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The structure and properties of an industrial large-size ingot of alloy 1580, obtained by semi-continuous casting, have
been studied. Evidence has been presented which indicates that the ingot exhibits a fine crystalline structure and is
devoid of primary intermetallides AI3(Sc, Zr). The phase composition of the ingot subsequent to annealing has been
ascertained. The present study investigates the modes of hot and cold rolling of the ingot to obtain 1 mm thick sheets.
The structure of the resulting sheets, after undergoing the process of annealing, has been shown to represent elon-
gated fibres of grains. These are characterised by the presence of dispersed inclusions of excess phases along their
boundaries. It has been established that, upon subjecting sheets to annealing temperatures of 225, 250 and 275 °C, a
fibrous structure is observed in the absence of any indications of recrystallisation. However, at an annealing temperature
of 300 °C, the presence of single recrystallized grains is detected within the structure. Furthermore, at an annealing
temperature of 350 °C, the formation of a recrystallized structure is promoted throughout the volume of the sheet. The
graphs presented herein illustrate the dependence of the mechanical properties of annealed cold-rolled sheets on the
annealing temperature. The investigation revealed that the plasticity resource of hot-rolled sheets from alloy 1580 is
approximately 80% when subjected to cold rolling.
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Introduction

lloys of the Al — Mg (magnalium) system are uti-

lised in the fabrication of various deformable semi-

inished products; however, due to their weldability
and corrosion resistance, these alloys are predominantly
demanded in the form of flat rolled products of various
thicknesses [1]. Al — Mg alloys are distinguished by their
high processability in pressure treatment; however, the
inability of these alloys to harden during heat treatment
represents the primary impediment to their broader dis-
semination [2].

As demonstrated in numerous studies [3—8], enhan-
cing the strength characteristics of Al — Mg alloys,
in addition to cold deformation, can be accomplished
through the incorporation of small quantities of transition
metals, particularly scandium. It is therefore worthwhile
investigating the influence of this element on the struc-
ture and properties of Al — Mg alloys. This is due to the
similarity between the crystal lattice structure of alumin-
ium solid solution and Al;Sc particles. These alloys re-
tain an uncrystallised structure after hot deformation and
subsequent annealing [9—11]. The augmentation of the

strength of Al — Mg alloys, consequent to the incorpora-
tion of scandium, has facilitated the creation of numerous
industrial aluminium alloys based on the systems Al — Mg
(01570, 01571, 1545, 1535, 1523, 1515), Al — Zn — Mg
(1970, 1975), Al — Mg — Li (1421, 1424), and Al — Cu —
Li (1460, 1464). These alloys have been incorporated into
GOST 4784-2019, and their properties are delineated in
the following sources [12—19].

The proliferation of alloys comprising scandium is im-
peded by several factors, the predominant one being the
high cost of scandium. It is therefore essential that any
augmentation in the production and use of Al — Mg alloys
with scandium should be aimed at minimising the con-
tent of this element in the alloys, preferably within their
standard chemical composition. One potential method of
achieving this would be to explore the possibility of replac-
ing it with other transition metals, while maintaining the
required level of their properties.

It has been established that the primary factor influ-
encing the enhancement of the strength of Al — Mg alloys
is the initial minor addition of scandium. Consequently,
the effective alloying of alloys with minimal additions
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of this element is feasible. In their study, Zakharov et al.
proposed a partial replacement of scandium by zirconium
in Al — Mg and Al — Zn — Mg alloys [20]. The experi-
mental basis for this proposal is presented in [21], which
confirms the favourable effect of zirconium on the pro-
cessability of Al — Mg alloys in metallurgical production.
In [22], the authors established the scientific and metal-
lurgical foundations for the development of aluminium
alloys that are sparingly alloyed with scandium. They also
provided recommendations on the partial replacement of
scandium in the hardening phase Al;Sc with another metal
that facilitates the formation of a hardening phase, such
as Al;(Sc, _ Me,), which retains the crystal lattice L1, of
the Al;Sc phase and all its beneficial properties. The paper
also demonstrates the expediency of utilising complex al-
loying with transition and rare-earth metals, which form
phases such as Al;(Sc, _ y—o Me,,, Mezy, Me3z) with
the L1, lattice and contribute to the formation of a com-
plex supersaturated solid solution. In this instance, the
metals that are to be substituted for scandium must satisfy
two criteria. Firstly, they must exhibit sufficient solubility
in the Al;Sc phase. Secondly, they must demonstrate at
least a minor degree of solubility in aluminium.

