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Abstract

The structure and properties of cold-rolled strips with a thickness of 3 mm from an
experimental aluminum alloy 1580 with a lower scandium content of 0.03% (wt.) relative to the
grade of the aluminum alloy and a 5083 similar alloy without scandium were studied. Ingots
obtained at the laboratory installation of semi-continuous casting of the Foundry department of the
Siberian Federal University (Siberian Federal University, Russia, Krasnoyarsk) were used. The
preparation of ingots for rolling included milling up to sizes 40x100x145 mm and annealing
according to a two-stage mode: at a temperature of 350 °C for 3 hours (first stage) and at a
temperature of 425 °C for 4 hours (second stage). Hot rolling was carried out in the laboratory of
the Department of Metal Forming at the Siberian Federal University at a temperature of 450 °C on a
two-roll hot rolling mill with a roll diameter of 330 mm and a barrel length of 520 mm to a
thickness of 5 mm, which corresponded to a total reduction of 88% with a single reduction of 2-5%.
For cold rolling, a two-roll sheet rolling mill with a roll diameter of 200 mm and a barrel length of
400 mm grade LS 400 AUTO was used. Rolling was carried out to a thickness of 3 mm with a
single reduction of 2-5%, and then the strip was annealed. The results of determining the
mechanical properties by tension by the universal LFM400 machine showed that with an increase in
the annealing temperature in the range from 250 to 350 °C for 3 hours, ultimate tensile strength of
the cold-rolled strips of aluminum alloy 1580 decreases from 385 to 365 MPa. For aluminum alloy
5083, a decrease in this strength characteristic is also observed from 345 to 320 MPa. A decreasing
tendency with increasing annealing temperature was also observed for the conditional yield strength
Rp, and over the entire range of annealing temperatures, the values of R, for strips of alloy 1580
were higher than for alloy 5083 by 35-40 MPa, which amounted to 14-17% The values of the
plastic properties, for which the value of the elongation to failure was analyzed, were close
throughout the range of annealing temperatures for both alloys. The results of the analysis of micro-
and fine structure allowed to conclude that an increase in the strength properties of cold-rolled and
annealed sheets from the experimental alloy 1580, compared with alloy 5083, is a consequence of
the addition of scandium in the experimental alloy 1580, which leads to an increase in the
temperature of recrystallization of the alloy, preserving it contains a subgrain structure and
dispersion hardening caused by precipitation of Als(Sc, Zr) phase particles during decomposition of
a solid solution.
Keywords: Aluminum alloys, Scandium, Semi-continuous casting, Sheet rolling, Strip, Annealing,
Structure, Mechanical properties.
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1 Introduction

Recently, there has been great interest in research aimed at improving the strength
properties of alloys of the aluminum-magnesium system, which belong to the group of thermally
unstrengthened aluminum alloys. These alloys have a unique combination of properties, such as
reduced density, corrosion resistance, weldability, high processability in pressure processing,
which is why they are extremely popular in many industries, especially in transport engineering
(shipbuilding, automotive, etc.) [1-3]. The main mechanisms for hardening the alloys of this
system are solid solution hardening and cold deformation. The first mechanism is realized by
introducing magnesium into a solid solution, the maximum content of which in these alloys is
about 6.5% (wt.). The main disadvantages of the second type of hardening are: reduced ductility
(6 = 6-9%), reduced strength of the material in the welding zone and the inability to use it for
most deformed semi-finished products, except for sheets and plates. Thus, to increase the strength
characteristics, it is necessary to search for effective ways to create new alloys by introducing
rare-earth metals into their chemical composition. One of these metals is scandium. The addition
of scandium to Al-Mg alloys increases the ultimate tensile strength and yield strength. In this case,
the elongation to failure remains at a fairly high level. Numerous works have been devoted to
studies of the preparation, processing, and properties of alloys with different scandium contents [4—
31]. The authors explain the hardening of aluminum — magnesium alloys from the addition of
scandium by the result of the formation of a subgrain structure in the alloys and the course of
dispersion hardening due to the high degree of dispersion and distribution density in the matrix of
the solid solution of thermally stable Al;Sc particles [4-9, 20, 25, 28]. Scandium also effectively
prevents recrystallization, which makes it possible to produce all types of sheet metal, including
thin cold-rolled sheets with a high degree of total reduction during cold rolling and a completely
unrecrystallized structure after technological heating [10-14]. An example of such alloys are
Russian aluminum alloys 1570 and 1580, in which the content of scandium is, respectively, 0.17-
0.27, and 0.05-0.14% (wt.). The technology for producing flat products from these alloys is
described in [32-40]. However, with the positive effect of scandium on increasing strength, the
high cost of this metal limits the widespread use of these alloys. Therefore, it is of interest to
study the properties of alloy 1580, in which the content of scandium will be below the boundary
regulated by the standard for its chemical composition, and therefore the alloy itself will therefore
become cheaper. In addition, increasing the strength properties of the alloy will reduce the mass of
parts made from it, which will also make it possible to improve economic performance from its use
in new designs. In this work, the addition of scandium in alloy 1580 was 0.03% (wt.), and to
compensate for the decrease in the content of scandium, 0.1% (wt.) zirconium was added to the
alloy. Further this alloy will be called the experimental alloy 1580.

