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MICROALLOYING AND MODIFICATION OF CAST ALUMINUM 
ALLOYS FOR INCREASING THEIR LEVEL OF EXPLOITATION 
PROPERTIES AT ELEVATED TEMPERATURES. A REVIEW

The work is devoted to the analysis of the most effective microalloying additives and modifiers 
influence on increasing the mechanical properties of Al-Si-based alloys (silumins) during their 
operation at elevated temperatures. It is shown that cast aluminum alloys based on the Al-Si system 
belong to a number of cheap and widely used heat-resistant aluminum alloys, but their level of 
mechanical properties is quite low, and operating temperature limits are mostly determined by 
250 °C. Modification and microalloying is widely used to increase the level of operational properties 
of this type of alloys.  In recent years, complex multicomponent modification of silumins by such 
elements as chromium, manganese, nickel, cobalt, titanium, zirconium and vanadium is considered 
to be more and more effective in strengthening, grain refinement, shape shifting of iron-containing 
phases, etc. Triple addition of these elements in a total amount up to 0.25 wt. % in  many cases 
increases the efficiency of modification, compared with the addition of a single element. It is shown, 
that the addition of vanadium, molybdenum and tungsten helps to increase the hardness of alloys 
in the cast state. In this case, after hardening and two-stage aging, for alloys with molybdenum 
there is an increase in yield strength by 10% while maintaining the level of strength. Hafnium is 
considered as a promising nucleating element, the addition of which also significantly increases the 
resistance of recrystallization. Its addition to heat-resistant aluminum alloys can provide stabilization 
of mechanical properties up to 400 0C. It is necessary to ensure the maximum possible grinding of 
hafnium intermetallics, especially in the presence of silicon in the alloy. Modification of aluminum 
alloys with scandium with the addition of titanium, zirconium or hafnium promotes the formation 
of Al

3 
(Sc,Zr/Ti/Hf) dispersoids with a cubic crystal lattice of favorable symmetry L1

2
 and a stable 

layered «core-shell» structure. The content of silicon in the alloy should be minimal due to the 
formation of harmful silicides. The addition of rare earth metals has a similar effect, but without 
the formation of layered structures. In this case, REM can form silicides, and can modify eutectic 
or primary silicon. In both cases, the addition of transition metals or REM, simultaneously with 
the modification of scandium alloys, increases the high-temperature stability of cast Al-Si-based 
aluminum alloys mechanical properties of through the formation of less active and diffusion-moving 
reinforcing dispersed phases.

Keywords: cast aluminum alloys, silumins, complex modification, transition metals, rare earth 
metals.
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Modification and microalloying of aluminum alloys, especially foundry ones, is a well-
known way to improve their quality and mechanical properties due to the impact on 

the structural-phase state [1, 2]. The most widely used industrial additives and modifiers 
for grain refinement and alloy strengthening are Ti, TiB

2
, Zr, Sr, Sc, less often - V, Mo, 

Hf and REM [3, 4]. In addition to these elements, some other transition metals play an 
important role, which can perform several functions simultaneously - to be strongly 
soluble and insoluble dispersoid hardeners, to modify the structural components and 
change the morphology of the phases, etc. These mainly include Fe, Cr, Mn, Co, and 
Ni [5]. However, they are often considered as components of alloys, without taking into 
account the full range of possibilities and the simultaneous influence of several elements.

The role of these listed components in the formation of a structural-phase condition, 
mechanical and operational properties of foundry aluminum alloys is very important, and 
especially Al-Si-based alloys (silumins), as the most widely used, but those that have 
a fairly low set of mechanical properties. This is especially important for alloys that are 
contaminated with harmful impurities during repeated recycling [6].

Al-Si-based alloys make up the largest share (about 85-90%) of cast aluminum alloys, 
mainly cause of they are technological and cheap. The automotive industry uses these 
alloys in plenty of products, including parts of internal combustion engines. Some of these 
alloys are creep-resistant with the ability to work at temperatures not exceeding 250 0C. 
They also have quite high lavels of mechanical characteristics under operating conditions 
at these temperatures (σ

в
 ~ 150… 250 MPa, δ ~ 1-2%) as for this class of materials. The 

presence of silicon crystals in the eutectic of silumins provide heat and creep resistance 
to the alloy, and high strength values are provided by the solid-soluble hardening of the 
aluminum matrix, the effect of which may be higher with additional alloying by copper, 
magnesium, and manganese [6, 7].

Alloys of the Al-Si and Al-Si-Cu systems lose strength with increasing temperature, 
which is explains a correspondingly sharp increase in the silicon diffusion coefficient. Along 
with this, silicon significantly reduces the positive effect of Ti, Zr, Cr, Mn, and some other 
elements capable of forming stable dispersoids of the intermetallic type, which increase 
the creep resistance of aluminum alloys [6, 8].

