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The development of fundamental knowledge that allows making proper correlation among the chemical
composition, structure and properties of non-ferrous alloys is a priority task for the metallurgy of non-
ferrous metals and alloys, as this knowledge makes the main contribution to the development of this
subject and is a powerful tool for expanding the areas of their application. A variant of the establishment
of regularities in metal science is the study of phase equilibria, transformations in the temperature range
and compositions of metallic systems. In the scientific literature there is a lot of information on the results
of studies of two- and three-component alloys in order to construct equilibrium phase diagrams.
However, the non-equilibrium crystallization of alloys, and thus, the non-equilibrium phase diagrams
are of greater practical interest from the point of view of industrial production. Taking into account that
the compositions of industrial alloys, as a rule, are multi-component, it can be stated that there is no
reliable information on multi-component systems in the literature. Industry is interested in the possibil-
ity of using alloys with low cost, however, with high performance properties, which is possible in the
case of using chemical elements of technical purity, industrial waste or scrap for their preparation. First
of all, it concerns aluminum alloys, as the volume of their consumption is the highest among alloys of
non-ferrous metals. In addition, the number of applications made of these alloys is continuously grow-
ing. The purpose of this paper is to perform a comparative analysis of the non-equilibrium phase dia-
grams of aluminum-based alloys with an increased content of impurities in comparison with their
equilibrium counterparts known from the published scientific literature. In the process of work, equilib-
rium and non-equilibrium phase diagrams of aluminum with basic alloying elements and the most fre-
quent harmful impurities are constructed.
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n accordance with the increasing role of the program

of localization of production in the economy, there is

a growing need for high-quality alloys of non-ferrous
metals, especially aluminum. At the same time, industrial
production in the country needs cheaper but high-quality
aluminum alloys; this necessitates the development of
technologies for processing an increasing amount of scrap
and aluminum alloy waste to create commodity products
that are not inferior to the world’s analogues. Thus, the
improvement of the operational properties of alloys with
an increased content of impurities has acquired its rele-
vance. The urgency of the issue is even greater for the re-
gions of Russia, where there is no production of primary
aluminum, e.g. the Far East, which is a huge territory with
a small population and growing industrial production, and
the volume of aluminum alloys used by the enterprises of
the region to make finished products is constantly gro-

wing. To meet the growing demand for aluminum alloys,
technologies that allow processing scrap aluminum are
needed. Accordingly, in order to develop new technolo-
gies for processing scrap metal, it is necessary first of all to
know the phase transformations under real conditions of
crystallization of aluminum alloys with a high content of
impurities, so that in the future it would be possible to de-
velop methods for neutralizing the harmful effect of impu-
rities and then processing the alloys and fabricating them
to produce high-quality, finished products. Considering
that industrial production in the regions including those
where there is no production of primary aluminum, in-
volves machining the ingots of aluminum alloys in large
volumes, then scrap processing of these enterprises and
production of quality secondary alloys from it, followed
by their implementation in the form of finished products,
become an advantageous element of the innovative eco-
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nomy. In order to create such a production (summarizing
the conclusion about the need to process scrap metal and
the consequent consequence of it), it should be noted that
knowledge of phase transformations in multi-component
aluminum-based systems with basic alloying elements and
the most harmful impurities, in turn, would allow ente-
rprises to prepare from them quality products, e.g. for au-
tomotive or ship-building and ship repair.

The purpose of this work is to construct multi-com-
ponent phase diagrams of aluminum with basic alloying
elements and an increased content of the most harmful
impurities for real crystallization conditions in order to
ensure the possibility of using aluminum alloy scrap by
industry by improving the quality of existing alloys or de-
veloping new ones.

To achieve this goal, it was necessary to solve the fol-
lowing tasks:

— to construct non-equilibrium (at high cooling rates)
phase diagrams of four-component systems based on alu-
minum and basic impurities;

— to construct the iso- and polythermal sections (sec-
tions) of four-component systems based on aluminum,;

— to study phase equilibria and structure of aluminum
alloys with basic alloying elements, where improved op-
erational properties are expected.