Therefore, the aim of the work was to study the casting modes of ingots, the
manufacturability of their rolling, as well as the structure and properties of flat products obtained
from experimental 1580 alloy.

To achieve this goal, the following tasks were solved:

- development of modes of semi-continuous casting of an experimental alloy 1580 with a reduced
content of scandium to 0.03% (wt.);

- evaluation of the processability of processing an ingot of prototype 1580 alloy during hot and cold
rolling;

- study of the influence of annealing modes on the structure and mechanical properties of cold-
rolled products from the experimental alloy 1580;

- comparison of the mechanical properties of deformed semi-finished products from the
experimental alloy 1580 with the properties of the alloy 5083 which is an analogue of alloy 1580,
but not containing scandium.

2 Method of carrying out research



Research on the development of the regimes for producing ingots from prototype 1580 alloy
was carried out at the semi-continuous casting unit (SCCU) of the laboratory Department of
Foundry production of the Siberian Federal University (Russia, Krasnoyarsk). SCCU was created
with the support of RUSAL Bratsk in the framework of the implementation of the Decree of the
Government of the Russian Federation No. 218 on the creation of high-tech industries under an
agreement with the Ministry of Science and Higher Education (Agreement No. 03.G25.31.0265 on
the theme “Development of economically alloyed high-strength Al-Sc alloys for use in road
transport and navigation”).

The purpose of the SCCU was to develop technologies for the preparation and casting of
ingots from aluminum alloys, including experimental ones. The casting conditions at this
installation in their parameters must correspond to the conditions of industrial casting of billets
intended for hot and cold rolling in production conditions. The general view of the installation is
shown in Fig. 1.
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Fig. 1. Semi-continuous casting laboratory unit: 1 — induction furnace; 2 — tray system; 3 — mixer;
4 — unit for filtering liquid metal; 8 —slip mold; 6 — control system; 7 — heating tray lids for liquid
metal

SCCU consists of an induction furnace 1, a system of trays 2 for liquid metal, a rotary
electric mixer 3, a unit for filtering liquid metal 4, a vertical casting machine with a slip mold 5, a
control system 6, and heating tray lids for liquid metal 7.

The unit has the following specifications:

- the maximum temperature in the induction furnace brand IAT-0.16 is 1400 °C;
- maximum mixer capacity for aluminum 110 kg;
- maximum melt temperature in the mixer 900 °C;
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The installation is universal and designed for the production of flat ingots of rectangular
cross section with dimensions of 60200 mm and 86x180 mm, as well as ingots of cylindrical
shape with section diameters of 190 and 60 mm. The length of cast ingots is up to 1.2 m.

To solve the problems posed in this work, 60x200 mm rectangular ingots were cast on
SCCU from experimental alloy 1580 and alloy 5083, which is an analogue of alloy 1580 but not
containing scandium. The chemical composition of the alloys is given in Table 1.

Table 1 — The chemical composition of the experimental alloys, % (wt.)

Alloys Si Fe Mn Mg Cr Ti Zr Sc \% Al
1580 0.08 0.16 0.5 5.3 0.15 0.02 0.10 0.03 0.01 Basis
5083 0.045 0.17 0.6 4.5 0.15 - - - - Basis

For the preparation of alloys aluminum grade A85 were used, as well as alloying and
modifying additives, the characteristics of which are given in Table 2.

Table 2 — The chemical composition of ligatures and other alloying additives, % (wt.)

. The content of elements, % (wt.) Other elements
Ligature Si Fe Mn Sc Zr Vv Cr Ti B Each Amount
mark no more | no more
AlMnl10 (A) | 0.3 0.4 | 9.0-11.0 - - - - 0.03| - 0.04 0.1
AICr10 0.2 0.3 0.05 - - ) iC;.lo(-) 0.03| - 0.04 0.1
AlSc2 (A) 0.05 | 0.05 0,01 1.7-2.3 - - - - - 0.04 0.1
AlZr10(A) 0.2 0.3 0.05 - f'lo(') i - - - 0.04 0.1
. - 45- | 0.9-
Al-Ti5-B1 0.2 0.3 - - - - ce | 11 0.04 0.1
Al-Fe20 0.3 | 18-20 0.2 - - - - - - - 0.1
Al-V5 03 | 04 | o015 ; ; ‘g% ; S - 0.04 01
Mr90 0.009 | 0.04 0.03 - - - - - - 0.01 0.1
Kp00 994 | 04 - - - - - - - - 1.0

The calculation of the amount of alloying additives was carried out according to the
computer program developed by the authors, into which the initial data on the mass of the obtained
alloy (kg) and its chemical composition (%), as well as on the composition of the starting metal,
alloying and modifying additives (%) were introduced. As a result of the calculation, the necessary
amount of charge materials (kg) was obtained to prepare the required volume of alloy with a given
chemical composition.

