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the application of lanthanides has widened in daily life such
as touchscreens, lighting products, computer technology; fur-
thermore, lanthanides are used in medical systems, screen
technology, automotive industry (especially in electric cars),
defence and metallurgy industry [2,3]. Lanthanide usage in
catalysts, glassmaking and metallurgy markets, called also
mature markets, accounts for 52% of the total worldwide
market demand; permanent magnet, ceramic and battery
markets, nominally high-growth markets, are the remainder
of the market demand [4].

1. Introduction

Discovery of lanthanides was taken place in a small village
called “Ytterby” in Sweden on 1788. In the early years, they
were called “black rock” and subsequently “new kind of earth”.
Approximately 5000t of rare earth oxide production was suf-
ficient for the global demand before the 1950s. After that, the
demand has gradually increased year by year because of the
cold war, nuclear armament and space race [1,2]. Nowadays,
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In the mature market, including metallurgy, lanthanum,
cerium and neodymium elements constitute 83% of rare
earth (RE) demand of the market itself. In metallurgy indus-
try, lanthanides are added into aluminium, magnesium and
iron-based alloys in small quantities in the form of master
alloys or mischmetal, i.e. mostly La and/or Ce based RE mix-
ture, to mainly improve the mechanical performance of the
alloys. About 11,300t rare earth oxide (REO) was used in 2018
[4].

Aluminium-silicon alloys are used in the automotive and
aerospace sectors due to their high strength-to-weight ratio.
Preliminary molten metal treatments, such as grain refine-
ment and eutectic modification, are generally performed
through the addition of some elements in the molten bath in
order to improve the mechanical properties such as ductility
and fatigue life. In particular, the eutectic modification in the
Al-Si system has been studied by using different elements in
the periodic table to achieve the best eutectic silicon modifica-
tion [5]. Although sodium and strontium remain well known
eutectic Si modifiers, having low prices and high availability in
the market, they have shown negative or insufficient effects.
Therefore, lanthanides are the current research topic despite
their high prices.

In this review, the effects of the addition of individual lan-
thanide element on the eutectic modification in hypoeutectic
Al-Si alloys are surveyed and future opportunities are dis-
cussed.

2. Lanthanides as a term

Lanthanides consist fifteen elements from lanthanum to
lutetium (atomic number: 57-71) in group IIIB of the periodic
table. They have chemical and physical uniformity resulting
from the nature of electronic configurations. Their oxidation
states are stable and equal to +3. Lanthanide-group elements
have the ability to make strong ionic bonding owing to their
being electropositive.

In general, lanthanides are called rare earth elements.
Yttrium and scandium are extracted from the same ores
in nature. Lanthanons term (abbr. Ln) comprises sixteen
elements: lanthanides plus yttrium. Scandium, the lightest
element in the group IIIB, has relatively noticeable chemistry
because of its relatively low 3+ ion radius.

Light rare earth elements, ie. from La to Sm, consti-
tute approximately 98% of all rare earth ores; heavy rare
earth elements, from Eu to Lu, constitute the remainder.
In addition, another classification of these elements defines
as middle rare earth elements those from Pm to Ho [6,7].
Fig. 1 shows the abundance of elements in the Earth’s
crust. Lanthanides constitute 0.02wt.% of the Earth’s entire
crust, while aluminium and strontium constitute 8.6 wt.% and
0.037 wt.%, respectively. Also, pie chart shows the detailed
percentage distribution of lanthanides. Cerium, the most
common rare earth metal, constitutes 36 wt.% of all lan-
thanides. Thulium, lutetium, terbium, and holmium are quite
rare. Promethium that can be produced in a nuclear reac-
tor is rare with about 500g occurring naturally in the crust
[7,8]; due to this, promethium will not be considered in this
review.

Lanthanides Al Ti
0.02% 8.6% 0.56%C

Na
037%
53% B Fe 400377

0.001% 5.6%

Fig. 1 - The doughnut chart (outer chart) shows abundance
of the principal metals in the Earth’s crust; a detailed
distribution of lanthanides is shown in the pie chart (inner
chart).