Materials and Methods

Model aluminum alloys with an increased content of
impurities, scrap and waste, as well as standard secondary
alloys based on aluminum were used in the work.

Alloys were prepared in a laboratory electric resistance
furnace with silicate by heaters. The weight of each melted
material was 2 kg, for which the charge was pre-calculated.
Aluminum of technical purity, Al — 10% Fe, Al — 5% Ni,
Al —7.5% Mn, Al — 5% Co based master alloys were used
as charge materials, the remaining elements were intro-
duced into the melt in pure form. The temperature of
heating of the alloys maintained at the range of 720—
740 °C, since at high temperatures volatilization of the
fusible impurities and, most importantly, the main alloy-
ing element, i.e. magnesium takes place. Prior to pouring,
the alloys were treated with hexachloroethane (C,Cly),
after which the slag was removed and the alloy was held
quiet for up to 10 minutes, and it was cast into the chill
mold at a temperature of 700—710 °C.

As the model, alloys with an increased content of
impurities, particularly iron and silicon, were used as
these elements are most harmful and significantly affect
the reduction of the mechanical properties of alloys [ 1—4].

The Thermocalc program and differential thermal,
micro-X-ray spectral analysis methods were used to con-
struct multi-component phase diagrams. To obtain the
equilibrium state of the alloys, cooling of the liquid melt
together with the furnace (cooling rate, deg. Per minute)
was used, to analyze the non-equilibrium state of the al-
loys, crystallization was carried out in metallic forms (the
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cooling rate at the initial stage of crystallization was tens of
degrees per second). The structure of the alloys was stud-
ied by metallographic analysis, scanning electron micros-

copy.
Results and discussion

Non-equilibrium phase diagrams of multi-component
systems.

Before analyzing the processes occurring in non-equi-
librium crystallization conditions, it is necessary to note
the following. Iron in the alloys forms mainly as acicular
FeAl, phase, in which Mn, Cu, and Ni can partially dis-
solve. Silicon interacts with Mg, thus forming Mg,Si;
Sn and Pb dissolved into this phase. Copper forms a CuAl,
phase, where Zn can be partially located. Naturally, main-
ly Zn, Cu, negligible Si are dissolved in aluminum solid
solution, and Pb and Sn occur in the structure in the form
of independent particles. Further analysis of non-equilib-
rium crystallization will allow to see changes in the struc-
ture of alloys.

The analysis of non-equilibrium crystallization of alu-
minum alloys of 3- and 4-component systems containing
iron and silicon is carried out, since they are considered
to be the most harmful impurities in foundry aluminum
alloys. In general, crystallization of alloys within the pri-
mary crystallization region (Al) is considered here, which,
however, does not prevent the proposed method from be-
ing applied to other alloys. Copper and magnesium were
chosen as the main alloying elements (not counting sili-
con as the main alloying element), because aluminum
alloys containing these elements are the most commonly
used alloy groups [5—8].

Al — Cu — Fe — Si system.

Following the most probable variant of the equilibrium
diagram of this system, it can be seen that in most indus-
trial siluminins (5—12% Si, up to 6% Cu, up to 1% Fe),
iron is a part of the AlsFeSi phase, which does not partici-
pate in peritectic reactions. Therefore, the phase compo-
sition of alloys in the solid state in the presence of copper
in the cast state corresponds to the equilibrium (Al) +
+ (Si) + Al,Cu + AlsFeSi.

With lower silicon and higher copper concentrations,
two peritectic transformations occur:

L + AlgFe,Si — (Al) + AlsFeSi + Al,FeCu,;
L + Al FeCu, — (Al) + (Si) + AlFeSi,

incomplete completion of which, can lead to the pres-
ence of “superfluous” phases of AlgFe,Si and Al,FeCu,
in the cast structure.

