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ANALYSIS OF METAL SYSTEMS FORDEVELOPING CREEP-RESISTANT
ALUMINUM ALLOYS. A REVIEW

This article considers the role of the main alloying elements that have the most significant impact
on the formation of aluminum alloys physical and mechanical properties for operation at high
temperatures. Significant interest in research and prospects of casting compositions based mainly
on eutectic systems and elements or compounds that can positively affect the structure and phase
composition of alloys to increase their high temperature strength is shown. The analysis and
comparison of the known systems Al-Si, AI-Cu, and Al-Mn with the systems Al-Fe, Al-Cr, Al-Ce,
Al-Ni, AlI-Ni-La, and others potentially suitable for creation of creap-resistant compositions are
reviewed. Peculiarities of the structural-phase state, physical and mechanical characteristics of
binary aluminum alloys, and the influence of the considered components on these indicators,
depending on their content alloys obtaining conditions are considered. It is noted that the eutectic
system Al-Ca, despite some similarities with other considered systems, does not meet the necessary
requirements for the creation of alloys, operating at elevated temperatures. However, experimental
cast alloys of this system are characterized by high specific strength and ductility. The following
trends in the development of heat-resistant aluminum alloys have been identified: the use of almost
insoluble elements and elements with a low diffusion coefficient in aluminum; creation of eutectic
type complex-alloyed multicomponent alloys; creation of rapidly crystallized multicomponent alloys,
which are subjected to further pressing and sintering. The development of cast alloys of Al-Fe—
Mn-Ni, Al-Fe-Cr—-Mn-Ni, and Al-Ni-La systems with nanostructured thermally stable eutectic
deserves special attention and seems to be the main trend in reviewed question. The need for
research related to microalloying and modification of such alloys is indicated.

Keywords: material development, creap-resistant aluminum alloys, cast aluminum alloys, eutectic
systems.

n nowadays, mainly used creep-resistant aluminum-based alloys are related to Al-

Si, AlI-Si—Cu, Al-Si—Cu-Ni, and some similar systems. Nevertheless, the limit of their
application temperatures is about 200-300 °C and they are also characterized by low
mechanical properties. Due to rising demands for modern materials, the development of
new creep-resistant aluminum alloys looks like an important task. According to this, it is
necessary to overview the main principles of such materials creation and to learn some
useful information about basic systems for their development [1-5].

Al-Cu system. Copper belongs to the most important alloying element for aluminum
alloys due to its effective solid-state hardening. The presence of the intermetallic
compound Al2Cu (6-phase) determines the possibility of dispersion hardening during
alloy age-hardening. The maximum solubility of copper in aluminum at the temperature of
eutectic transformation is equal to 5.65 % wt., and the normal copper grade concentration
in most aluminum alloys is in the range of 2-6 % wt. [4, 5].
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With the increasing percentage of copper, the heat resistance of the alloy significantly
increases (at 250-300 °C) due to the strengthening of the interatomic bonds of the solid
solution based on aluminum [5, 6]. This is confirmed by the data according to which binary
parts of Al.Cu and Al, .Cu are used under conditions of moderate temperatures (up to
200-225°C) [4, 7]. At higher operating temperatures, 0-phase coagulation occurs, which
significantly reduces the strength of the alloy and negatively affects the high-temperature
strength [1, 8—10]. Stabilization of the Al,Cu phase with scandium, zirconium, and erbium,
as well as complex multi-stage heat treatment, allows obtaining more stable nanoscale
inclusions in the alloy structure, which retain their size and slightly increase the alloy
operating temperature to ~ 300 °C [11].

The Al-Cu system has an aesthetic type of state diagram [3, 10], and copper itself has
a positive effect on reducing the coefficient of linear thermal expansion of aluminum alloys,
which are positive features for alloying cast heat-resistant alloys [8, 11]. The addition of
copper also reduces the degree of tetragonality of phases with a structure of the DO,,
type, which has a positive effect on the mechanical properties of heat-resistant alloys [2,
12]. At the same time, it should be noted that copper reduces the melting point of iron-
containing eutectics and the iron solubility in a solid solution based on aluminum, as well
as reduces the corrosion resistance of aluminum alloys [1, 6, 13].

Despite the low cost and simpleness of creating Al-Cu heat-resistant alloys, such
compositions have a large number of potential disadvantages. Apart from the unstable
AL Cu phase, among them, we can also note the relatively low temperature of the eutectic
transformation and the wide crystallization interval in the effective copper concentrations
area. These data lead to the conclusion that copper cannot be the main alloying element
for the creation of heat-resistant alloys [1, 14].

