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The amount of scrapped structures and components made of aluminum alloys is constantly growing along with the
increase in the demand for the use of aluminum alloys in various industrial sectors. Uzbekistan has been showing a
trend of developing industrial production at a pace typically observed in highly developed countries. In Uzbekistan,
the aluminum alloys are used for widespread applications in construction, engineering, energy, chemistry and
chemical technology, etc. Due to lack of primary aluminium production facilities in the country, there is a need for the
collection and deep processing of the scrapped parts that have fulfilled their useful life. This practice is well imple-
mented and working well for the collection of parts from Al — Si based alloys, also called silumins. The composition,
structure and properties of many secondary silumins, which have found application in mechanical engineering, have
been developed and improved. For alloys of the Al — Si system, most of research activities focused on property
improvement through microalloying as well as improvements in the casting technology and heat treatments. However,
it is too early to talk about a systematic approach to improving the operational properties of silumins. This also fully
applies to alloys of other systems based on aluminum, for example, Al — Mg alloys, also called magnalias. For
Uzbekistan, this is very important, since, as analysis shows, the aluminum alloys of 6XXX family are predominantly
used for the construction and building structures. After the development of the first secondary wrought alloy of alu-
minum with the main alloying element with magnesium, many works were published with the results on improving the
composition, structure, properties, processing technologies of secondary magnesia. The published works are
notable for the inconsistency of the authors’ positions on microalloying systems and the thermal treatment of second-
ary magnalias. Regarding silumins, all the results are experimental, there is no systematic approach to the develop-
ment of new and improvement of the properties of existing alloys from scrapped parts. Based on the experimental
results, the article proposes an attempt of a systematic approach to the choice of alloy composition, microalloying

systems, optimization of the composition of aluminum alloys for industry.
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Introduction

he research results obtained within the framework
of the state scientific and technical programs of
Uzbekistan allowed us to develop a scientifically
based approach to the creation of new aluminum alloys
with a high content of impurities as well as the preparation
technology which allows processing scrape metals more
effectively and increasing the metal utilization rate due to
the use of recycled scrap metal as a raw material. These are
parts and structures that have worked out their service life,
the main part of which is waste of window production,
aircraft construction, and automobile construction. The
analysis showed that parts from alloys of 5000 and 6000 se-
ries prevail among the waste. It is logical, first, to consider
the Al — Mg system to improve existing alloys and create
new ones, thereby expanding the field of application of
aluminum alloys with magnesium being the main alloying
element.
The increase in automobile production and launch-
ing a powertrain plant in Tashkent to produce engines
for local automobile production led to the fact that the

share of silumin scrap began to increase in the volume of
non-ferrous scrap metal. Therefore, multicomponent al-
loys based on the Al — Si system are also considered in
the work to develop a systematic approach and unify the
composition of industrial alloys developed by various sci-
entific schools.

The purpose of this work is to study the chemical com-
position of secondary magnalias and silumins in order to
optimize their composition and properties, organize the
processing of aluminum scrap metal for the needs of in-
dustrial enterprises of Uzbekistan in high-strength cast
aluminum alloys.

To achieve the goal, the following tasks were solved:

— the addition levels of alloying elements and impuri-
ties in magnalias were optimized;

— on the example of magnalias, the chemical and
phase compositions of aluminum alloys alloyed with some
rare-earth metals as well as scandium were experimentally
studied;

— based on a systematic approach, the composition of
industrial silumins has been optimized;
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— recommendations were developed for optimizing
the composition of high-strength cast aluminum alloys.

Materials and methods

In this work, aluminum of grades A7, AS, A0, scrap
and secondary alloy according to GOST (State Standart)
1583—73 was used for the manufacture of the model and
industrial alloys. Fusible elements were introduced in
pure form in foil. Elements with a high melting point were
introduced in the form of master alloys, for example,
Al —10% Mn, Al — 5% Fe, Al — 5% Be (all in wt.%). The
components of the charge were introduced into the mol-
ten metal at a temperature, °C: 730 (not higher) — small-
sized scrap parts; 740—750 — copper, at 700—740 — sili-
con, 700—740 — master alloys; zinc was introduced before
magnesium at the end of the melting process.