With increasing iron concentration and decreasing
silicon, the probability of the formation of Al,(FeCu) and
Al;Fe phases is increased, and as a result of suppression
of peritectic transformations, the following reactions are
expected to occur:
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L+ AlyFe — (Al) + AlgFe,Si + A, ((FeCu);
L+ A g(FeCu) —>(Al) + AlgFe,Si + Al;FeCu,.

In accelerated solidification in metallic molds, as in the
Al — Fe — Si system, formation of the Al;FeSi equilibrium
phase is suppressed in quaternary alloys containing 2—3%
Fe and 2—3% Si, resulting in non-equilibrium crystalliza-
tion, which leads to non-equilibrium phase composition
of cast alloys: (Al) + (Si) + Al,Cu + AlgFe,Si. This has
a positive effect on the mechanical properties, since the
morphology of the AlgFe,Si phase is more favorable than
the morphology of the AlsFeSi phase. The results obtained
correspond to the results of [9—11].

Al — Fe — Mg — Si system.

As follows from the equilibrium phase diagram of
this system [1—2], there are four Fe-containing phases
in the aluminum angle: Al;Fe; AlgFe,Si; AlsFeSi and
AlgFeMg;Sic, which can crystallize primarily or through
various eutectic and peritectic reactions. Primary crystals
of the first phase are usually found only at silicon concen-
trations of less than 3% and iron content greater than 2%,
and the latter at a concentration of Si > 7%, Mg > 1%,
and Fe < 0.5%. As in the Al — Fe — Si ternary system,
an increase in the cooling rate substantially narrows the
region of primary crystallization of the Al;Fe phase. In al-
loys with an increased content of magnesium, as follows
from the equilibrium phase diagram of Al — Fe — Mg — Si,
in the presence of iron and irrespective of the silicon con-
centration, only one iron-containing phase, Al;Fe, can be
formed.

However, in industrial Al — Mg alloys with Fe and Si
impurities containing less than 6% Mg and obtained by
casting into metallic molds, an AlgFe,Si phase is often
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Fig. 1. Influence of the cooling rate on the position of the regions of
the onset of crystallization of double eutectics in the Al — Fe —
Mg — Si system (solid lines are the equilibrium version, the

dashed line for V= 10 K/s)
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formed, which, like in the case of the Al — Fe — Si ter-
nary system, can be explained by the influence of the rate
of crystallization. The larger the V_, the greater the prob-
ability of formation of the AlgFe,Si phase, which can be
illustrated by the example of the liquidus projection of the
quadruple phase diagram (Fig. 1), in which the dashed
line shows the shift of the boundary of the double eutectic
reaction L — (Al) + Al,Fe to the Al — Mg side with growth
of V, (from the DNOPI line to the D" — N" — I’ line). The
results on the study of the four-component diagram of the
Al — Fe — Mg — Si state correspond to those published in
[12—14].

Al — Fe — Cu — Si system.

Following the most probable version of the equilibrium
diagram of'this system, it can be seen that in most industri-
al siluminins (5—12% Si, 0—6% Cu, 0—1% Fe), iron forms
part of the AlsFeSi phase, which does not participate in
peritectic reactions. Therefore, the phase composition of
alloys in the solid state in the presence of copper in the
cast state corresponds to the equilibrium (Al) + (Si) +
+ Al,Cu + AlsFeSi.

With a lower silicon and higher copper contents, two
peritectic transformations can occur: L + AlgFe,Si —
— (Al) + AlsFeSi + Al;FeCu, and L + Al,FeCu, —
— (Al) + (Si) + AlsFeSi, the incomplete completion of
which may lead to the presence in the cast structure of
“superfluous” phases of AlgFe,Si and Al;FeCu,.