Al-Mn system. Manganese is a very important alloying element for aluminum alloys due
to a number of features of positive influence on their structure and properties. It is able to
reduce the harmful effects of iron in Al-Cu, Al-Si—Cu, Al-Mg, and AlI-Mg-Si, as well as
increase their corrosion resistance and strength. Manganese, like copper, increases the
heat resistance of aluminum alloys and reduces the coefficient of linear thermal expansion
of aluminum alloys, which in its turn increases the crack resistance of castings made of
them [1, 6, 15, 16].

Typically, in industrial cast aluminum alloys manganese is contained in an amount of up
to 0.5 % wt., and for wrought —up to 1 % wt. [1, 3, 11, 17, 18]. Like copper, manganese
forms a eutectic with aluminum, but at a higher temperature. Eutectic transformation occurs
at a manganese concentration of ~ 1.9 % wt. by 657 °C [3]. The solubility of manganese
in aluminum at the temperature of eutectic transformation is about 1.8 % wt., and at room
temperature — 0.168 % wt., so it could be considered as an effective reinforcing element
[3, 6, 10, 18]. The strengthening phase is Al;Mn, which is released from the supersaturated
solid solution during age-hardening. The same phase can be initially formed and be a part
of the eutectic [19].

An important feature of manganese is that it has an extremely low diffusion coefficient
in aluminum, many times lower than copper and magnesium, and the compound Al;Mn is
not prone to coagulation and is stable up to 500 °C, which makes manganese an advanced
material for aluminum-based heat-resistant alloys [5, 19-22].

Al-Fe system. Iron is always present as an impurity in aluminum alloys, especially in
those obtained from secondary raw materials. It is considered mainly a harmful impurity
in cast aluminum alloys due to the formation of unfavorable needle morphology phases
[1, 5, 23]. Iron is added to some Al-Cu-Ni alloys to increase heat resistance, as well as
to reduce corrosion in water vapor at high temperatures [3].

Uncertainly iron influences the technological properties of cast aluminum alloys. Its
increased content in silumin helps to get rid of the metallic pickup to the molds during
injection molding, so the concentration of iron in such alloys can be up to 1.5 % wt. At the
same time, with an increasing amount of iron in aluminum alloys, their tendency to form
gas and shrinkage porosity increases, but the coefficient of linear thermal expansion and
shrinkage decreases [1, 3].

54 ISSN 0235-5884. Npouecu antrs. 2021. Ne 2 (144)



Hosi nuTi maTepianu

According to [19, 24, 25], the Al-Fe system is considered to be one of the most high-
potential for the creation of heat-resistant cast alloys based on aluminum due to the
presence of eutectic, which is formed at an iron content of 1.7-2.2 % wt. Another important
factor is the implementation of mechanisms of high-temperature hardening of alloys and
grinding of their crystal structure due to the separation of the primary phases of Al,;Fe and
AlgFe during rapid cooling of the melt [3].

The eutectic of Al-AlgFe has a very favorable structure and mainly submicron allocations
of the AlgFe phase of round or fibrous morphology [26-29]. Such characteristics allow
us to consider Al-Fe alloys as high-potential heat-resistant materials and AlgFe phase as
an effective strengthening component of aluminum alloys. An example given in [27] is
the AI3Fe alloy, which is obtained by angular extrusion to grind the structure of the alloy
and ensure its uniform structure. The size of the Al;Fe phase emissions, in this case, was
50-100nm in diameter and 300-500 nm in length. The tensile strength of this alloy was
175MPa. The data of [28] show that the strength of the cast alloy of the Al-Mg-Fe system,
which crystallized under conditions of rapid cooling of the melt, had strength values at the
level of 120-213MPa and ductility 8 ~ 2-6.2 %.

In [30], iron is evaluated as a potentially useful component to increase the heat
resistance of piston alloys to be recycled. In [31-33] an example of the creation of super
eutectic silumin, which contains 5 % wt. iron and shows the effectiveness of the high content
of this element to increase the heat resistance and heat resistance of the alloy. In [34]
there are examples of super eutectic powder silumin with an iron content of 8 % wt., butin
addition, they contain 5 % wt. Mn or 1 % wt. Cr, which clearly shows the importance of high
iron content to ensure a high level of heat resistance and heat resistance of aluminum alloys.