Data (in wt.%) refer to 2015 and are all elaborated from Ref.

8]

3. Production and market of lanthanides

Although lanthanides are distributed around the world, their
ores are mainly extracted in China. Milling, floating, separa-
tion, and purification processes are carried out in China as
well. This country shows a strategic position in rare earth
production and market in the world [3,9]. According to the
production and reserve data of 2018 (Fig. 2), the world’s total
rare earth reserve is 120 million t. China retains 37% of these
reserves and dominates the REO production. The REO produc-
tion amount of China for 2018 was 120,000t. Australia was in
second place with 20,000t of REO [10].

World REO production has shown an increasing tendency
driven by China until 2010. Global financial crisis affected
the production from 2010 to 2013 (see Fig. 3). The trend has
started increasing again from 2013 again. Simultaneously with
the worldwide financial crisis, commercial tensions between
China and Japan resulted in China’s cessation of rare-earth
trade to Japan on 2010. The prices of metallic lanthanide have
been strictly affected by the aforementioned crises as can be
seen in Fig. 4: thelanthanide prices decreased after 2010. Thus,
the importance of lanthanides and their domestic production
have been progressively understood in the rest of the world
too. Fig. 3 evidences really the increasing world production of
REO respect to that of China.
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Fig. 2 - Doughnut chart shows the percentage of rare earth
oxide (REO) reserves by countries. The bar chart shows the

amount of REO production by countries.
Data refer to 2018 and are all elaborated from Ref. [10].
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Fig. 3 - World production of rare earth oxide (REO) from

2000 to 2018, and the production in China.
Data elaborated from Ref. [10].

In 2018, the global rare earth production in oxide form
was about 170,000t (120,000t produced in China); as useful
comparison, about 60 milliont of aluminium and 21 milliont
of copper were produced worldwide at the same time
[10].
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Fig. 4 — Variation in the prices of commercial purity (99.9%)
lanthanum, cerium, europium and dysprosium from 2001

to 2014.
Data elaborated from Refs. [11-13].
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Fig. 5 — Density and melting temperature of lanthanides.
Data elaborated from Refs. [8,14].

4. Physical and chemical characteristics of
lanthanides

There is an increasing trend of density and melting tem-
perature of lanthanides with the increasing atomic number
from lanthanum to lutetium. However, Fig. 5 evidences how
europium and ytterbium interrupt this trend showing den-
sities of 5.26 and 6.90 g/cm?, respectively. Europium has the
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Fig. 6 — Gibbs energy for oxide formation of lanthanides;
Al,03, MgO and CaO are added as references.
Data elaborated from Refs. [15,16].

lowest density among lanthanides, while lutetium shows the
highest one, i.e. 9.84 g/cm3. Lanthanides have a significant
difference in terms of density with aluminium. Melting tem-
peratures of lanthanides are higher than 900 °C except cerium,
europium and ytterbium (795, 826 and 824°C, respectively)
[8,14].

All lanthanides have higher density (Fig. 5) and greater oxi-
dation tendency (Fig. 6) than aluminium; both these features
indicate how fading may be observed during melting process.
The density difference between lanthanides and aluminium
may result in the segregation of lanthanide particles at the
bottom of the bath shortly after the addition. Further, greater
oxidation tendency implies greater amounts of oxide occur-
ring during the casting process.

Table 1 summarizes some physical, chemical and crystal-
lographic properties of lanthanides, where it seems evident
how europium and ytterbium are the only two elements with
cubic structure. Therefore, these two elements seem to be can-
didates as eutectic silicon modifier in Al-Si foundry alloys.