In [23-30], the results of the study are presented.
These results demonstrate that partial replacement of
scandium in Al — Mg alloys by erbium and ytterbium ad-
ditives provides effective modification of the cast struc-
ture of this system of aluminium alloys. Furthermore, the
study shows that this replacement reduces the alloys’ ten-
dency to unhardening due to the release of dispersed par-
ticles Al;(Er,Zr) during annealing. Furthermore, the fact
that the cost of erbium today, according to source [31], is
approximately 10 times lower than the cost of scandium
and 14 times lower than that of ytterbium, confirms the
feasibility of partial replacement of scandium in Al — Mg
alloys by these metals.

Inorderto reduce the scandium content, alloy 1580 was
developed. This alloy contains 0.05—0.14% (wt.) of scan-
dium, which is 2-3 times lower than alloy 01570. However,
the strength properties of the two alloys are approximately
equivalent. Moreover, the reserve for reducing the cost of
alloy 1580 is to minimise the content of scandium within
the alloy grade. The rheology of alloy 1580 is presented in
[32], which also provides experimental and analytical data
for predicting the temperature-velocity mode of deforma-
tion of this alloy, which is necessary for modelling plastic
deformation processes. It is evident that a promising av-
enue for reducing the production cost of flat-rolled mag-
nalium products with scandium addition is to augment the
mass of the produced ingots by increasing their thickness
to the greatest extent possible. In accordance with the pro-
visions stipulated in GOST 9498—2019, the thickness of
Russian ingots composed of aluminium alloys is subject to
a maximum limit of 600 mm [33]. Concurrently, it should
be noted that not all Russian enterprises possess the requi-
site equipment to cast and roll ingots of maximum thick-
ness. For instance, ingots of this nature can be cast at a
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number of metallurgical enterprises under the ownership
of UC RUSAL [34].

The contemporary utilisation of aluminium alloys
in the context of rolling technology is predicated on the
employment of large-sized ingots, which are produced
through the process of semi-continuous casting in an
electromagnetic crystallizer tank. This approach ensures
optimal productivity, process stability, and the quality of
the resulting flat rolled products. Presently, Russian enter-
prises primarily utilise ingots with a thickness not exceed-
ing 300 mm when manufacturing semi-finished products
from aluminium alloys. It is economically advantageous
to maximise the thickness of ingots, taking into account
the capabilities of the foundry and rolling equipment at
a specific enterprise. Scientists of the Siberian Federal
University (SFU) and employees of UC RUSAL have
developed and proposed regimes for the production and
processing of Alloy 1580 large-sized ingots with a thick-
ness of 600 mm. These regimes ensure the production of
defect-free rolled semi-finished products [35, 36]. The
utilisation of ingots with a maximum thickness renders the
fabrication of alloy 1580 semi-finished products a more
cost-effective endeavour. However, it should be noted that
this undertaking necessitates the possession of the appro-
priate power characteristics by rolling mills.

In works [36, 37], rolling modes and properties of
cold-rolled industrial sheets made of alloy 1580 with a
thickness of 3 mm, obtained from large-sized ingots, were
studied. Concurrently, the plasticity of the material during
the cold rolling process has not been the subject of study in
these works. The rationale behind this can be found in the
enterprise’s mandate to restrict its thickness to this specif-
ic dimension. The procurement of a sheet semi-finished
product of reduced thickness necessitates comprehensive
research, encompassing not only the analysis of rolling
modes, but also the entire technological chain. This re-
search initiative must commence with a thorough exami-
nation of the ingot structure, culminating in the investiga-
tion of the structure and properties of the thin product.
Furthermore, it is imperative to assess the influence of
annealing modes on the properties of the product. The
objective of the present study was to examine the structure
and processability of a large-sized industrial ingot com-
posed of alloy 1580 during the rolling process.

In order to achieve the goal, the following tasks were
solved in the work:

— study of the structure of a large-size ingot made of
alloy 1580;

— determination of alloy 1580 deformability resource
during cold rolling;

— study of the structure and properties of thin sheets
after annealing.

Materials and methods

A large-sized industrial ingot with a cross-section of
2100x600 mm (Fig. 1) was selected for the study. The che-
mical composition of the ingot under scrutiny is notable for
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Fig. 1.

Table
Chemical composition of industrial ingot made of alloy 1580

Large-sized industrial ingot made of alloy 1580 (photo by authors)

Elements, wt.%

————m———-—
0.11 0.20 0.16 0.50 0.12 0.08

its scandium content, which is recorded as 0.06% (wt.).
This figure approaches the lower limit of the content of
this element in the alloy grade, as indicated in Table.