The melting temperature of cast aluminum alloys did
not exceed 800—830 °C.

When melting aluminum alloys containing magne-
sium, copper and manganese, the aluminum and silumin
were first added into the furnace followed by master alloys
and the remaining scrap parts.

Magnesium was introduced after
refining at 720—730 °C, after which
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the Thermo-Calc software product. To carry out calcu-
lations of the phase composition, phase fractions, and
solubility of elements in the structural components, the
TTALS database was used.

Results and discussion

Alloys of the Al — Mg system

The extensive research on the structure, mechani-
cal and casting properties of Al — Mg alloys containing
impurities has led to the development of compositions
of secondary alloys based on the Al — Mg system [1—4].
However, all alloys are developed experimentally, and no
systematic work is conducted that would allow developing
new alloys and improving the existing ones. This problem
can be solved using a software package that includes the
development of Thermo-Calc, which allows modelling
alloy compositions, calculating phase equilibria, building
poly- and isothermal sections, cross-sections of multi-
component metal systems [5].

Using the Thermo-Calc software, several three- and four-
component phase diagrams and their poly- and isother-
mal cross sections were constructed (examples in Fig. 1).
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Fig. 1.

Examples of multicomponent systems based on aluminum, their sections, built using the
Thermo-calc software:

a— Fe, Ni, 4% Mg, 2% Zn, isothermal cross section at 570 °C; b — Fe, Ni, 4% Mg, 2% Zn,
isothermal cross section at 460 °C; ¢ — 4% Mg, 2% Zn, 1% Ni, Fe, polythermic cross
section; d — Fe, Ni, 4% Mg, 2% Zn, projection liquidus
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Based on the analysis of phase equilibria, the concentration
range of the main alloying components, small additives, and
the boundary content of impurities was determined. The
choice of concentrations of chemical elements is based on
obtaining a favourable structure of alloys with a high content
of impurities. In this case, first, they considered the possi-
bility of neutralizing the most harmful impurities: iron and
silicon. It was necessary to find the possibility of modifying
the structure by changing the concentration of chemical el-
ements existing in the alloys. It did not matter whether the
chemical element in the alloy was in the form of an impu-
rity, a small additive, or the main alloying element. The main
point is that the element makes a change in the morphology
of the phases and their characteristics. The choice of mul-
ticomponent systems is, first, based on the composition of
alloys of the 5XXX and 6XXX series, as well as on the State
standard GOST (State Standart) 1639—2009 “Scrap and
waste of non-ferrous metals and alloys. General technical
conditions” — consumers of aluminum alloys are guided by
the processing of scrap and waste. In the work, more than
30 systems with elements included in the composition of al-
loys of the above series and standard have been calculated,
constructed, studied.

As examples, Fig. 1 shows nickel systems that strongly
affect the morphology of iron-containing phases. In addi-
tion, nickel is found in scrap aluminum alloys. The main
task of the constructed systems is to establish the boundary
values of alloying elements, additives, impurities.

To determine the main composition, we chose a region
with 4.5—7% Mg, where, in accordance with the results
obtained in this work, as well as with known informa-
tion from the literature [6—8], it is possible to obtain the
optimal combination of mechanical, casting and corro-
sion properties after the heat treatment, as well as good
machinability by cutting and weldability. A higher mag-
nesium content leads to an increase in the -phase, which
causes embrittlement and a decrease in the mechanical
properties of cast alloys.

The increased silicon content (0.6—1.5%) contrib-
utes to the improvement of casting properties. However,
its concentration has been found to be limited to 1.5%.
A high concentration of silicon reduces the mechanical
properties of the alloy even in the quenched state after
high-temperature homogenization. Up to this limit, the
harmful effect of silicon can be neutralized by heating for
quenching - the phase changes its morphology: first, the
phase particles are fragmented and then coagulated. In
this case, a large volume fraction of particles of the Mg,Si
phase contributes to a decrease in 6 g, 0 5, and, espe-
cially, 8. It should be noted that the ratio of magnesium
and silicon, as established earlier [5—7, 9, 13], should be
preserved in the ratio when all silicon is bound into the
Mg,Si phase.