With increasing iron concentration and decreasing
silicon, the probability of Al (FeCu) and Al,Fe phases in-
creases due to suppression of peritectic transformations:
L + AlFe — (Al) + AlgFe,Si + Al((FeCu) and L +
+ Alg(FeCu) — (Al) + AlgFe,Si + Al;FeCu,. In acceler-
ated solidification in metallic forms, as in the Al — Fe — Si
system, formation of the AlsFeSi equilibrium phase is
suppressed in quaternary alloys containing 2—3% Fe and
2—3% Si, resulting in non-equilibrium crystallization,
which leads to non-equilibrium phase composition of cast
alloys: (Al) + (Si) + Al,Cu + AlgFe,Si. This positively af-
fects the mechanical properties, since the morphology of
the AlgFe,Si phase is more favorable than the morphol-
ogy of the AlsFeSi phase. The results obtained during the
study of the Al — Fe — Cu — Si phase diagram correspond
to [15—18].

Al — Fe — Ni — Si system.

Analysis of nonequilibrium crystallization in this sys-
tem is of practical importance, since, on the one hand,
nickel is a part of a number of industrial alloys, in particu-
lar piston silumin, and on the other hand, the presence of
several peritectic reactions has a strong influence on the
structure.

Asarule, nickelisintroduced into alloys to form atriple
compound AlyFeNi, which positively affects the charac-
teristics of heat resistance. In order for the negative effect
of this phase on plasticity to be minimal, the inclusion of
the AlgFeNi phase should have a favorable morphology:
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globular or skeletal. Such a morphology
can be achieved in the case of the forma-
tion of this phase in the eutectic reaction.
On the other hand, iron should not form
other phases with needle-shaped mor-
phology, in particular Al;Fe and AlsFeSi.
It should be noted here that the ratio of
Fe:Ni= I:1 turns out to be sufficient only
for alloys containing less than 5—6% Si,
and with a higher silicon content there is
a danger of formation of primary or eu-
tectic needles of the AlsFeSi phase. The
structures of three alloys, which contain
1.7% of Fe and 1.7% of Ni, show a strong
influence of silicon on the morphology of
Fe-containing phases (Fig. 2). To explain
this, it is proposed to use the variant of
the equilibrium diagram of the state of
Al — Fe — Ni — Si with allowance for the
suppression of peritectic transformations.

Of the three non-variant peritectic transformations
occurring in the given system, the most important for
silumin is the reaction of L + AlsFeSi — (Al) + (Si) +
+ AlgFeNi, the failure of which leads to the presence of an
“excess” phase of Al;FeSi in the structure.

Industrial silumin, doped with copper (“cuprous”)

Silumin containing copper (up to 8%), which are pro-
duced at the enterprises of the region, are considered. Ac-
cording to the concentration of silicon (4—13%), most
alloys are related to pre-eutectic. A structure close to
eutectic has only silumin AK12M2. To analyze the phase
composition of most alloys in the T4 state, one should use
the Al — Si — Cu — Fe — Mg system state diagram. Only
high-purity alloys can be analyzed for the quaternary Al —
Si— Cu — Mg system and, even more rarely, for the ternary
Al — Si — Cu system. The phase composition of the alumi-
num matrix after aging (especially in the T7 regime) can
be analyzed to a considerable extent from the diagrams of
Al — Si — Cu and Al — Si — Cu — Mg. In the presence of
manganese, some information can be extracted from the
corresponding multicomponent phase diagrams, which
have by now been poorly studied. To analyze structures
in the cast state, one should use nonequilibrium phase
diagrams.