5. The eutectic in the Al-Si system

In general, Al and Si contain impurities such as P and Fe, which
can be acceptable as trace contents in commercial alloys.
However, some studies [25-28] revealed how these impurities
can be quite effective during the formation of Al-Si eutectic
structure. According to Shankar et al. [29], the precipitation of
primary a-Al from the liquid phase is followed by the forma-
tion of secondary p-AlsFeSi phase at temperature above the
eutectic point. The eutectic Si can nucleate on the B-AlsFeSi
phase before the eutectic a-Al nucleation on the Si particle.

On the other side, researchers [30,31] demonstrated that
pre-existing AlIP compounds in the melt play important role
as effective nuclei for eutectic silicon (Fig. 7). P impurity exists
as AIP compound in Al-Si alloys and it is quite effective for
nucleation of silicon because of their crystallographic similar-
ity between them. These results supported the theory from
Ho and Cantor [25]: even at low P level (<2 ppm), the eutectic
Si particles nucleate on AlP compounds.

Fig. 7 — (a) Backscattered SEM micrograph showing a polyhedral silicon crystal in quenched solidified Al-7Si alloy with
corresponding WDS composition maps of (b) Si, (c) O, (d) P and (e) Al
Reproduced with permission from Ref. [31]. Copyright (2014), Elsevier.
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Table 1 - Some physical, chemical and crystallographic properties of lanthanides. Data elaborated from [14,17-24].

Element Symbol Atomic Crystal Eutectic Eutectic point in Eutectic phase
number structure temperature in Al Al system (wWt.%) with a-Al
system (°C)
Lanthanum La 57 DHCP? 640 14 Al Las
Cerium Ce 58 DHCP 640 18 Al;1Ces
Praseodymium Pr 59 DHCP 640 21 Aly1Prs
Neodymium Nd 60 DHCP 632 12 Al;1Nd3
Samarium Sm 62 Rhom." 635 19 Al;Sm
Europium Eu 63 BCC® 628 11 Al4Eu
Gadolinium Gd 64 HCp! 634 16 Al;Gd
Terbium Tb 65 HCP 634 20 Al3Tb
Dysprosium Dy 66 HCP 635 16 Al;Dy
Holmium Ho 67 HCP 650 10 AlsHo
Erbium Er 68 HCP 649 11 ALEr
Thulium Tm 69 HCP 645 10 Al;Tm
Ytterbium Yb 70 FCC® 625 21 Al;Yb
Lutetium Lu 71 HCP 650 11 AlsLu
@ Double hexagonal close-packed.
b Rhombohedral.
¢ Body-centred cubic.
d Hexagonal close-packed.
¢ Face-centred cubic.
Silicon formation changes to non-faceted one without a significant
AIP nucleation variation in the twin density [36].
and growth . . . . . .

For chemical modification (also called impurity modifica-
tion), a modifying agent is needed especially in some foundry
processes that show low cooling rates such as sand casting.
From 1921, alkali, alkaline earth metals, group VA elements,
some transition metals, and lanthanides have been used or

\ Straightened reported as useful elements for the chemical modification in
Oxide crack Al-Sialloys [38]. The primary a-Al phase is not directly affected

bifilm
Fig. 8 - Illustration showing the nucleation of AlP particle

over an oxide bifilm, which is straightened by further

nucleation and growth of silicon particle.
Reproduced with permission from Ref. [34]. Copyright

(2015), Elsevier.

Campbell and Tiryakioglu [32,33] claimed that AlP particles
nucleate on Al oxide bifilms and the eutectic Si, nucleated on
AlP phase, grows on the oxide bifilm substrate (Fig. 8). Shape of
planar Si particles and low mechanical behaviour of unmod-
ified eutectic structure might be explained with straightened
bifilm theory [32,33].

5.1. Eutectic silicon modification

The modification of Al-Si eutectic is a process that is generally
applied to refine and morphologically change the eutec-
tic Si particles leading to better performance of Al-Si cast
parts [35-37]. In general, there are two different eutectic
modification methods: quench modification and chemical
modification. At high cooling rates, quench modification takes
place intrinsically in case of an equivalent growth rate higher
than 500 pm/s. The transition from flake to fibrous structure is
coupled with a decrease in undercooling. The faceted silicon

by impurity modification [35].