If the alloy contains up to 1% Fe, it is possible to neu-
tralize the harmful effect of inclusions of iron-containing
intermetallic compounds. This is achieved by changing
the morphology of the harmful phases by alloying the
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phase [9—11]. Needle, lamellar or branched iron interme-
tallics acquire a compact, rounded shape when small ad-
ditions of beryllium, cobalt and nickel are introduced into
the alloy. With an iron content of more than 1%, it is also
possible to change the shape of the needles and plates of
the glandular phases, but due to the increase in the volume
fraction of even precipitates that are favorable in shape,
the mechanical properties remain low.

The addition of iron in the proposed alloy (20.4%),
according to literature [12—14], improves machinability
and facilitates the separation of the casting from the mold
during casting and die casting.

The alloy, which is optimal in structure, differs from
the previously studied aluminum-magnesium alloys in the
high content of silicon impurities (up to 1.5%), zinc (up
to 1.5%), iron (up to 1%), copper (up to 0.8%), smaller —
tin 0.1%), lead (up to 0.15%). Nickel (as well as berylli-
um, cobalt) can be introduced into the alloy, as a modifier
of iron-containing phases, in an amount of up to 0.3%.
The amount of zinc, copper, tin, lead is taken in accord-
ance with their content in scrap metal. Of all the phase
diagrams, the nickel example in Fig. 1 is given insofar as
it is also contained in scrap metal and has been found
to be effective in changing the morphology of the iron-
containing phases.

The microstructures of the studied, compositionally
optimized alloys with various component contents in
as-cast states are shown in Fig. 2.

Fig. 3. shows the microstructure of the same alloys as
in Fig. 2, but after heat treatment.

An analysis of the microstructure showed that, with the
highest content of elements, a new phase appears in the
alloy in the form of faceted large crystals (indicated by ar-
rows in Fig. 2, c and Fig. 3, ¢). According to the results of
the micro X-ray phase analysis of the alloy in the cast state
(Table 1), it was found that in o-Al solid solution, zinc is
completely soluble, while Cu — up to 0.3%, Mn — up to
0.2% and Mg is up to ~5%.

Silicon is fully and magnesium is partially (approxi-
mately 0.7—0.9%) bound to magnesium silicide (Mg,Si).
Copper, in the same amount as in o-Al solid solution, is
in FeAl; phase. Manganese and nickel are significantly
soluble in the FeAl, phase and bind iron to the (FeMn)
Alg and FeNiAly phases. Moreover, at a maximum con-
tent of components in the alloy, primary crystals of
(FeMn)Al, phase form during solidification, the com-
position of which practically does not differ from pre-
viously studied particles of the same phase. A detailed
phase analysis of the alloys is presented in Table 1 and
below in the text.

Tin and lead together with the Mg,Si phase form a
structural component (Mg, Si, Sn, Pb). To quantify the ef-
fect of phases on the mechanical properties, some param-
eters of the microstructure of the alloy were determined,
namely, the volume fraction — Q, the specific interphase
surface — S, the linear size — /, and the phase shape coef-
ficient — F (Table 2).
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Fig. 2. Microstructure of an aluminum alloys with a high content of impurities, cast state, x400:
a— Al +4.5%Mg + 0.6%Si + 0.4%Fe + 0.1%Cu + 0.6%Zn + 0.01%Sn + 0.01%Pb + 0.2%Mn + 0.05%Ni;

b—Al+6%

Mg + 1%Si + 0.8%Fe + 0.5%Cu + 1%Zn + 0.05%Sn + 0.08%Pb + 0.4%M

n+ 0.15%Ni;

c—Al+7%Mg+ 1.5%Si+ 1%Fe + 0.8%Cu + 1.5%Zn + 0.1%Sn + 0.15%Pb + 0.6%Mn + 0.3%Ni

=

-"
-

Fig. 3.

