. Stability of the solid solution of scandi-
um in aluminum // Metal Science and Heat Treatment.
1997. Vol.39. Nel1-2. P.61-66. DOI: 10.1007/
bf02467664.

Royset J., Ryum N. Scandium in aluminium alloys //
International Materials Reviews. 2005. Vol. 50. Ne 1.
P. 19-44. DOI: 10.1179/174328005X14311.

Li Hong-ying, Li De-wang, Zhu Zhi-xiang, Chen Bao-
an, Chen Xin, Yang Chang-long, Zhang Hong-yu,
Kang Wei. Grain refinement mechanism of as-cast alu-
minum by hafnium // Transactions of Nonferrous Me-
tals Society of China. 2016. Vol. 26. Ne 12. P. 3059-
3069. DOI: 10.1016/S1003-6326(16)64438-2.

Jia Zhi-Hong, Huang Hui-Lan, Wang Xue-Li, Xing Yuan,
Liu Qing. Hafnium in aluminum alloys: a review // Acta
Metallurgica Sinica. 2016. Vol.29. P.105-119.
DOI: 10.1007/s40195-016-0379-0.

Hpunt AM., Apsrmenckuii E.B., Kynpssues E.A., 30-
pun U.A., Konosanos C.B. HccnenoBanue pacmana me-
PECBILIIEHHOTO TBEPAOTO PACTBOPA B BBICOKOMArHMEBBIX
AJIIOMUHHUEBBIX CIUIaBaX CO CKaHAUEM, JICTUPOBAHHBIX
rapuuem // Frontier Materials & Technologies. 2022.
Ne 4. C. 38-48. DOI: 10.18323/2782-4039-2022-4-
38-48.

3opun U.A., Apsienckuii E.B., Ipunr A.M., Konona-
noB C.B., Komapos B.C. Bnusnue raduus Ha JUTYIO
MHUKpPOCTPYKTYpy B cruiaBe 1570 // W3Bectust Beicmmx
y4eOHbIX 3aBeneHuWil. I[[BetHas wmetamryprus. 2023.
T.29. Ne 1. C. 56-65. DOI: 10.17073/0021-3438-2023-
1-56-65.

Amma B.B., Pymun C.B., Apermenckuii E.B., JlaTym-
kuH U.A. Peomormueckne CBOHCTBa AepOpMUPYEMBIX
amfoMuHUeBBIX craBoB 01570 u AAS5182 B ycioBusx
ropsiueii nedopmarrun // I{BetHbie Metamisl. 2019, Ne 3,
C. 64-69. DOI: 10.17580/tsm.2019.03.09.

10.1016/

Frontier Materials & Technologies. 2024. No. 1

35


https://doi.org/10.1016/j.scriptamat.2004.03.033
https://doi.org/10.1007/bf02467664
https://doi.org/10.1179/174328005X14311
https://doi.org/10.1016/S1003-6326(16)64438-2
https://doi.org/10.1007/s40195-016-0379-0
https://doi.org/10.18323/2782-4039-2022-4-38-48
https://doi.org/10.17073/0021-3438-2023-1-56-65
https://doi.org/10.17580/tsm.2019.03.09
https://doi.org/10.25712/ASTU.1811-1416.2022.04.011
https://doi.org/10.1007/s11041-014-9746-5
https://doi.org/10.1007/s11041-014-9746-5
https://doi.org/10.17580/tsm.2019.07.10
https://elibrary.ru/pdwrpx
https://doi.org/10.3390/met13040751
https://doi.org/10.3390/met13040751
https://doi.org/10.1016/j.vacuum.2020.109385
https://doi.org/10.1016/j.vacuum.2020.109385
https://doi.org/10.1016/j.msea.2003.09.092
https://doi.org/10.1016/j.msea.2003.09.092
https://elibrary.ru/tnzokn
https://elibrary.ru/movqjr
https://elibrary.ru/qiwynv
https://elibrary.ru/uavtyf
https://doi.org/10.1016/j.scriptamat.2004.03.033
https://doi.org/10.1007/bf02467664
https://doi.org/10.1007/bf02467664
https://doi.org/10.1179/174328005X14311
https://doi.org/10.1016/S1003-6326(16)64438-2
https://doi.org/10.1007/s40195-016-0379-0
https://doi.org/10.18323/2782-4039-2022-4-38-48
https://doi.org/10.18323/2782-4039-2022-4-38-48
https://doi.org/10.17073/0021-3438-2023-1-56-65
https://doi.org/10.17073/0021-3438-2023-1-56-65
https://doi.org/10.17580/tsm.2019.03.09