Lu and Hellawell [35] suggested two mechanisms to explain
the eutectic Si modification: (1) impurity induced twinning
(IIT) and (2) twin plane re-entrant edge (TPRE). In the IIT mech-
anism, modifier atoms or clusters are absorbed in the solute
field ahead of the silicon phase at the solid/liquid interface
resulting in higher twinning density. In TPRE, the branched
Si structure occurs because of changed growth direction after
preventing further attachment of silicon atoms into the grow-
ing structure by absorbed clusters at the re-entrant edges. Each
defect is a potential site for branching during solidification
in modified eutectic silicon. According to the IIT mechanism,
only the elements that shows the “ideal” atomic radius ratio
1;/T ~1.646 (Wwhere r; is the atomic radius of the element, and
r is that of the silicon) are modifiers. Fig. 9 shows a plot of
relative atomic radii versus the atomic radius of silicon for
lanthanides.

Recently, advanced characterization techniques allowed to
deeper understand the growth change of eutectic silicon when
small concentrations of modifying elements are added to
hypoeutectic Al-Si alloys. While light optical microscopy, elec-
tron backscattered diffraction (EBSD) and scanning electron
microscopy (SEM) can provide useful information about the
change in morphology and microscopic growth direction of
eutectic Si, the analysis of nano sized segregations producing
this effect, requires characterization methods with sub-
nanometre resolution such as high-resolution transmission
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Fig. 9 - Plot of ratio of atomic radii (r) vs atomic radius of

silicon (rs;) for lanthanides; Na and Sr are indicated too.
Data elaborated from Refs. [8,35].

electron microscopy (HR-TEM) and atom probe tomography
(APT) [39)].

5.2. Commercial eutectic Si modifiers: Na and Sr

Two main theories are discussed in literature about the modi-
fication mechanism: (1) restricted nucleation and (2) restricted
growth theories [40]. In the first one, modifier neutralizes the
AlP or reduces the diffusion coefficient of Si in Al-Si melt,
which results in enhanced undercooling and refined eutectic
structure [41]. In the restricted growth mechanism, the pref-
erentially absorption of modifier occurs on twin re-entrant
groove or Si growing surfaces [42]. Thus, the growth of eutectic
Si phase is restricted, and the eutectic structure is modified.
On the other hand, Nogita et al. [43] proposed three nucleation
scenarios for the Al-Si eutectic: nucleation and growth oppo-
site the thermal gradient (Mode I), nucleation on the dendrites
(Mode II) and heterogeneous nucleation of eutectic grains in
the interdendritic liquid (Mode III). For chemically unmodified
Al-Si alloys, the eutectic solidification occurs in Mode II, while
chemically modified alloys show a development of eutectic
structure through Mode III or combination of Mode I and IIIL

Sodium addition, discovered by Pacz in 1921, is still among
the most used modification technique for hypoeutectic Al-Si
alloys with high Si contents used in sand casting processes
[38]. A fully eutectic modification can be achieved by a small
amount of Na (<0.01wt.%) addition [27,28,40]. Despite its
excellent performance and lower price, many negative proper-
ties of Na, such as very high vapor pressure, easy evaporation,
therefore quickly fading, make using Sr attractive in casting
applications [35].

AIP

Eutectic Si

TSSALSI,Sr
() (d)

Fig. 10 - Solidification sequence of Al-Si eutectic in (a and
b) unmodified and (c and d) Sr-modified alloys.
Reproduced with permission from Ref. [44]. Copyright

(2002), Stuart D. McDonald.

In unmodified alloys, AIP compounds segregate at the den-
drite/liquid interface and act as nucleation sites for eutectic
Si during the growth of a-Al dendrite (Fig. 10a and b). In modi-
fied alloys, low Sr levels can poison, in a similar way to Na, the
AP particles by forming Al,Si,Sr intermetallics which cover
AlP compounds. Nucleation density decreases dramatically in
the interdendritic zone and Si nucleation is forced at larger
undercooling, as illustrated in Fig. 10c and d [44].