Microstructure of an aluminum alloys with a high content of impurities after heat treatment, x400:

a—Al+4.5%Mg + 0.6%Si + 0.4%Fe + 0.1%Cu + 0.6%Zn + 0.01%Sn + 0.01%Pb + 0.2%Mn + 0.05%Ni;
b— Al+ 6%Mg + 1%Si+ 0.8%Fe + 0.5%Cu + 1%Zn + 0.05%Sn + 0.08%Pb + 0.4%Mn + 0.15%Ni;

c—Al+7%

Table 1.

Mg + 1.5%Si + 1%Fe + 0.8%Cu + 1.5%Zn + 0.1%Sn + 0.15%Pb + 0.6%M

n+0.3%Ni

The results of X-ray phase analysis of an aluminum alloy with a high content of impurities in as-cast alloy

Phases
a-Al
(Mg, Si, Sn, Pb) 41.7-62.1 23.1-34.1 -
(Al, Fe, Mn, Ni, Cu) = = 2.5-37
S(AI,CuMg) 6.8 - -
B(AIzMg,) 35.3 - -
Apparently, an unambiguous Table 2.

linear correlation between the
particle size of the excess phases
and their specific interphase sur-
face does not exist. Probably, this

Content of elements, wt.%

= other

- - 2.4-17.8 1.5-11.3 - — =
0.1-2.5 - - - 0.5-9 0.5-28 other
16.2 - - - - - other
= = = = = = other

The results of metallographic analysis of aluminum alloy with a high content
of impurities, in as-cast state

--

relationship has a more complex 91.15-84.8 50-101 24.4-19.8 0.7-0.8 Therange of
nature. Moreover, the linear size, (Mg, Si, Sn, Pb) 47-6.6  391-496 3.03-5.11 0.1-0.2 ;’Sa'g“i\‘jgn"]fo“;’aﬁog .
/, measured in the section plane, (Al, Fe, Mn, Ni, Cu) 2.0-4.4 227-370 5.4-6.1  0.1-0.2  with a maximum
does not reflect the morphology of  s(al,cumg) 1.0-2.7 _ 31-6.0 0.3-0.4 concentration of
phasesin 3D. At the same time, the B(Al,Mg,) 115205 B N 0.6-0.9 components

volume fraction of the phases con-

firms the earlier conclusion about

the most harmful effect of the phases formed by silicon, iron
and copper. A relatively new quantitative measure, the phase
shape coefficient, F, correlates well with the mechanical
properties of all the studied alloys. The closer the coefficient
to unity, the greater the ductility index of the alloys.

In order to neutralize the negative influence of excess
phases, in particular (Mg, Si, Sn, Pb), high-temperature
heat treatment was tested on the alloy, which made it pos-
sible to obtain high ductility of secondary alloys. Heat

treatment also makes it possible to change the shape of the
silicon-containing phases — the phase (Mg, Si, Sn, Pb)
fragments during heating for quenching, then coagulates.
Moreover, the higher the heating temperature, the faster
the processes of fragmentation and coagulation of the
phase take place. So, for example, at a temperature of
520 °C, it is enough to withstand the alloys for 1 hour to
obtain a globular-shaped morphology. This helps to neu-
tralize the harmful effects of silicon.

Non-ferrous Metals. 2020. No. 2. pp. 56—62
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Alloys of the Al — Mg — Sc system

The main disadvantage of cast alloys from scrap is
their low strength characteristics. Therefore, based on an
analysis of the results of the studies [15—17] on the study
of the phase composition of multicomponent systems, the
task was to select the appropriate small additives (not more
than tenths of a percent) to preserve the advantages of alu-
minum alloys with the main alloying element of magne-
sium.

It is known [18—19] that abnormally supersaturated
a-Al solid solutions are formed in wrought scandium-
alloyed magnelias during soldification. This solid solution,
upon subsequent heating of the alloys, decomposes with
the formation of a dispersed particles of the Al;Sc phase,
which are coherent with o-Al matrix. Therefore, the effect
of small addition (0.1-0.6%) of scandium on secondary
aluminum-based alloys was studied.

