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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 °C. 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,(Sc,Zr/Ti/Hf) dispersoids with a cubic crystal lattice of favorable symmetry L1, 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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odification 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,, 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 °C.
They also have quite high lavels of mechanical characteristics under operating conditions
at these temperatures (c_ ~ 150... 250 MPa, & ~ 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, [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,, and DO,,.. 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]. Inthe case of increasing their total contentto ~ 1 wt. % (0.56, 0.2and 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 (o, = 252 MPa, & = 4%). The strength at
200 and 300 °C 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]. Animportant condition for achieving this effect was to ensure very
rapid crystallization of the metal.
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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 Win amounts of 0.1-0.5wt. %
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 AI-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 °C and 540 °C 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 °C [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 AlHf 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 °C.

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,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 ALSc intermetallics AlSc,Si,. 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 (Sc,Zr/Ti/Hf), including - with a two-layer “core-
shell” structure with a favorable structure of the L1,-type [39-41].

The addition of molybdenum and manganese together with scandium contributesto 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,Sc intermetallic with L1, lattice increases with increasing the atomic mass.
Thus, the solubility of La and Ce is — 0.1, Nd, Smand 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-
,Si,. 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,Si,Eu
clusters, while Yb is absent in the Si phase. This indicates that the presence of ternary
compound clusters within Siis a necessary condition for the formation of a coral-like struc-
ture [44]. Somehow, there is no widely researched data about complex AlI-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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®di3nko-TexHoNori4YHMIA iHCTUTYT MeTanie Ta cnnasiB HAH Ykpainu (Kuis, YkpaiHa)

MIKPOJIETYBAHHA TA MOAUDIKALIA JIMTUX AJTIOMIHIEBUX CINJIABIB
ANS NIABULLEHHSA X EKCNJTYATALIMHUX BJIACTUBOCTEM
NPU NIABULWLEHUX TEMMNEPATYPAX. Oorngda.

Pobota npucBsiyeHa aHani3y BravBy Havbinbl eeKTUBHUX Mikposeryinx 106aBok Ta
moangikaropiB 415 NiAgBULLIEHHS MEXaHIYHUX BIACTUBOCTEV CUITYMIHIB rpu ix ekcrityatailii 3a yMoB
niasuLLeHux Temneparyp. loka3aHo, Lo JIMBAPHI antoMiHIEBI crisiaBu Ha OCHOBI cuctemu Al-Si
BIIHOCSITLCS 10 PSAY AELUEeBUX Ta LUNPOKOBXUBAHUX XapPOMILHUX allOMIHIEBUX CraBiB, rpoTe ix
piBEHb MexaHiYHVX B1aCTUBOCTEN € OBOJIi HU3bKUM, a Mexi TeMrnepartyp ekcriiyarauii 34e0ib-
LLIOro BU3Ha4YaloTbCsl Besim4mnHoro 4o 250 °C. [lns niaBuiLeHHsI PiBHS eKcrislyaTauiviHix B1acTuBocC-
Tevi 4aHOro Tuny Cr/iaBiB LUMPOKO 3aCTOCOBYIOTb MOANQIKYBaHHS Ta MikposaeryBaHHs. OCTaHHI
poku Bce 6inbLl eEKTUBHUM BBaXAETbCSI KOMIMIEKCHE OaratoOKOMMOHEHTHE MOANDIKYBaAHHS
CUJTYMIHIB TaKUMU esleMeHTaMu, sIK XpOM, MapraHelb, Hikesb, KobasbT, TUTaH, LINPKOHI Ta
BaHafiv, sKi 4O3BOSAOTL peasnidyBatyn 6aratoakToOpHUI BIJIMB HA CTPYKTYPHO-Ga30Buii CTaH
crnnaBsiB — peasi3aLlito 3ap0oaKoyTBOPIOKYOro MEXaHIi3My, YTBOPEHHS CTabislbHUX AMCrepcoinis,
3MIHYy Mopgosiorii 3ani3oBMicHUX a3z, Toulo. lNonapHe abo rnoTpiiHe A0AaBaHHS LINX €/IEMEHTIB
CYyMapHOIo KinbkicTio A0 0,25 %mac. B 6aratbox Bunaakax cripusie 30isbLLeHHI0 e eKTUBHOCTI Bif
mMoangikyBaHHS, NOPIBHSIHO 3 BBEAEHHSIM O4HOIro esiemeHTa. lloka3aHo, Lo 40AaBaHHS BaHaAilo,
MonibaeHy Ta BO/Ibpamy Cripysie niagBULLIEHHIO TBEPAOCTI Ta 3HVKEHHIO MiLJHOCTI Cri/iaBiB B INTOMY
cTaHi. lMpy UuboMYy, nicnsi rapTyBaHHS Ta ABOCTYMIHYACTOro CTapiHHS, 415 criiaBiB 3 MOJi6AeHOM
criocTepiraeTbCsl NMiaBULLIEHHSI MeXi MiMHHOCTI Ha 10 % npu 36epexeHHi piBHS MiLUHOCTI. FagHiv
PO3rNAa€ETLCS SIK MePCreKTUBHUY 3aPOAKOYTBOPIOIOYN €/IEMEHT, A0AAaBaHHSI IKOro TakOX Cripusie
3Ha4YHOMY MIABULLEHHIO Oropy pekpucTanidauii. Mloro fonasaHHs 4O XapOMiLHUX amloMIHIEBUX
cnnaBiB Moxe 3abe3neuntn ctabinizauiio mexaHiyHux Baactusocteri 4o 400 °C. Npu ubomy
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PisHe