Some works [40,45] determined the absorption of Na and Sr
atoms along <11 2> growth direction and {111} growth planes
of eutectic Si. Furthermore, Si twin density in Na-modified
hypoeutectic Al-Si alloys is much higher than in unmodified
or Sr-modified ones, as visible in Fig. 11 [46]. The combina-
tion of Na and Sr does not result in any beneficial or synergic
effect even in short period after addition [47]. Sodium domi-
nates the eutectic solidification and increases the evaporation
and fading of Sr.

5.3. Lanthanides as eutectic Silicon modifiers

Alllanthanides have eutectic transformation in Al-rich side of
their binary system, and this reaction occurs between 11 and
25wt.% of lanthanides’ addition at about 640 °C (see Table 1).
Fig. 12 shows the Al-La system as example. La, Ce, Pr and
Nd form a L3Alj; type compound (L is lanthanide) as eutec-
tic phase with a-Al. The other lanthanides form a LAl; phase,
except Eu which reacts with Al and leads to an EuAly phase.
Until now, few and partial experimental and theoreti-
cal studies on Al-Si-L ternary systems have been performed
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Fig. 11 - TEM bright-field images of (a) unmodified, (b) Na- and (c) Sr-modified Al-5Si alloy.
Reproduced with permission from Ref. [46]. Copyright (2015), Elsevier.
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Fig. 12 - Equilibrium Al-La phase diagram calculated by the FactSage Education software.

[48-53]. However, from these preliminary works, it has been
observed how lanthanides can form AlSiyL,-type com-
pounds, or even more Al,SiyL phases, in a similar way to Sr
modification. This would suggest a poisoning mechanism of
the AIP particles as observed during both Na and Sr modifica-
tion.

5.3.1. Lanthanum, cerium and samarium

New aluminium alloys containing La, Ce or Sm have been
recently developed and patented [54-59]. Some authors [60-64]
reported that even 1wt.% La or Ce addition is not enough for
full modification of eutectic Si. Compared to Sr modification,
Ce-containing alloys show a partially modified microstructure
as shown in Fig. 13 [60], where Ce-rich intermetallics (Al,Si;Ce
phase), flake-like, and fibre-like eutectic Si particles can be
easily compared. On the other hand, it is stated that good
modification and twinning can be observed after 0.3 wt.% Ce
addition in Al-7Si alloys. The eutectic cells nucleate at outer
surface and grow inwardly [65,66]. Additionally, lanthanide
element is quite effective on porosity formation, as well as the
amount of addition. As seen in Fig. 6, Gibbs energy for oxide
formation of Ce is slightly lower than that of La. After oxide
formation, Ce is more stable than La as oxide. Thus, Ce shows

greater effect on porosity formation if compared to La, and
thus be more detrimental than La [67]. This can be associated
toachangein the eutectic solidification. However, more efforts
have to be paid to understand the mechanism of the porosity
formation with addition of La, Ce or the other lanthanides.

The best efficiency of Sm addition on eutectic Si modifi-
cation is reached at 0.6 wt.% in Al-12Si alloys. Furthermore,
this level seems the optimum solution for Al-7Si alloys too
[68,69]. Therefore, a fine-fibrous silicon morphology can be
achieved by Sm addition in agreement with the IIT mechanism
proposed by Lu et al. [35].