The Al-Ni system has a eutectic reaction at a concentration of Nickel of about 6 % wt.,
which takes place at 640 °C. In the solid state, there is a low solubility of nickel in aluminum
at the level of 0.04 to 0.006 % wt. at 640 °C and 527 °C, respectively [3, 10, 35]. For this
system, itis possible to implement the mechanisms of dispersing the strengthening of the
aluminum matrix by thermally stable and diffusion-inactive particles of Al;Ni intermetallic
[2], similar to the Al-Fe system and some others [3, 16].

Itis known that nickel is an alloying element in some standard aluminum alloys, which
are used to make parts of internal combustion engines [24, 30, 36]. In addition, in recent
years, alloys of Al-Ni, AlI-Ni—Fe, AlI-Ni-Cr, AlI-Ni—-Fe—-Ce, and some other compositions
have received considerable attention from the standpoint of their use as heat-resistant
and heat-resistant materials [37-40]. The casting properties of such alloys are quite high
due to the eutectic of Al+Al;Ni. The intermetallic component of Al Ni of this eutectic has
a fibrous morphology and has a favorable effect on the strength of alloys. However, their
matrix requires additional doping due to the almost zero solubility of nickel itself.

As an additive in known industrial casting alloys, nickel is able to increase the fluidity
of the alloy, give a more compact round shape to the eutectic components and bind to
the 6-phase of Al,Cu, thereby increasing its thermal stability above 250 °C [36]. Like iron,
nickel shifts the point of eutectic transformation toward a lower concentration of aluminum
[24]. Nickel is a very weak nucleating modifier and has a greater effect on the structure of
alloys due to inhibition of grain growth. The addition of nickel alone or together with iron
increases the corrosive properties of aluminum alloys in hot water and water vapor [3].

The Al-Co system can also be considered as potentially high-potential for the creation
of heat-resistant cast aluminum alloys due to the presence of eutectic transformation at a
Co content of about 1 % wt. and at 657 °C. Like nickel and iron, cobalt is almost insoluble
in aluminum and has low diffusion activity. The eutectic of Al-Al,Co, can have a fibrous
structure during rapid crystallization, which has a positive effect on the mechanical
properties of such alloys [3].

Cobalt can also be considered a useful additive for aluminum alloys. Its addition to
silumin with a silicon content above 5 % wt. more effectively affects the leveling of the
harmful effects of iron than manganese. Microalloying of aluminum and its cobalt alloys
has a positive effect on the corrosion properties and in sulfuric acid and salt solutions
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environments. Giving cobalt slightly increases the strength of aluminum and its alloys. The
Co-addition of cobalt and molybdenum increases the strength more significantly [3, 41, 42].

The Al-Cr system is also of great interest to a number of developers of heat-resistant
aluminum alloys [43-45]. In early works [3] it was assumed that for this system there is
a peritectic reaction between Al and Cr on the aluminum side of the state diagram. More
recent studies [46, 47] indicate the presence of eutectic transformation at a chromium
content of 0.8 % wt. by 661°C.

In general, chromium as an impurity is able to reduce the harmful effects of iron in silumin
and inhibit the recrystallization of aluminum alloys. Its low solubility in aluminum and low
diffusion coefficient, like Fe, Co, Ni, potentially makes it possible to consider chromium as
a stable reinforcing element. However, the Al,Cr phase, which is part of the Al-Cr eutectic
and can be released inside aluminum grains, has a rather coarse morphology and is prone
to rapid growth during crystallization. This adversely affects the strength, ductility, and
toughness of the alloys. For these reasons, chromium is added to classic foundry aluminum
alloys in very small quantities. Alloys containing more than 1 % wt. chromium is produced
mainly by powder metallurgy. In this case, the strength and corrosion resistance of such
materials is higher than that of cast analogs [3, 43, 48].

The Al-Ca system has recently become increasingly of interest to researchers due to
the possibility of developing heat-resistant low-density casting alloys [49-52]. Eutectic
Al+Al,Ca exists at a calcium concentration of 7.6 % wt. at 617 °C. In this case, the solubility
of calcium in solid aluminum at the temperature of eutectic transformation is 0.01 % wt.,
which gives the right to consider it along with nickel, cobalt, iron, and some other elements
as an almostinsoluble and stable reinforcing component. The Al,Ca phase has a tetragonal
crystal lattice, so calcium is potentially a good reinforcer, which at the same time slightly
reduces plasticity [3, 49]. The corresponding hypothesis was tested in [53] and shown
that as in binary compositions as with the addition of other elements, the Al-Ca alloys are
quite malleable and capable of nanostructuring after intense plastic deformation. In the
same studies, itis shown that the hardness and strength of such alloys after deformation
treatment begin to decrease after heating to temperatures of 200-350 °C. At the same
time, there are structural-phase changes with a noticeable growth of grains, which reduces
the potential of such alloys in the areas of high-temperature application, while increasing
interest in them as high-strength materials.