Considering that the mining and metallurgical complex
of Uzbekistan produces rare-earth metals, the number of
which is growing from year to year, an attempt was made
to improve the structure of secondary alloys by introducing
cerium, yttrium, titanium, cadmium, zirconium in their
amount up to 0.35% by weight of the alloy.

It has been established that the introduction of small
additives of these elements (especially scandium, titanium,
zirconium) strongly refines the grain structure of the alloys
(Fig. 3).

The effect of grain refinement is clearly visible on
micrographs. So, if in Fig. 4, a, 4 grains are contoured in
the plane of the photograph, then the introduction of be-
ryllium (Fig.4, b) slightly increased the number of grains
(up to 6, within the measurement error), the introduction
of titanium increased the number of grains on the plane
of the microsection significantly — several times (up to
34—42), the introduction of scandium gave the effect of
“explosive” (figuratively) grain refinement — more than
160 grains were observed on the plane of the photograph.
This grinding leads to an increase in the mechanical pro-

Fig. 4. Grain structure of Al + 6% Mg alloys with impurities at an average level:
a — without additives; 5—0.3% Be; ¢ —0.15% Ti; d — 0.5% Sc, molten state, X125
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perties of alloys, particularly, plasticity (8) up to 10%, de-
pending on the level of impurities.

The presence of many impurities render the studied al-
loys poor ductility, the index of which, 8, varies from 1.5
to 2%. However, the high cost of scandium does not al-
low the industrial production of secondary alloys based on
the studied system. Alloys of this group can be easily de-
veloped in the future based on research results, if the cost
of scandium produced by metallurgy in Uzbekistan will
be up to 15% of the cost of aluminum alloys themselves.
Therefore, an attempt was made to create an alloy with
the main alloying element, being magnesium (4.0—6.0%),
intended for the manufacture of parts by shape casting
in metal molds. According to the results of the research,
an aluminum-based casting alloy was obtained contain-
ing magnesium, silicon, iron and beryllium, character-
ized in that, in order to increase the ductility and fracture
toughness in the as-cast state, it contains components in
the following ratio (wt.%): magnesium 4.0—6.0%, silicon
0.2—0.6%, beryllium 0.15—-0.5%, iron 1.0—2.0%, the rest
is aluminum. Moreover, the properties of the alloy reached:
temporary resistance, 6, of 170—240 MPa; elongation,
0, of 3—6%, fracture toughness, KCV, of 19—21 MPa - M!/2
in the as-cast state and these parameters for this alloy in
the heat-treated state reached the values of 180—275 MPa,
6—8%, 23—26 MPa - M'/2, respectively.

Industrial silumins

A significant place in the total production of foundry
aluminum alloys is occupied by heat-resistant complex-
alloyed eutectic silumins — alloys for pistons of internal
combustion engines containing such expensive metals as
nickel, copper, magnesium, titanium. A variety of com-
positions of piston silumins used in different countries,
a low culture of recycling scrap aluminum alloys in our
country, the lack of consensus in the scientific literature
on the effect of alloying elements and impurities on the
properties of piston alloys, as well as overdue problems
in saving material resources, pointed out
the need to study the influence of the main
alloying elements and the most important
impurities on the structure and properties
of piston alloys at room and elevated tem-
peratures. On this basis, it was necessary to
recommend the choice of the piston silumin
composition optimal from the point of view
of the economy of Uzbekistan and its prop-
erties. The constructed multicomponent
systems, their poly- and isothermal cross-
sections, the results of metallographic and
quantitative micro-X-ray spectral analyzes
made it possible to divide the intermetal-
lides encountered in the structure of piston
silumins into two groups. The first is phases
of variable composition, formed based on
Al;Ni,, Al,(CuNi),Fe and (Al, Fe, Mn, Si)
compounds, where copper can replace nickel
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in significant quantities, and iron and manganese can
be replaced by nickel, copper and chrome. The first two
phases have a branched structure, whilst the third one
exhibits the morphology of “fern leaves” with a shape co-
efficient close to zero. The second group includes inter-
metallic compounds of constant composition of eutectic
origin: CuAl,W and Mg,Si with a shape coefficient close
to zero. When the iron content is more than 1.2%, B(Al,
Fe, Si)-phase is formed in the alloy, which has an unfa-
vorable needle-shaped morphology. Taking into account
that copper and magnesium affect the alloying of an
aluminum-based solid solution, and the remaining ele-
ments increase the volume fraction of intermetallic com-
pounds, it is logical to recommend limiting the content
of copper and magnesium (in total) in piston silumin to
2—3%, iron and nickel to 1.2%. In the composition of
the alloys, it is desirable to introduce small additives of
elements that form the eutectic components — transition
metals, which can provide satisfactory casting properties
of silumins.