5.3.2. Europium

Mao et al. [70] suggested that the eutectic Si modification with
Eu addition is associated with IIT and TPRE mechanisms being
supported by X-ray fluorescence (.-XRF) and X-ray absorption
fine structure (XAFS) results. Eu-rich clusters were, however,
detected at the {111} Si twin intersection along the <112>
eutectic Si growth direction (Fig. 14) [71]. Therefore, besides
TPRE and IIT mechanisms, the adsorption of modifier element
into the growth interface plays a key role during the eutec-
tic Si modification. u-XRF and XAFS results showed a strong
bonding between Eu and Si [20,71].
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Fig. 13 — Microstructures of Al-8Si alloy (a—c) before and after (d—f) 0.04 wt.% Sr or (g-i) 1 wt.% Ce additions. (a, d, g) Optical

micrographs; SEM images of (b, e, h) unetched and (c, f, h) deep etched samples. Al,Si,Ce particles are indicated by arrows.
Reproduced with permission from Ref. [60] Copyright (2019), Springer.

Intensity (arb. units)

Fig. 14 - (a) High-resolution TEM image acquired along the <11 2>g; growth direction and {11 1}g; habit plane in an Al-5Si

alloy after 0.05 wt.% Eu addition; (b) EDS analysis of Eu segregation at the intersection of two twins.
Reproduced with permission from Ref. [71]. Copyright (2015), Elsevier.

Athigh levels, Eu segregates at the interface between Siand
liquid during solidification. Li et al. [72] found that the mod-
ification efficiency of Eu is decreased with increasing P level
in the alloy. When the P content increases up to 10 ppm, even
200 ppm Eu is not effective to reduce nucleation and growth
temperatures of eutectic; however, this Eu amount is quite
effective to reduce the number of eutectic grains.

There is an interaction between Eu and P resulting in
EuP formation. From a crystallographic point of view, the
EuP phase is a perfect nucleation site for Si particles. This

may explain the refinement mechanism of eutectic Si in Eu-
modified alloys.

5.3.3.  Gadolinium

Shi et al. [73] observed a good modification degree in Gd-
containing Al-7Si-0.45Mg alloy when the Gd content is about
0.4wt.%. At lower Gd amounts (0.2wt.%), a slight eutectic
Si refinement is obtained [74]. There is no difference in the
twin density of the silicon phase between unmodified and
Gd-modified alloys.
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Fig. 15 - n-XRF elemental mappings of (a—c) Eu- and (d-f) Yb-containing Al-10Si alloy.
Reproduced with permission from Ref. [20]. Copyright (2010), Elsevier.

Comparing to Sr, gadolinium has smaller atomic radius
and higher atomic weight. In general, the segregation of Gd
atoms in front of the eutectic cell is favoured; this can lead to
an eutectic refinement during solidification. Moreover, Gd has
more physicochemical activity respect to Sr, La and Ce for the
elimination of oxide bifilms [73]. In this way, the addition of
Gd contributes to a cleaner bath, and thus greater reliability
of castings.

5.3.4. Holmium and erbium
A high modification level can be achieved with 0.3wt.% Ho
addition in Al-7Si-0.45Mg alloy. The existence of holmium in
the molten metal seems to promote the distortion of Si crystal
and disturb the inherent growth orientation [75]. Greater Ho
additions are not more effective for eutectic modification.
Recent studies [76-79] have shown that the optimum mod-
ification can be achieved after 0.3 wt.% Er addition into A356
alloy. More erbium is needed when the initial Si content
increases; however, the modification level does not improve
linearly with increasing Er concentration. It is believed that
Er atoms are adsorbed along the <112> growth direction of
eutectic Si being responsible for IIT and TPRE mechanisms;
however, Er atoms have not been observed along with Si twins
or twins’ intersections [77-80].

5.3.5. Ytterbium

Itis reported that 0.7 wt.% of Yb is needed for optimum eutec-
tic modification in Al-10Si alloys [81,82]. Although increasing
Yb up to optimum level provides better modification, no
change in twin density is observed in eutectic Si particles.
Li et al. [83] indicated that the depression of the eutectic
temperature observed in Yb-containing alloys is not directly
associated to variations in the Si morphology. This modifi-
cation mechanism caused by undercooling is different from

the IIT and TPRE mechanisms. Differently from Sr and Eu, Yb
does not concentrate in the eutectic Si but precipitates inde-
pendently in the form of Al,Si;Yb compounds as observed
by n-XRF mapping in Fig. 15a-c [20]. On the other side, Eu is
retained in eutectic Si particles (Fig. 15d-f) [20].