The ingot structure was the subject of detailed inves-
tigation in both the cast and annealed states. This inves-
tigation utilised a range of analytical techniques, includ-
ing light and scanning electron microscopy, as well as
micro- X-ray diffraction analysis (XRD). The microstruc-
ture of the samples was examined using an Axio Observer
light microscope (model Alm). In order to ascertain the
quantitative parameters of the structure by means of the
method of random sections (GOST 21073.3—75), the
samples were oxidised and observed in polarised light.
The following composition was utilised in the oxidation
process: The required volumes of H,O and HF are 1000ml
and 15 ml respectively, with a total of 5.5 g of H;BO; also
required. The elemental composition of the phases was
determined by means of the MRSA method in reflected
electron mode, utilising an Energy 250 dispersive spec-
trometer and an EVO 50 scanning electron microscope.

The deformability of the alloy during the rolling pro-
cess was investigated within the laboratory conditions of
SFU. The initial material was a template that had been cut

0.020 0.08 0.06 Rest

from an ingot, with the dimensions of all faces determined
after milling. These dimensions were as follows: a cross-
section measuring 25 by 150 millimetres, and a length of
250 millimetres.

The process of hot rolling was conducted on the mill
DUO 330, with the thickness of the material being reduced
up to 5 mm, with the crimping degree ranging from 5%
to 10% across each pass. The billet heating temperature
for rolling was 450 °C. The rolling process was conducted
using billet heating for 20 minutes in an electric resistance
furnace of the SNO-3,6.2/1012 type, for every three pass-
es. The process of cold rolling was conducted on an MDM
ARIETE LS 400x240 rolling mill, with a compression
ratio ranging from 10 to 14% per pass. Tensile mechani-
cal properties of the cut-out samples of cold-rolled strips
were tested in accordance with the standard GOST 1497-
84. The testing was conducted using a universal testing
machine, the Walter+Bai AGLFM 400 kN. Prior to the
execution of the experiments, the samples were subjected
to annealing procedures at temperatures of 225, 250, 275,
275, 300, 325 and 350 °C for a duration of three hours.
In order to ensure the robustness of the findings, a total
of seven specimens were collected from each designated
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point. Subsequent to this, the test results were subjected to
statistical analysis, with a confidence level of 0.95.

Results and discossion

Research has demonstrated that the cast structure of
alloy 1580 is distinguished by the occurrence of dendrit-
ic liquation of alloying elements along the dendritic cell

MATERIALS SCIENCE

cross-section. Furthermore, the formation of non-equi-
librium phases manifests through the presence of light in-
clusions of irregularly shaped B(Al;Mgs) phase and dark
inclusions of skeleton-shaped Mg,Si phase. These phases
are located along the grain boundaries and dendritic cells.
The alloying of Mn alloy in the presence of Fe impurity
has been shown to promote the formation of additional

All results, wt. %

Spectrum | Mg | Al Si | Mn [ Fe
Spectrum 1 76.47 23.53
Spectrum 2 69.22 12.25] 18.54
Spectrum 4 77.91 22.09
Spectrum 5| 41.60 | 27.54 | 30.87
Spectrum 6 73.71 26.29
Spectrum 7| 5.97 | 94.03
Spectrum 8| 35,14 | 25.29 [ 24.06 [ 0.00

All results, wt. %

Spectrum Al Si Mn | Fe
Spectrum 1| 2,87 [80.52| 0.00 | 4.42 | 12.20
Spectrum 2| 4,15 | 64.61 | 5.83 | 13.04| 12.37
Spectrum 3| 24,32 | 28.95 | 26.86( 0.00 | 0.00
Spectrum 4| 2,19 | 71.87 | 0.00 | 5.89 | 20.04
Spectrum 5| 2,94 |65.51| 0.00 | 7.31 | 24.24
Spectrum 6| 4,15 | 95.85| 0.00 | 0.00 | 0.00
Spectrum 7| 0.00 | 70.73 | 0.00 | 9.28 | 19.99

All results, wt. %
Spectrum | Mg | Al Si Mn Fe

Spectrum 1] 0.00 | 68.05 | 4.78 | 11.37| 15.81

Spectrum 2| 0.00 | 73.71 | 0.00 [ 0.00 | 26.29

Spectrum 3] 0.00 | 72.11 | 0.00 | 12.27 | 15.62

Spectrum 4] 0.00 | 72.32 | 0.00 | 8.16 | 19.52

Spectrum 5] 0.00 | 75.89 | 0.00 | 7.39 | 16.72

Spectrum 6 5.70 | 94.30] 0.00 | 0.00 | 0.00

€ TFig. 3. Electronic images of different sections of the 1580 alloy ingot

and MRSA results of the alloy in the cast state
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phases of crystallization origin, including inclusions of
branched form Al(Fe, Mn)¢ and a small number of skele-
ton-shaped phases Al ;(Fe, Mn),Si,. The presence of the
Al,,(Mg, Mn) phase within the cast structure was found
to be negligible, manifesting as polyhedrons, as illustrated
in Fig. 2.