Based on the research (and considering the high cop-
per content in the scrap aluminum alloys coming for
processing), recommendations are given on optimizing
the composition of heat-resistant silumins. Alloys in ad-
dition to silicon (4—6%) may contain copper (3.5—5.5%)
nickel (up to 1.3%), manganese (up to 1.2%), magnesium
(up to 1.4%) and impurities of iron (less than 1.5%), as
well as additionally chromium and titanium (up to 0.3%
each).

The established laws, changes in the structure and
properties in aluminum alloys with small additives and a
high content of impurities can be applied in the process
of development and production (in the conditions of the
Tashkent plant for the preparation and processing of scrap
and non-ferrous metal waste) high-strength, corrosion-
resistant cast aluminum alloys, such as, for example, alloys
based on the Al — Mg — Zn — Cu, Al — Zn — Mg — Cu and
Al — Cu — Zn — Mg systems with a high content of iron
and silicon impurities (as the most harmful), which are
needed for various sectors of the economy of Uzbekistan.

High-strength foundry aluminum alloys

This group of alloys includes alloys, which include
magnesium, zinc, copper in various ratios. Since it was es-
tablished that the more phases are involved in the eutectic
reaction, the more dispersed the structure, it was neces-
sary to recommend just such small additives. The same
additives should maximally bind the most harmful impu-
rities of iron and silicon into globular (F > 0.4) phases to
reduce their volume fraction. And finally, small additives
had to form phases with a minimum content of alloying
elements — responsible for hardening during aging.

The choice of additives was based on the results of stud-
ies presented above in the previous sections of this work.
From the point of view of the harmful effects of iron and
limitations of its concentration, it has been experimentally
proved that Be, Co, Mn, Ni, forming phases rich in iron
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with a shape factor greater than 0.5, improve the proper-
ties of alloys significantly.

In terms of the harmful effects of silicon, sodium and
calcium can form silicon-rich phases. Calcium is most
effective, which leads to the formation of the CaSi,Al,
phase instead of Mg,Si. Consequently, magnesium re-
mains in the solid solution, which, in turn, allows the use
of a low-grade charge in the production of high-strength
aluminum based on the Al — Zn — Mg — Cu system.

Practical recommendations for alloying high-strength
alloys are also based on the results of works [20—22] on
improving the structure and properties of aluminum al-
loys.

In accordance with the localization program of indus-
trial production and the state order from the waste of alu-
minum alloys of the main production of the mechanical
plant, the rocker arm, disk cups, crosspieces and rocking
arms of table scales were made.

Conclusions

The results of scientific research and experience in
working with scrap aluminum alloys made it possible
to develop a draft Republican standard “Cast alumi-
num alloys. Technical conditions”; draft Republican
standard “Scrap and waste of aluminum and its al-
loys”; project “Technological regulations to produce
secondary aluminum alloys”. In the conditions of JSC
Uzvtortsvetmet, experimental melting of secondary
aluminum alloys was carried out, the results of which
are consistent with a government decree to improve the
collection, preparation and processing of scrap, non-
ferrous metal waste.
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