5.4. General observations and discussion

Although Na modification is not affected by cooling rate dur-
ing solidification when Na amount is high enough in the melt
(>100 ppm) [40,84], lanthanides are more effective on eutec-
tic Si modification at higher cooling rates [81,85], as generally
observed in Sr-modified alloys [86].

On the other hand, increasing of lanthanide content is
associated with an increase in porosity respect to unmodi-
fied alloys but also a redistribution of porosity from isolated
coarse porosity to well-dispersed and fine porosity [67,72,87].
When the amount of lanthanide exceeds 1wt.%, the porosity
can form due to lanthanide-rich complex oxides and acicular
or plate-like lanthanide-rich compounds, which might hinder
the liquid flow during solidification [67,76,88-90].

Nogita et al. [91,92] studied the eutectic Si modification
in Al-10Si alloy through high amounts (>1wt.%) of lan-
thanide additions (Fig. 16). It seems lanthanides can only
provide a partial eutectic modification apart from europium,
which is the only lanthanide to bring about fully modifica-
tion. The modification effect does not improve linearly with
lanthanide addition. This is possibly due to the overcom-
ing of lanthanide solubility, which causes the formation of
precipitates, even primary compounds, which can seriously
compromise the mechanical properties of the alloy in both
as-cast and heat-treated conditions [93], especially ductil-
ity. Over than 1wt.% lanthanide addition, a large number
of lanthanide-rich intermetallics precipitate, and the volume
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Fig. 16 - Microstructures of Al-10Si alloy at the addition level (wt.%) corresponding to the fully modified structure for the
specified lanthanides.
Reproduced with permission from Ref. [91]. Copyright (2004), J-Stage.

fraction of these compounds increases with the increas- in the form of ~1.5pm thick plate-like or star-like parti-
ing amount of lanthanide [94]. Al,LasSiy, Al,CesSiy, AlpLaSi, cles in La- or Ce-modified Al-Si alloys [67,89,94-97]. At the
Al,CeSi, AlLaSi, Al4CesSi; and AlsLasSi; phases were detected same time, AljpLasTip, AlgLasCu,Sig, Aly1TioLa, Aly1TioCe,
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Fig. 17 - Cooling curves of A356 alloy after Yb additions;
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references.
Reproduced with permission from Ref. [98]. Copyright

(2011), Elsevier.

A111La3(Cu, Fe)4Si2, A111CE3(CL1, Fe)4Si2 and A15CuSi2La2 inter-
metallics would precipitate when the alloy contains Cu, Ti, Sr
or Fe, which have a high affinity to react with lanthanides.
Among these elements, Fe shows the lowest tendency to react
with lanthanides [95].

No relations between silicon morphology and eutectic
nucleation or growth temperatures have been observed in
modified hypoeutectic Al-Si alloys. Fig. 17 shows that depres-
sions in nucleation and growth temperatures are almost the
same after Sr and Yb additions. However, the finest modi-
fication was obtained at 0.3wt.% Yb addition, according to
metallographic investigations [98].

Although almost all of the lanthanides are within the ideal
range of radius ratio ri/r for eutectic Si modification as pro-
vided by Lu et al. [35], they behave differently. All lanthanides
(except Pm) could be modifiers, but Eu is the only lanthanide
that can perfectly modify the eutectic Si phase and increase Si
twin density [5,91]. Therefore, it should be noted that the mod-
ification mechanism of lanthanides is still undetermined and
mustbe developed. The atomic ratio ri/r approach based on the
geometrical approach of the IIT mechanism is not sufficient
to explain some behaviours and characteristics.