The elemental composition of the phases detected by
the MRSA method was found to be in accordance with the
electronic images of the ingot structure, thereby confirm-
ing the microstructure obtained by means of a light micro-
scope. The microstructure in the reflected electron mode
is characterised by the presence of aluminium solid solu-
tion and primary crystals of excess phases. These phases
exhibit a range of contrast and variations in the shape of
plates, polyhedrons, and irregularly shaped particles. As
demonstrated in Fig. 3, an analysis of the cast structure in-
dicates that the plate-shaped phase particles contain alu-
minium (Al) and iron (Fe). This finding corresponds
to spectrum 1, 4, and 6, and the composition of the
phase particles is confirmed to be Al Fe. As illustrated in
Fig. 3, b, the presence of light inclusions of lamellar shape
containing Al, Fe, and Mn was observed along the boun-
daries of dendritic cells. These inclusions are designated
as spectrum 1, 4, and 5, and their assumed composition is
Alg(Fe, Mn). Furthermore, dark skeleton-shaped inclu-
sions corresponding to the Mg, Si phase were also detected
in the same region, as illustrated in Fig. 3, a (spectrum 5)
and 3, b (spectrum 3). Along the grain boundaries, there
are irregularly shaped inclusions containing Al, Fe, Si, and
Mn, with the assumed composition Al,s(Fe, Mn),Si,, as

Spectrum 1

i &
§ Spectrum 5

‘-’I,is «

\NJ'

Fig. 4.

MATERIALS SCIENCE

illustrated in Fig. 3, ¢ (spectrum 1). Further investigations
of the alloy microstructure were conducted following two-
stage annealing in accordance with the following regime:

— First stage: heating to 350 °C for 3 hours, then hea-
ting to 425 °C for 1 hour

— Second stage: holding at 425 °C for 4 hours.

The microstructure of the alloy after annealing is
shown in Fig. 4.

It was determined that the non-equilibrium crystal-
lization was eliminated as a consequence of the dissolu-
tion of non-equilibrium phases. This comprised the com-
plete dissolution of the B(AlgMgs) phase and the partial
dissolution of the Mg,Si phase. Furthermore, an align-
ment of the chemical composition was observed along
the dendritic cell and grain cross-section. In the structure
of annealed alloys, the size and shape of iron-containing
phases (Al,s(Fe, Mn),Si,, AlgFe, Alj(Fe, Mn)) remain
unchanged.

The elemental composition of the phases (Fig. 4, a, b)
was determined by the MRSA method, revealing their as-
sumed stoichiometric composition. The particles of the
phase are lamellar in shape and contain Al and Fe, as illus-
trated in Fig. 4, a (spectrum 4, 5, 6) and 4, b (spectrum 5,
6). The inferred phase composition corresponds to AlcFe.
The presence of plate-shaped light inclusions containing
Al, Fe, and Mn has been observed along the grain bounda-
ries, Fig. 4, a, (spectrum 4); Fig. 4, b (spectrum 2, 3, 7);
Fig. 4, a (spectrum 4); Fig. 4, b (spectrum 2, 3, 6). These
inclusions correspond to the composition of the phase
Al¢(Fe, Mn).

All results, wt. %

Spectrum | Mg | Al Si Mn | Fe
Spectrum 1| 4,11 |92.37| 3.51 | 0.00 | 0.00
Spectrum 2 | 23.40 | 50.71 | 25.89| 0.00 | 0.00
Spectrum 3| 0.00 | 69.44| 5.01 | 9.47 | 16.08
Spectrum 4| 0,00 | 70.21| 0.00 | 11.40 | 18.39
Spectrum 5| 11.68 | 77.25| 11.07| 0.00 | 0.00
Spectrum 6 | 4.72 [95.28 | 0.00 | 0.00 | 0.00
All results, wt. %