Zorin LLA., Aryshenskiy E.V., Kudryavtsev E.A. etal. “The influence of hafnium on high-magnesium alloys...”

18.3o0pun N.A., Ipunr A.M., Apsimerckuii E.B., KoHosa- anosegenus. 2022. T.19. Ne 4. C.520-531. DOI: 10.
o C.B., I'peunuxoB ®.B., Komapos B.C. Bnusuue 25712/ASTU.1811-1416.2022.04.011.
MEPEXOJHBIX METaJUIOB HAa MUKPOCTPYKTYpHYI0 Komno- 19.3axapos B.B. O coBMecTHOM JIernpoBaHUM aIlOMHHUE-
3ULHAK0 aJIOMUHUEBBIX CINIABOB B JIUTOM COCTOSHUU // BBIX CIIABOB CKaHIHEM M IUpKOHHEM // MeTtasuioBee-

DyHAaMeHTaIbHbIE NPOOJIEMBI COBPEMEHHOIO MaTepH- HUE U TepMHyeckas oOpaborka MeramioB. 2014. No 6.
C. 3-8. EDN: SIXNSD.

Bansinue Fa(l)Hl/Iﬂ HAa BBICOKOMAIrHHEBbLIC CILVIABbI, JIETUPOBAHHBIC

nepexoaHbIMU MeTA/UIAMHU, IIPU TEPMUYECKO 00padoTKke
© 2024
3opun Hzopb Anexcandposuu™'>* 1abopaHT-HCCIEN0BATEND, CTYIEHT,

HWHXeHep-aNeKTpoHUK || kaTeropuu maboparopun MeXaHHYECKUX UCTIBITaHUH 1 3JIEKTPOHHOW MUKPOCKOITHH
Apviwenckuii Eezenuit Braoumuposuu?®, oKTop TEXHUYECKHX HAYK, JIOLEHT,
CTapIui HAYYHBIA COTPYAHUK J1a00PaTOpUH SICKTPOHHOU MUKPOCKOITUU U 00pabOTKH M300pakeHNH
Kyopsasuee Ezop Anexceeeuu®S, xkannunar TeXHUYECKHUX HAYK,
Hay4HbII cOTpyHHK L{eHTpa KoJUIeKTUBHOrO Nonab30BaHusA « Texnonoruu u Martepuanst HUY "benl'V'"»
Jpuy Anexcandp Muxaiinoeuu’, KaHIuIaT TEXHUYECKUX HaYK,
BEIyIUWUH HAYYHBIA COTPYIHUK
Konosanoe Cepzeii Banepvesuu®t, 10KkTop TEXHMUECKUX HayK, npodeccop,
MIPOPEKTOP MO HAYYHON M MHHOBALMOHHOM ESITEIbHOCTU

YCamapcruii nayuonansuvii uccnedosamenvckuii yuueepcumem umenu axaoemuxa C.I1. Koponesa, Camapa (Poccus)
2Cubupckuii 2ocyoapcmeennblil uHOycmpuanvbHbiii yuueepcumem, Hoesoxysneyx (Poccus)
3Benzopodckuii 20cyoapcmeentblil HayUOHATbHbIIL Ucciedoeamenvekull ynueepcumem, benzopoo (Poccus)