The AK5M2 alloy is characterized not only by a soft
restriction on impurities (in particular, iron up to 1.3%,
zinc up to 1.5%), but also by a large interval of the content
of alloying elements, especially copper (1.5-3.5%) and
magnesium (0.2—0.8%). This makes it easier to prepare
using mixed scrap and waste. Silumin AK5M2 — one of
the most common, because of its low cost, castings from it
are used mainly in the cast state. As in the copper-bearing
silumine AK5M, the basic structural constituents of the
alloy are a solid solution based on aluminum (Al) and a
eutectic based on aluminum and silicon, or rather several
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Fig. 2. Effect of silicon content on the
morphology of iron-containing
phases in the alloy Al — 1.7% Fe —
1.7% Ni:

a — 0% Si, AlgFeNi phase; b —
5% Si, AlyFeNi phase; ¢ — 12% Si,
phases AlsFeSi and AlgFeNi

different ones, including multiphase eutectics, which in-
clude, in addition to (Si), various phases containing Fe,
Mn, Cu, Mg and other elements. Depending on the par-
ticular composition, the microstructure can vary greatly.

At a low content of manganese, iron (and its amount,
as a rule, is not lower than 1%) is mainly included in the
composition of the B-phase. Conversely, if the concentra-
tion of manganese is closer to the upper limit, needle-like
inclusions of the B-phase are practically not encountered,
since all iron binds to the Al,s(FeMn),Si, phase. More-
over, it is possible for the primary crystals of this phase to
form, especially when cast into the ground. The number of
phases of Al,Cu, Al;Cu,MgSi, and Mg,Si is much larger
than in the AK5M alloy. Zinc, as a rule, is fully included
in the composition of aluminum solid solution. When the
alloy is heated, globular particles of the silicon phase are
formed. In this case, not all of the magnesium and copper
can dissolve in the solid solution, as follows from the sec-
tion of the aluminum-silicon-copper-magnesium phase
diagram at 10% Si and 500 °C (Fig. 3). In the microstruc-
ture of heated and cooled castings, magnesium-contain-
ing phases (Al;Cu,MgSi¢, Mg,Si and AlgFeMg;Sic) can
often be detected.

Alloy AK5M2 is made from recycled materials. It
has satisfactory casting properties and corrosion resis-
tance. In the AK5M4 alloy, the copper content is ap-
proximately equal to the silicon content, so the volume
fraction of the copper-containing phase, in addition to
the silicon phases, is greater than the other phases. A sig-
nificant part of copper (up to 1.5%) when casting is part
of a solid solution based on aluminum, which makes this
silumin more hard compared to those previously consid-
ered. It has a wide range of concentrations on the alloying
components, more admits the content of impurities and is
mainly prepared from scrap. Depending on the ratio of
Fe and Mn, iron can be included in one of two phases:
B or Al 5(FeMn),Si,. These phases have a needle or ske-
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(Al) + (Si) + Al,Cu

Fig. 3.

Isothermal sections of the state diagram Al — Si — Cu — Mg at
8% Si:
a — solid lines — 500 °C; b — dashed — 200 °C

Fig. 4. Typical structures of cuprous silumin (casting in chill mold),
SM:
a — AK5M (A); b — AK5M7 (L); ¢ — AK8M3 (T6); d —
AKIM2 (T6)
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letal structure, respectively. Magnesium is mainly present
in the Al,Cu,Mg,Si; phase.

Recommended for casting in metal molds castings are
heated by quenching, which causes crushing, spheroidi-
zation and kaogulation of eutectic silicon plates. Partially
dissolve in a solid aluminum solution of the particle Al,Cu,
mainly the phase Al;Cu,MggSiy disappears. A strong in-
crease in hardness after aging after quenching provides
the formation of secondary precipitates of phases Al,Cu,
Mg,Si, Q (Al,Cu,MgSis) and S (Al,CuMg). Naturally,
the relative elongation in this case decreases almost to
zero, therefore, the guaranteed level of strength (G), even
in the T6 state, is rather modest (200 MPa).

Alloy AK5M4 is made from recycled materials. It is
designed as a high-temperature alloy for the manufacture
of pistons for pumps, brake equipment, etc. With almost
the same properties as the AKSM?7 alloy, it contains less
copper, and as a result its output volume is doubled almost
to replace the AK5M7 alloy. This alloy is made from recy-
cled materials. It is used for the manufacture of pistons
of tractor and automobile engines. Recently, the refrac-
tory alloy AK5SM7 is replaced with the AK5M4 alloy.