The main chemical additives for most aluminum alloys, including also silumines, are tita-
nium, zirconium, and scandium [3, 4, 9]. If titanium and zirconium are grain refining additives, 
scandium acts as a strengthening agent, which forms a dispersoid, coherent to the aluminum 
matrix with a cubic lattice of symmetry L1

2
 [3]. Despite the positive effect of scandium on 

the creep resistance of aluminum alloys, it is a scarce and expensive element, so its use 
stays limited. More common elements, which are widely used for grinding the structure of 
cast aluminum alloys - Ti, Zr, V, sometimes Hf and Mo, are able to form in aluminum alloys 
separation with structures of tetragonal symmetry DO

22
 and DO

23
. In this case, adding Cr, 

Mn, Fe, Co, Ni, Cu, and Zn can be reduced the tetragonality of the lattice [10]. The stability 
of the tetragonal structure increases with an increasing atomic number of the element [11].

Titanium, vanadium and zirconium have low diffusion activity in aluminum and form 
stable intermetallics, so they provide a significant increase in the strength of aluminum 
alloys at operating temperatures up to 350 °C [12-14]. For A356 (AK7), A380 (AK8M3), 
and similar alloys, the total addition of these elements usually does not exceed 0.25 wt. 
% [15]. In the case of increasing their total content to ~ 1 wt. %  (0.56, 0.2 and 0.32 wt. % 
of Zr, Ti, and V, respectively) in alloy A380 the formation of Al (Zr, Ti, V) Si compounds of 
lamellar form is observed, as well as the changes in morphology of eutectic components 
into flake and fibrous. This increases the strength (by ~ 20%) and ductility (by ~ 40%) of 
the alloy in the cast state at room temperature (σ

в
 = 252 MPa, δ = 4%). The strength at 

200 and 300 0C differs little and is 217 and 187 MPa, respectively, which indicates the 
stabilization of mechanical properties due to structural and phase changes that occurred 
after modification [12]. An important condition for achieving this effect was to ensure very 
rapid crystallization of the metal.



ISSN 0235-5884. Процеси лиття. 2021. № 3 (145)			                                                    63

Різне
In [5, 16, 17] it is noted that the addition to the A356 alloy of such elements as Ni, 

Cu, Cr, Mo, V, and W under the conditions of mold casting and die casting contributed 
to improving the mechanical properties of castings both in the cast state and after heat 
treatment T6. It is shown, that the addition of Cr, Mo, V, and W in amounts of 0.1-0.5 wt. % 
significantly increases the hardness of the alloys in direct proportion to the concentration 
of additives. At the same time, under the influence of these elements on strength, there 
is an inverse relationship. The optimum is the content of the above modifying elements 
at a level of about 0.1 wt.%.

In [18, 19], the separate effect of vanadium on the structural-phase state and properties 
of silumins have a temperate grinding grain effect and reduces the harmful effects of 
iron presence. The availability of 0.25 wt. % vanadium in the alloy leads to a significant 
increase in the degree of alloying of the solid solution based on aluminum with silicon 
almost twice. The refinement of eutectic components due to the addition of vanadium, 
and the iron-containing phases instead of the needle form become branched with small 
sizes are also observed. With the increasing rate of crystallization of the melt, the modifying 
effect increases by analogy with the influence of other modifiers. The increase in creep 
resistance of silumins due to the addition of vanadium has been little studied, however 
analyzing the available studies, we can say that it is indirect.

The addition of chromium to Al-Si-based alloys is usually limited to 0.35wt. %, and gives 
them mainly structural stability and increasing the recrystallization temperature, which, 
in turn, means increasing the level of creep resistance [20, 21]. Similar to manganese, 
chromium changes the needle morphology of harmful iron-containing phases to a more 
branched one, but its negative effect on the liquid fluidity of the metal is one and a half 
times greater than that only of manganese  [22-24].

Cobalt, just like chromium, also can enhance the action of manganese in modifying 
harmful iron-containing phases. Note that it can form iron-containing phases of compact 
form without the presence of manganese in the alloy [23].

Molybdenum as a modifier for creep-resistant silumins has recently become 
increasingly popular and widely studied. In [25, 26] it noted that 0.1-0.3 wt. % is the 
optimal amount for modification of silumins such as A356 and A380 that can be considered 
by molybdenum. In the cast state, the addition of molybdenum promotes the formation 
of the Al-Si-Mo and Al-Si-Fe-Mo system complex phases, which have a polygonal or 
starlike shape. The modified samples have pronounced gas and interdendritic porosity. 
The mechanical properties of such castings are slightly lower than similar ones obtained 
from unmodified alloy.