*E-mail: zorin.ia@ssau.ru 4ORCID: https://orcid.org/0000-0001-9349-2494
SORCID: https://orcid.org/0000-0003-3875-7749
S0RCID: https://orcid.org/0000-0003-1113-0807
"ORCID: https://orcid.org/0000-0002-9468-8736
8ORCID: https://orcid.org/0000-0003-4809-8660

Hocmynuna 6 peoaxyuio 03.08.2023 Tpunsma x nyoauxayuu 20.11.2023

Annomayusn: 1enpio paboThl SBISETCS U3yUSHHE BIUSHUS JOOABOK radHUs HA MEXaHUYECKHE CBOWCTBA U TEPMOCTa-
OMJIBHOCTh YACTHI] MIPU MOBBIIICHHON TeMIlepaType TePMUYECKOH 00paOOTKH aIFOMMHHUEBBIX CIUIABOB C BBICOKHM COJIEP-
*aHueM maraus. J{is usydenus Obut BeIOpaH cruiaB 1570 B qByx Moaudukaiusax: 6e3 coaepkanus ragHus u ¢ ero 100as-
koii 0,5 % mo macce. O6a cruiaBa ObLIM ITOJBEPTHYTH TOMOTEHH3ALMOHHOMY OTXHUTY npu Temrepatype 440 °C ¢ pa3nny-
HBIMH PEXUMaMH BBIJICPIKKH, KOTOpble cocTaBmii oT 2 n0 100 4. JIns pa3iuyHbIX PeXMMOB TEPMHUYECKOH 00paboTKh
n3y4ajach MUKPOTBEPOCTb, & TAK)KE C IOMOIIBIO ITPOCBEYHBAIOIIEH MUKPOCKOITMH HCCIIEIOBANIACH TOHKAass MUKPOCTPYK-
Typa. B pe3yibraTe yaanoch ycTaHOBHTH, YTO B IIPOIIECCE OT)KUTA IIPH MAJIOM BPEMEHH BBIIEPKKH (2—8 1) crutas ¢ 1o00aBs-
KoM radHus MMeeT Oojee BHICOKHME MOKa3aTelIW MHUKPOTBEPJOCTH, IPEBOCXO/s TOKa3arenu cruiaBa 1570 B cpenHeM Ha
20 HV. 3o cBs3ano ¢ TeM, uTo B cruiaBe 1570 ¢ nob6aBkaMu radHuUs mpu TepMOOOPAOOTKE yBEININBACTCS KOINIESCTBO
BBIJICIISFONIMXCS YaCTHUI MIPU OJHOBPEMEHHOM YMEHBIICHHH MX CPEIHETO pa3Mepa IO CPaBHEHHIO ¢ 0Aa30BBIM CIUIABOM.
B 10 e Bpems B craBe 1570 6e3 comeprkanus ragHUS Ipu ero oTure npu Temreparype 440 °C pocta MEKPOTBEPIOCTH
HE TIPOUCXOANT. ITO 00YCIOBJICHO TeM, UTo B ciutaBe 1570 6e3 comepkanus ragHAS MIPHU OCTHIBAHWUH TIOCIIE JIUTHS TIPOHC-
XOJMT TPEPBIBUCTHIN pacmajy, B pe3yjibTaTe KOTOPOro OOJIbIIAs YacTh CKaHIUs BBLACIACTCS U3 MEPECHIIEHHOTO TBEPIOTO
pacTBoOpa B BHE IUCIIepcOnIoB. B crutaBe ¢ mobaBkamu radyHUs TAKOTO sIBJICHUsI HE HAOMI0aeTCs, YTO CBUICTEIBCTBYET
0 €ro CIIOCOOHOCTH OCTaHABJIMBATh IPEPHIBUCTBIN paca/l B MPOIECCe OXJIAKICHUS CIUTKA MOCIE JTUThS.

Knrwoueegvle cnosa: amoMUHUEBBIC CIUIABBI; NIEPEXOJHBIC METAJUIBl; CKAaHIUH; radHuii; TepMooOpadoTKa; yHpOUHSIO-
M€ HAHOYACTHUIIBI.
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