Foundry melts of the Al-Ca system are usually doped with iron, manganese, and nickel
to increase their strength at room and elevated temperatures. The addition of nickel and
iron mostly affects the structure of the eutectic. To strengthen the aluminum matrix using
manganese and scandium in the amount of 0.2-0.3 % wt. [54-57].

Despite the favorable characteristics of Al-Ca alloys and their structural-phase features,
a significant disadvantage of alloys is that even a small content of calcium (> 0.15 % wt.)
dramatically reduces the corrosion resistance of aluminum [3, 49]. Also, as mentioned
above, the temperature limit of their operation does not exceed the indicators of eutectic
silumins. Accordingly, the emphasis on the creation of aluminum-calcium alloys has
been shifted towards the creation of high-strength compositions that can be obtained by
casting [58-60].

AI-REM systems are mostly represented by Al-Ce and Al-La based alloys. Both systems
are characterized by the presence of eutectic transformation — 12 % wt. at 637 °C and
12 % wt. at 642 °C for Ce and La, respectively. The solubility of both elements at eutectic
transformation temperatures is ~ 0.05 % wt. and almost disappears at room temperature
[1, 3, 49].

The eutectic compound Al,Ce is characterized by a BCC-tetragonal lattice, so the
addition of cerium has little effect on the strength and ductility of aluminum [3], so the
development of Al-Ce alloys is closely related to the use of various alloying additives.
For example, nickel, iron, and zirconium are added to form more thermally stable ternary
intermetallics [61-63].

Alloys of Al-Ni, Al-Ce, and Al-Cu-Ce systems in their structure correspond to natural
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composites, which make them high-potential materials in the context of the use at high
temperatures, but the high cost of nickel and cerium restrains their widespread industrial
use [1, 63, 64].

Lanthanum in aluminum alloys is widely used as a modifying additive. For alloys of the
Al-Cu system, in particular, Al,Cu with the addition of titanium, manganese, zirconium,
and boron, the addition of 0.3—1 % wt. lanthanum led to a marked increase in strength and
heat resistance due to the formation of Al,,La; compounds in eutectic and interdendritic
zones [65]. The addition of lanthanum to super eutectic silumin leads to the formation of
crystals of primary silicon branched morphology [66]. Modification of the eutectic alloy
Al11Si1.5Cu0.3Mg with lanthanum containing boron and strontium showed effective
neutralization of these elements with the simultaneous formation of LaB6 and increasing
the strength and ductility of the alloy to 270 MPa and 5.8 %, respectively [67]. Studies of
modification of pre-eutectic silumin AlSiyCu, with lanthanum and nickel have shown that
nickel is also able to enhance the positive effects of manganese and, to a lesser extent,
chromium in the context of eliminating the harmful effects of iron. Lanthanum behaves in
the same way. With the simultaneous addition of lanthanum and nickel, the modifying effect
becomes unpredictable due to the tendency of nickel to enter the eutectic. Lanthanum
may also be part of the eutectic. The complication of phase stoichiometry and eutectic
leads to the heterogeneity of the structure of both cast metal and heat-treated [68].

Al-La binary alloys are considered as potentially suitable heat-resistant alloys with high
corrosion resistance. They show strength at the level of 60-93 MPa at 200 °C and 13-18
MPa at 500 °C and have favorable structural-phase characteristics — finely dispersed
eutectic and uniform distribution of fairly fine primary phases in the case of eutectic alloys
[69]. However, to this date, preference is given to the creation and study of ternary and
multicomponent lanthanum-containing alloys due to their higher level of performance.