In this work, the amount of alloy per melt was 60+0.1 kg. The estimated amount of
aluminum was melted in an induction furnace IAT-0.16. During the preparation of the alloy,
alloying additives were successively introduced into liquid aluminum at a certain temperature and
dissolution time. The concentration of the main and impurity elements was determined on a
Foundry master lab optical emission spectrometer.

The temperature in the induction furnace was 850+10 °C, and after the melt overflow into
the mixer, it dropped to 700-710 °C, after which the metal entered the slip mold. Ingots from two
experimental alloys were obtained at the same temperature and speed casting parameters, after
which the bottom and gate parts (100 mm each) were cut off.

Preparation of ingots from prototype alloy 1580 and alloy 5083 for rolling included
milling up to dimensions 40x100x145 mm (Fig. 2) and two-stage annealing at a temperature of
350 °C for 3 hours (first stage) and at a temperature of 425 °C for 4 hours (second stage), which
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was carried out in a furnace PP 20/65, providing uniform heating of the ingots, due to the
horizontal circulation of the internal atmosphere.

Hot rolling was carried out in the laboratory of the Department of Metal Forming of the
Siberian Federal University on a two-roll hot rolling mill with a roll diameter of 330 mm and a
barrel length of 520 mm at a temperature of 450 °C to a thickness of 5 mm, which corresponded
to a total reduction of 88%. Single reduction during rolling was 2-5%. In order to avoid cooling
the ingots below a temperature of 390 °C, after every two passes, the ingots were heated to a
temperature of 450 °C.

For cold rolling, a two-roll sheet rolling mill with a roll diameter of 200 mm and a barrel
length of 400 mm of the LS 400 AUTO brand from “Mario Di Maio” was used. Hot-rolled strips
were rolled to a thickness of 3 mm with single reductions from 2 to 5%.

It should be noted that during hot rolling and especially cold rolling, due to limitations
imposed by the power capabilities of the laboratory rolling mill, the authors could not apply the
maximum possible degrees of deformation for these alloys, but limited to single reductions of 2—
5%. But at the same time, which is especially important when comparing properties for two alloys,
the same rolling conditions were observed.

Fig. 2. Ingot for rolling

Samples for testing tensile mechanical properties according to State Standard 1497-84
were made from cold-rolled strips, which were carried out on a universal testing machine
Walter+Bai AG LFM 400 kN (Walter+Bai AG, Switzerland). Cutting of samples was carried out
across the rolling direction. Before testing, the samples were annealed at temperatures of 250,
275, 300, and 350 °C. In all cases, the shutter speed was 3 hours. In tests on one point, 3 samples
were taken. The test results were subjected to statistical processing. Microstructure studies were
performed using an Observer light microscope Alm and a Carl Zeiss EVO 50 electron
microscope. The microstructure of the sheets in the annealed state after deposition of the oxide
film was studied using polarized light. The fine structure of the alloys was investigated using a
Technai 30 G2 transmission electron microscope at an accelerating voltage of 300 kV.

3 Results and discussion

When studying the effect of annealing temperature on the properties of cold-rolled sheets,
the authors set a goal to quantitatively determine the effect of scandium additives on the properties
of experimental alloy 1580, comparing it with alloy 5083, which this element does not contain.
Moreover, it was known in advance that the strength properties of the 5083 alloy will decrease with
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increasing annealing temperature, and the ductility of the alloy will increase. This character of the
effect of increasing the annealing temperature on the properties of the 5083 alloy is known to be
explained by the occurrence and then acceleration of recrystallization processes. In the experimental
alloy 1580, scandium aluminide particles should slow down the onset and development of
recrystallization to a certain temperature, and, therefore, should prevent the decrease in strength
properties. The results of testing the mechanical properties of sheet metal from the experimental
alloy 1580 and alloy 5083 are presented in Fig. 3. From the graphs it follows that with an increase
in the annealing temperature in the range from 250 to 350 °C, the tensile strength of the cold-rolled
strips of 3 mm thick from the experimental alloy 1580 gradually decreases from 385 to 365 MPa. At
the same time, a decrease in strength is also observed for alloy 5083, but at a lower level from 345
to 320 MPa. The same tendency to decrease depending on the increase in the annealing temperature
is observed for strips from the studied alloys and for the conditional yield strength of the metal R,
However, in the entire annealing temperature range, this parameter in the experimental alloy 1580
exceeds the value R, for the 5083 alloy by 35-40 MPa, or by approximately 14-17%, and the
elongation to failure of both alloys was close throughout the annealing temperature range.