To obtain fine molybdenum-containing precipitates, multistage heat treatment, 
consisting of hardening and two-stage aging at 495 0C and 540 0C for 6 hours and 1 hour, 
respectively is needed. This increases the yield strength of the alloy by 10% compared 
to the unmodified alloy. In this case, the tensile strength, which is more sensitive to the 
magnitude of the defects, remains almost the same neither at room temperature nor at 
elevated temperatures of 250 0C [26, 27].

Hafnium is another almost unexplored and promising modifier that increases the heat 
resistance and mechanical properties of aluminum alloys [28, 29]. The interest in the 
use of this element as a modifying admixture is mainly explained by the provision of the 
most effective recrystallization resistance and the possibility of forming of fine-crystalline 
dispersoids in the structure with very low diffusion activity and tetragonal FCC lattice. Like 
zirconium and titanium, hafnium has a peritectic-type diagram with aluminum, so it could 
be a similar grain-refining modifier.

In [30] under the conditions of repeated annealing, hardening, and forging of cast 
samples, the size of Al

3
Hf dispersoids in Al-0.95Hf alloy can reach 15 nm, and they can 

be coherent to the aluminum matrix at such sizes. In the presence of silicon in the alloy 
at the level of 0.15% of the mass and above, the release, rate of dispersed intermetallic 
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particles and their size increase. In the presence of silicon in the alloy at the level of 0.15 
wt. % and above, the rate of excretion of dispersed intermetallic particles and their size 
increase. At the same time, Al-Hf-Si intermetallics provide better preservation of hardness 
at high temperatures and more effectively suppress recrystallization processes up to 
temperatures of 400-450 0C.

Alloying and modification of Al-Si-based alloys with rare earth metals (REM) are one 
of the most effective ways to increase their properties through the implementation of a 
full range of mechanisms of influence - the formation of precipitates, grain refinement, 
structure modification, and obtaining a high-temperature stability strengthening phases 
[5, 31, 32]. These elements have almost zero solubility in aluminum and are able to form 
dispersed stable high-temperature aluminides with low diffusion activity.

Among REM modifiers for silumins and other cast aluminum alloys, the most attention 
is paid to cerium, lanthanum, and erbium [3, 33-35]. The first two elements are character-
ized as structure modifiers, especially for eutectics. Erbium, in turn, is a valuable hardener 
that can form aluminide phases with an FCC lattice similar to scandium – one of the most 
valuable modifier for aluminum alloys.

Scandium is the first transition metal and also belongs to the rare earth elements. To 
increase the mechanical properties of deformable aluminum alloys use these element due 
to a very effective strengthening effect, which emits small coherent precipitates of Al

3
Sc 

in aluminum matrix. To strengthen aluminum alloys as an alternative to copper scandium 
can also be used to increase corrosion properties [3, 36, 37].

Uses of scandium for cast aluminum alloys have been and remains largely limited due 
to low economic feasibility. However, studies of the interaction of this element with the 
components of silumins, in particular with silicon, have been conducted for a long time. 
In [38], the negative effect of silicon, even at its concentration at the level of 0.2-1% wt., 
due to the formation of rougher Al

3
Sc intermetallics AlSc

2
Si

2
. The hardness of scandi-

um-doped alloys increased with increasing silicon content in the cast state, but after aging 
such alloys are losing their hardness compared to silicon-free. In the presence of silicon, 
the grain boundaries were depleted of scandium under prolonged temperature loading, 
which indicates a decrease in their creep resistance.

Simultaneous addition of titanium, zirconium and hafnium is also used to ensure the 
effective use of scandium as a modifier of aluminum alloys. This technique provides the 
formation of thermally stable phases of Al

3
(Sc,Zr/Ti/Hf), including - with a two-layer “core-

shell” structure with a favorable structure of the L1
2
-type [39-41]. 

The addition of molybdenum and manganese together with scandium contributes to a 
significant reduction in the rate of coagulation of precipitates mainly due to the binding of 
silicon [42]. In this case, in the vast majority of studies, the silicon content in alloys does 
not exceed 1 % wt., which complicates the understanding of the role of scandium as a 
modifier of Al-Si alloys to improve their performance.

Simultaneous addition of scandium and REM to aluminum alloys in some cases allows to 
replace part of scandium and thus reduce the cost of modification and at the same time to 
increase the high temperature stability of the formed reinforcing precipitates. The solubility 
of REM in Al

3
Sc intermetallic with L1

2
 lattice increases with increasing the atomic mass. 