Ina conclusion, it can be said, that Fe, Mn, Cr, Co, Ni, Ce, La, and different combinations
of these elements are the most promising components for the development of creep-
resistant Al-based alloys. The highest attention should be given to those compositions,
which may have nanostructured eutectic and solid solution precipitates, like for Al-Ni-La
alloys. However, complex impacts and effects from addition alloying and microalloying of
such compositions are purely discovered and need a significant number of experiments
and investigations.
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AHANI3 METANEBUX CUCTEM AN PO3POBKU XXAPOMILHUX
AJTIOMIHIEBUX CIMJ1ABIB. Ornsaa

Y crarti po3rnsaaeTbCsi Posib OCHOBHUX JIEMYIOHYUX €/1IEMEHTIB, SIKi MaroTb HavbirbLL 3HaYHWIA BIJINB
Ha opMyBaHHS B aJllOMIHIEBUX CrislaBax KOMriekcy didnko-mexaHiyHux BAaCTUBOCTEN A4J1s1 PO-
60Ty nNpy BUCOKMX Temneparypax. [NokasdaHuii 3Ha4YHWi iIHTEPEC [0 AOCIAXEHb Ta epcrnekTus
CTBOPEHHSI JINBAaPHNX KOMMO3NLN, 5IKi 6a3yl0TbCSl rOJI0BHUM YAHOM Ha €BTEKTUYHUX CUCTEMAX
Ta efieMeHTax abo crosykax, siki MOXyTb MO3UTUBHO BI/IMBATV Ha CTPYKTYPY Ta ¢al30Buii cknas
crnaasiB ass nigBULLIEHHS iX BUCOKOTEMNepaTtypHoi MiLHOCTI. [lpoBedeHo aHasi3 i nopiBHSIHHS
Bigomux cuctem Al-Si, Al-Cu ta Al-Mn 3 noTeHuiiHo npugaTtHUMM fJis1 CTBOPEHHS XapOMILHUX
komnoauuivi cuctemamm Al-Fe, Al-Cr, Al-Ce, Al-Ni, Al-Ni-La T1a iH. Po3rnsiHyTo 0cob/mBOCTi
CTPYKTYPHO-()a30Boro ctaHy 1a i3nko-MexaHidHUX XapaKkTepucTuK GiHapHWX ailoMiHIEBUX CriaBiB
Ta BI/IMB HA Ui MOKa3HWKN PO3IJISSIHYTUX KOMITOHEHTIB, B 3a/1€XXHOCTI Bif iX BMICTYy Ta yMOB 04€ep-
)KaHHs1 crinasiB. BigmidaeTbcs, Lo eBTekTnyHa cuctema Al-Ca, He ANBJISIYNCH Ha NeBHY CXOXICTb 3
IHLLUMMY POSITISHYTUMM CUCTEMAaMM, HE BiArnoBsigae HeoOXiaHVIM BUMOram [J1s1 CTBOPEHHS CI11aBiB,
L0 MpauoTb NPU NigBuLLEeHX Temneparypax. [lpote, ekcrnepuMmeHTasibHi InBapHi crnasu AaHoi
CUCTEMU XapakTepPU3yIOTbECSI BUCOKOK MUTOMOIO MILHICTIO | M1acTUYHICTIO. Bu3Ha4eHo HacTynHi
TeHAEeHLii pO3p0BOK XapOMiLHUX aloMIHIEBUX CriaBiB: 3aCTOCYBaHHSI Maiixe HepO34YNHHUX
E€JIEMEHTIB Ta €/IEMEHTIB 3 HU3bKUM KOEQiLiEHTOM Any3ii B anoMiHii; CTBOPEHHSI CKIa4HOIEro-
BaHUx 6aratoKOMIMNOHEHTHUX CI1aBiB EBTEKTUYHOIO TUIMY; CTBOPEHHS LLIBUAKO 3aKPUCTasi30BaHNX
6araTtoKOMNoOHEHTHUX CrAaBIB, SIKi NiAAarTb oAaIbLLOMY MPECYBaHHIO Ta crikaHHo. OcobmBoi
yBarv 3acsyroBye po3pobka vBapHux crinasis cuctem Al-Fe—Mn—Ni, Al-Fe—Cr—Mn—-Nita Al-Ni-
La 3 HaHOCTPYKTYPHOIO TEPMIYHO CTabIiNIbHOIO EBTEKTUKOIO. Bka3aHO Ha HEOOXIAHICTb 4OCiAXEHb,
roB’93aHMNX 3 MIKPOAEryBaHHsIM Ta MOANDIKYBaHHSIM Takux CriiasiB.

Kmo4yoBi cnoBa: po3pobka martepiasnis, XapoMiLiHi armtoMiHIEBI criiaBu, INBaPHI atoMiHieBI crinasu,
EBTEKTUYHI CUCTEMMU.
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