In order to identify the causes of the difference in the mechanical properties of sheet metal
from experimental alloy 1580 and alloy 5083, a study of the structure using polarized light was
carried out, confirming that even small additives of scandium increase the temperature of the onset
of recrystallization of experimental alloy 1580. The content in it has the same effect 0.1% of
zirconium. Therefore, after annealing at a temperature of 250 °C, the microstructure of the cold-
rolled strips from the experimental alloy 1580 corresponds to the unrecrystallized state and
represents fibers elongated along the rolling direction (Fig. 4a). In the 5083 alloy, which does not
contain Sc and Zr, after the same annealing regime, the onset of primary recrystallization is
observed and single grains are revealed in the structure (Fig. 4b).
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Fig. 3. The dependence of the mechanical properties of cold-rolled strips of a thickness of 3
mm from experimental alloys 1580 and 5083 on the annealing temperature
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Fig. 4. Microstructure of cold-rolled strips after annealing at various temperatures:
a, b — temperature 250 °C; c, d — temperature 350 °C; a, ¢ — alloy 1580; b, d — alloy 5083

A further increase in the annealing temperature promotes the formation of new recrystallized
grains in the deformed semi-finished products. Therefore, if at the annealing temperature of 275 °C
only single recrystallized grains are formed in the strips of the experimental alloy 1580, then in the
strips of the 5083 alloy it is already possible to observe the further development of recrystallization
in the form of recrystallized grains occupying separate volumes of the fibrous structure.

Annealing at temperatures of 300 °C and 350 °C in the strips of the experimental alloy 1580
leads to an increase in the number of new recrystallized grains in the fiber volumes (Fig. 4c). In
sheets of alloy 5083 annealed at 350 °C, primary recrystallization proceeds in almost the entire
volume of the metal, with the exception of single regions (Fig. 4d).

The method of diffraction transmission electron microscopy showed that upon annealing of
the ingot from the experimental alloy 1580, the supersaturated solid solution decomposes into
scandium and zirconium with the release of spherical Al3(Sc, Zr) particles with a size of about 30
um. Upon deformation and subsequent annealing of the strips from the experimental alloy 1580, a
subgrain structure with separate sections of recrystallized grains mainly forms (Fig. 5a, b), which
confirms the results of studies obtained by light microscopy.



a

Fig. 5. Fine structure of a strip of alloy 1580 after annealing at a temperature of 275 °C for 3
hours: a, b — bright field; ¢, d — dark field with the distribution of particles (bright dots) of the
phases Alz(Sc, Zr)

Inclusions of the Als(Sc, Zr) phase are presented in Fig. 5¢, d (in the form of bright dots), as
single particles in parts of a matrix with a grain structure, or as line-by-line precipitates of particles
along the longitudinal boundaries of subgrains, and also as regions in a matrix with a homogeneous
phase distribution. The selection of these particles provides dispersion hardening of the
experimental alloy 1580.

4 Conclusions

Based on the research results, the following conclusions can be drawn.

1. The modes for producing ingots from the experimental alloy 1580 with a low content of
scandium in laboratory conditions of the Department of Foundry production of the Siberian Federal
University on a semi-continuous casting unit were developed and implemented.

2. The parameters of hot and cold rolling of ingots from the experimental alloy 1580 were
investigated in the laboratory conditions of the Department of Metal Forming of the Siberian
Federal University.

3. It is shown that with annealing temperature increase in the range from 250 to 350 °C, the
strength properties (Rn and R,) of cold-rolled strips from the experimental alloy 1580 are higher
than that of the alloy 5083 by 14-17% at close values of the elongation to failure (A).

4. An analysis of the micro- and fine structure of the metal showed that an increase in the
strength properties of cold-rolled and annealed strips of the experimental alloy 1580, compared with
alloy 5083, is a consequence of the scandium content in 1580 alloy in the amount of 0.03% (wt.),
which leads to an increase in the recrystallization temperature of this alloy, preservation of the
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subgrain structure in sheet metal from it after annealing, and dispersion hardening caused by
precipitation of Als(Sc, Zr) phase particles during decomposition of the solid solution.

5. Sheet semi-finished products from a prototype aluminum alloy 1580 can be recommended
for use in shipbuilding and automotive industry as parts obtained by sheet stamping, as well as for
the manufacture of containers for storing liquids, etc.
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