Spectrum | Mg | Al Si | Mn Fe
Spectrum 1| 4.99 [ 95.01 [ 0.00| 0.00 | 0.00
Spectrum 2 | 0.00 | 69.73 | 0.00 | 13.37 | 16.90
Spectrum 3| 0,00 | 79.29 | 0.00 | 9.72 | 10.99
Spectrum 4 | 0.00 | 79.72 | 0.00 | 0.00 | 20.28
Spectrum 5 | 0,00 | 85.85 | 0.00 | 0.00 | 14.15
Spectrum 6 | 0,00 | 77.20 | 0.00 | 0.00 | 22.80
Spectrum 7 | 0.00 | 71.01 | 0.00 | 10.50 | 18.50

Electronic image and MRSA results of 1580 alloy ingot in the annealed state
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The results of the plasticity resource determination of
alloy 1580 hot-rolled sheet, with a thickness of 5 mm, in
the process of cold rolling demonstrated the capacity of
the alloy in this state to deform without fracture up to 1
mm, which corresponds to the total compression of 80%.

The microstructure of cold-rolled sheets following an-
nealing is characterised by the presence of grain fibres, the

Fig. 5. Microstructure of 1 mm thick cold rolled alloy 1580 sheets in polarised light, annealed

at temperatures °C:
a—225; b—250; ¢ — 275; d— 300; e — 325; f— 350

Gy, MPa
290

270 -

250

230 -

210

190

170 L 1 1 1 1
225 250 275 300 325 350
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boundaries of which exhibit inclusions of excess phases
that are formed during the process of crystallisation. The
deformation undergone by 1 mm-thick sheets during the
rolling process was instrumental in ensuring the segrega-
tion banding of the structural, while the inclusions of ex-
cess phases underwent crushing and adopted a predomi-
nantly compact, lamellar configuration.

To reveal recrystallisation processes,
microstructural analysis of annealed
cold-rolled sheets was carried out in po-
larised light.

The structure of the sheets in pola-
rised light after annealing is shown in
Fig. 5. The analysis demonstrated that,
in the sheets which had been subjected to
annealing at temperatures of 225, 250 and
275 °C, a fibrous structure was observed,
devoid of any indications of recrystallisa-
tion processes. It is evident that recrys-
tallisation processes commence at an an-
nealing temperature of 300 °C, resulting
in the presence of single recrystallized
grains within the structure of the sheets.
Increasing the annealing temperature
to 325 °C resulted in the formation of
areas of recrystallized grains in indivi-
dual fibres, and the annealing tempera-
ture of 350 °C promoted the formation
of recrystallized structure throughout
the entire volume of the sheet. The di-
mensions of the recrystallized grains
were constrained by the fibre width,
with a size range of 10—20 um.

The results of the mechanical proper-
ties testing of cold-rolled semi-finished
products with thicknesses of 1 and 3 mm
are presented in Fig. 6 (for comparison,
data for 3 mm thick sheets from alloys
1580 and 5083, as referenced in source
[38], are included in the graphs). It is im-
portant to acknowledge that alloy 5083 is

5, %
21

19

13} 2 1

11

225 250 275 300 325 350
Annealing temperature, °C

Fig. 6. Graphs of dependence of mechanical properties of cold-rolled sheets on annealing temperature:
1 — alloy 1580 (I mm); 2— alloy 1580 (3 mm); 3 — alloy 5083 (3 mm)
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analogous to alloy 1580, with the exception of the pres-
ence of scandium.

An analysis of the mechanical properties showed that
the maximum values of the conditional yield strength of a
3 mm thick sheet correspond to annealing temperatures
from 225 to 250 °C. On the contrary, for a 1 mm thick
sheet, the maximum of this parameter shifts to a tempera-
ture of 275 °C.

Conclusion

Research has demonstrated that the structure of cold-
rolled sheets following annealing is characterised by the
presence of elongated fibres of grains. These fibres are
oriented along the boundaries of dispersed inclusions
of excess phases, which are formed as a consequence of
eutectic crystallisation. It has been established that in
the sheets which have undergone annealing at tempera-
tures of 225, 250 and 275°C, the presence of a fibrous
structure is observed, devoid of any indications of re-
crystallisation. Conversely, at an annealing temperature
of 300 °C, single recrystallised grains are present in the
structure of the sheets. Furthermore, at an annealing
temperature of 350 °C, the formation of a recrystallised
structure is promoted, extending throughout the major-
ity of the sheet’s volume. The dimensions of the recrys-
tallised grains are constrained by the fibre width, ranging
from 10 to 20 microns. The findings demonstrate that
the plasticity resource of hot-rolled sheets made of alloy
1580 is approximately 80% at cold rolling.

“The study was supported by the Russian Science
Foundation (project Ne 25-19-20133, https.//rscf.ru/project/
25-19-20133/), and the Krasnoyarsk Regional Science
Foundation”.
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