The privilege performance of Eu may be due to its Gibbs
energy for oxidation. Europium has the highest Gibbs energy
for oxidation among the lanthanides and it is —1041k]J/gmol
0Oy, which is higher than that of Al,05 (Fig. 6). In this case,
the oxidation tendency of aluminium is higher than that of
europium. All other lanthanides have quite low Gibbs energy
for oxidation. Although La, Ce, Nd and Yb have relatively high
Gibbs energy, their Gibbs energies are lower than that of alu-
minium considerably. Erbium has the highest tendency for
oxidation. The stability of Er is unveiled due to differences
between nominal and actual erbium ratios during addition.
Despite the argon atmosphere, erbium losing is about 25% in
molten aluminium after 30 min [76].

5.4.1. Future opportunities of lanthanides

To achieve a fully modified structure in Al-7Si type alloys, a
minimum of 3000 ppm lanthanide addition is necessary, and
this level increases with increasing Si ratio. On the other side,
about 200 ppm Sr is generally enough to achieve the same
performance.

Global resources of strontium and all lanthanides are
more than 1billiont and 410milliont, respectively [2,10].
Considering that all these resources were used in eutectic
Si modification, it would be possible to chemically modify
4000billion t of molten aluminium alloys with Sr resources;
on the other side, only 137 billion t could be modified by lan-
thanides’ addition.

The actual cost and efficiency make lanthanides still far
to be individually used in foundry world for commercial and
widespread applications. Future research could work on the
synergy among lanthanides for an effective eutectic silicon
modification in hypoeutectic Al-Si alloys. Definitely, if a bet-
ter modification performance occurred by a kind of multiple
addition of several lanthanides in lower ratios, such as 30 ppm
each, then the use of lanthanides could be convenient eco-
nomically.

Several studies [67,94,97,99,100] show no remarkable differ-
ence between the effects of La-based or Ce-based mischmetals
(usually La, Ce, Nd, Y) on the microstructure and mechani-
cal properties of hypoeutectic Al-Si alloys; this is due to the
chemical similarity of both these elements. In these terms, the
supply to foundry is facilitated due to the variety of products.
However, in order to increase the effectiveness of mischmetal
on eutectic modification, a new generation of mischmetals
should be studied where a mixture of different lanthanide
elements might be used.

Future works must be focused on silicon modification with
combined additions of lanthanides and their effects. New
generations of lanthanides-containing master alloys could be
thus appeared in the market for eutectic Si modification.

6. Conclusions

Eutectic modification plays important role to improve the
whole properties of Al-Si foundry alloys by nucleating the
eutectic grains heterogeneously and by changing the morphol-
ogy of eutectic silicon. Nowadays, several researches have paid
attention on lanthanides, which seem to be a possible alter-
native to commercial eutectic modifiers, such as Na and Sr. A
better modification level obtained with less addition amounts
is expected by these elements of the group IIIB of the peri-
odic table. However, when about 200 ppm Sr addition is enough
for good eutectic modification and activating twinning mech-
anism in hypoeutectic Al-Si alloys, most of the lanthanides
need 3000 ppm additions for eutectic silicon refinement in the
same casting alloys.

Lanthanide elements (except Eu) are ineffective to mod-
ify the eutectic silicon. They can only refine the plate-like
morphology even at the high amount of addition (>1wt.% of
lanthanide) and this behaviour is dissimilar to that of Sr and
Na.

La, Ce and Nd, the most preferred lanthanide elements in
the metallurgy industry due to the mischmetal demand of the
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foundries, cannot fully modify the eutectic structure, although
their relatively great abundance in the Earth’s crust and low
prices.

High content of lanthanides in the alloy and the presence of
Cu, Ti, Sr, or Fe alloying elements cause the formation of a large
number of lanthanide-rich complex intermetallics and oxides.
The increasing content of lanthanide enhances the volume
fraction of these compounds, which can hinder the liquid flow
during solidification leading to greater porosity in the alloy.

Among lanthanides, Eu appears to be the only one element
in this group that can lead to a fully modified eutectic structure
in hypoeutectic Al-Si alloys.
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