The alloy AK8M 3, except for silicon and copper, does
not contain other alloying elements, but it admits a large
number of impurities, including Fe up to 1.3% and Mg to
0.45%. This makes the alloy convenient for its preparation
from recycled materials. However, unlike the most com-
mon secondary silumin AK5SM2, the choice of raw ma-
terials for the AK8M3 alloy is more limited, in particular
because of the relatively low magnesium content.

The AK9M?2 alloy is characterized by a wide range of
alloying elements and a large tolerance for impurities, so
it is mainly prepared from recycled materials. Its micro-
structure is close to the microstructure of the latter, dif-
fering in detail: a smaller amount of the Al,Cu phase and
the possible presence of magnesium silicide, as well as the
quaternary Al8FeMg3Si6 compound. However, in gene-
ral, the structure is dominated by eutectic silicon particles
and needle-like inclusions of the 3 phase. After heating for
quenching under the T6 regime, complete or partial frag-
mentation and spheroidization of the Si phase occurs and
almost complete dissolution of the Cu and Mg-containing
phases. The AK9M?2 alloy has good casting properties
and an average level (for the cast state) of the mechanical
properties.

Typical microstructures of industrial silumines are
shown in Fig. 4.

In the alloy AK12M2, unlike other silumines, iron is
not an admixture, but a doping element in an amount of
0.6—1.0%. According to the phase diagram of Al — Si —
Fe, at this concentration, most of the $-phase is included
in the triple eutectic (Al) — (Si) — B, which is the main
structural constituent of the alloy.

The alloy is recommended for obtaining shaped cast-
ings of complex shape by injection molding, which pro-
vides favorable (dispersed) morphology of the eutectic
phases, as well as a sufficiently high copper content in (Al).
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Such a structure makes it possible to obtain comparatively
high mechanical properties in the state T1 (¢ > 260 MPa,
8 > 1%). With silicon content closer to the upper limit,
primary crystals (Si) can be found in the structure. The
AK12M2 alloy is usually not subjected to heat treatment
for quenching, although such treatment can significantly
increase ductility. This alloy is produced mainly from pri-
mary materials, although recently the volume of its pro-
duction from scrap and waste has been increased. It is used
at the enterprises of the automobile industry, including for
the manufacture of pistons. The results of this study, ob-
tained in accordance with the purpose and tasks of this
paper, supplement the results obtained by the authors
[8—18].

Conclusions

1. On the basis of the study of phase transformations of
aluminum-based alloys with basic impurities and doping
elements crystallized under nonequilibrium conditions,
sections of phase diagrams are constructed that allow op-
timizing their structure and properties.

2. Based on the study of phase diagrams, their sections
and sections, variants of optimization of the composition
of the produced alloys or production of new ones at en-
terprises of the real sector of the economy are proposed.
The phase diagrams, their sections and cross sections are
constructed for real conditions for the crystallization of
aluminum alloys with Mg, Cu, Si, Fe, Ni, Mn and other
elements to improve the efficiency of using aluminum al-
loy scrap by industry by improving the quality of existing
alloys or developing new ones.

3. In the paper, non-equilibrium (at high cooling rates)
diagrams of the state of four-component systems are con-
structed; iso- and polythermic sections (sections) of four-
component systems based on aluminum with basic alloy-
ing elements and the most common impurities are con-
structed; phase equilibria and the structure of model and
industrial alloys are studied.

This work was supported by Task No. 11.2072.2017 / 4.6
Jor the implementation of the project on the theme “Devel-
opment of technology for obtaining deformed semi-finished
products from alumo-matrix eutectic composites reinforced
with L, nanoparticles without hardening”.
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