HeobXiaHO 3a6e3rneHnNTV MakCUMasibHO MOXJ/TNBE rNoAPIOHEHHS iIHTepMeTaniaiB ragpHito, 0cobmBo 3a
HasIBHOCTI y crinasi KpemHito. MoanpikyBaHHSs a1loMiHIEBUX CrisiaBiB CKaHAIEM 3 40AAaBaAHHSIM TUTAHY,
LIMPKOHIto ab0 raHito cripusie yTBopeHHio avcnepcoinis Al (Sc,Zr/Ti/Hf), 3 Ky6iHHOIO KpUCTaiHHO
rparkoro crpusaTnBoi cumeTpii L1,7a cTabinbHOI LWapyBaTo CTPyKTypoio “core-shell”. INpu
LibOMY BMICT KPEMHIIO B CriyiaBi Mae OyTv MiHiMasibHUM Yepe3 YTBOPEHHS LUKIAINBUX CUNILMAIB.
JlonaBaHHS piako3eMesibHUX MeTaliB YAHUTL NoAIOHWI ePeKT, npoTe 6e3 PopMyBaHHS LLUapyBaTuX
CTPYKTYP. Npy LboMy, P3M MOXYyTb yTBOPIOBAaTY CUNILMAN, & MOXYTb MOANDIKYBATY €BTEKTUYHWNI
abo rnepBUHHWI KDEMHIV. B 060X Bunaakax, AoAaBaHHs nepexiaHnx metasnis abo P3M, oaHo4acHO
3 MoANQIKYBaHHSIM Cr/1aBiB CKaHAiEM, MiABULLYE BUCOKOTEMMNepaTypHy CTabilbHICTb MexaHidHUX
B/IACTUBOCTEN JINBAPHUX AJIIOMIHIEBUX CI/1aBiB Ha OCHOBI cuctemu Al-Si yepe3 popmMyBaHHSI MEHLL
aKTUBHUX Ta ANPY3IFIHOPYXOMUX 3MILHIOYM ANCIEPCHUX ¢pas.

Knio4yoBi cnoBa: sinBapHi antoMiHIEBI CrisiaBu, CUTYMIHU, KOMITJIEKCHE MOANDIKYBaHHS, nepexiaHi
meTanu, Pigko3eMesibHi MeTasu.
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