Thus, the solubility of La and Ce is - 0.1, Nd, Sm and Eu - 0.3, and Yb and Lu - 7.9-20 % 
at. The dependence of hardness on the atomic mass of the third component is inversely 
proportional to this [43]. 

For silicon-reach alloys, some REM are able to create complex phases, similar to AlSc-

2
Si

2
. Eu modifies Si into a coral-like structure while Yb does not. Atom probe tomography 

shows that Eu is present within the Si phase in the form of ternary compound Al
2
Si

2
Eu 

clusters, while Yb is absent in the Si phase. This indicates that the presence of ternary 
compound clusters within Si is a necessary condition for the formation of a coral-like struc-
ture [44]. Somehow, there is no widely researched data about complex Al-Sc-REM-Si 
compounds, formed in overviewed alloys, but it’s obvious, that different REE may cause 
different influence on structural and phase condition of silumins, modified by Sc.
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Despite many years of research into ways to improve the performance of indus-
trial creep-resistant Al-Si-based foundry alloys through the introduction of various 
microadditives, many issues such as complex modifications of transitional, refractory 
and rare earth elements remain unexplored, although the potential of such techniques 
is undoubtedly high.
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МІКРОЛЕГУВАННЯ ТА МОДИФІКАЦІЯ ЛИТИХ АЛЮМІНІЄВИХ СПЛАВІВ 
ДЛЯ ПІДВИЩЕННЯ  ЇХ ЕКСПЛУАТАЦІЙНИХ ВЛАСТИВОСТЕЙ 
ПРИ ПІДВИЩЕНИХ ТЕМПЕРАТУРАХ. ОГЛЯД.

Робота присвячена аналізу впливу найбільш ефективних мікролегуючих добавок та 
модифікаторів для підвищення механічних властивостей силумінів при їх експлуатації за умов 
підвищених температур. Показано, що  ливарні алюмінієві сплави на основі системи Al-Si 
відносяться до ряду дешевих та широковживаних жароміцних алюмінієвих сплавів, проте їх 
рівень механічних властивостей є доволі низьким, а межі температур експлуатації здебіль-
шого визначаються величиною до 250 0С. Для підвищення рівня експлуатаційних властивос-
тей даного типу сплавів широко застосовують модифікування та мікролегування. Останні 
роки все більш ефективним вважається комплексне багатокомпонентне модифікування 
силумінів такими елементами, як хром, марганець, нікель, кобальт, титан, цирконій та 
ванадій, які дозволяють реалізувати багатофакторний вплив на структурно-фазовий стан 
сплавів – реалізацію зародкоутворюючого механізму, утворення стабільних дисперсоїдів, 
зміну морфології залізовмісних фаз, тощо. Попарне або потрійне додавання цих елементів 
сумарною кількістю до 0,25 %мас. в багатьох випадках сприяє збільшенню ефективності від 
модифікування, порівняно з введенням одного елемента. Показано, що додавання ванадію, 
молібдену та вольфраму сприяє підвищенню твердості та зниженню міцності сплавів в литому 
стані. При цьому, після гартування та двоступінчастого старіння, для сплавів з молібденом 
спостерігається підвищення межі плинності на 10 % при збереженні рівня міцності. Гафній 
розглядається як перспективний зародкоутворюючий елемент, додавання якого також сприяє 
значному підвищенню опору рекристалізації. Його додавання до жароміцних алюмінієвих 
сплавів може забезпечити стабілізацію механічних властивостей до 400 0С. При цьому 
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необхідно забезпечити максимально можливе подрібнення інтерметалідів гафнію, особливо за 
наявності у сплаві кремнію.Модифікування алюмінієвих сплавів скандієм з додаванням титану, 
цирконію або гафнію сприяє утворенню дисперсоїдів Al

3  
(Sc,Zr/Ti/Hf), з кубічною кристалічною 

ґраткою сприятливої симетрії  L1
2 

та стабільною шаруватою структурою “core-shell”. При 
цьому вміст кремнію в сплаві має бути мінімальним через утворення шкідливих силіцидів. 
Додавання рідкоземельних металів чинить подібний ефект, проте без формування шаруватих 
структур. При цьому, РЗМ можуть утворювати силіциди, а можуть модифікувати евтектичний 
або первинний кремній. В обох випадках, додавання перехідних металів або РЗМ, одночасно 
з модифікуванням сплавів скандієм, підвищує високотемпературну стабільність механічних 
властивостей ливарних алюмінієвих сплавів на основі системи Al-Si через формування менш 
активних та дифузійнорухомих зміцнюючи дисперсних фаз. 
          
Ключові слова: ливарні алюмінієві сплави, силуміни, комплексне модифікування, перехідні 
метали, рідкоземельні метали.


