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This study focuses on the effects of the addition of rare earth metals (mainly lanthanum and cerium) on the eutectic Si characteristics
in Al-Si based alloys. Based on the solidification curves and microstructural examination of the corresponding alloys, it was found
that addition of La or Ce increases the alloy melting temperature and the Al-Si eutectic temperature, with an Al-Si recalescence
of 2-3°C, and the appearance of post-a-Al peaks attributed to precipitation of rare earth intermetallics. Addition of La or Ce to
Al-(7-13)% Si causes only partial modification of the eutectic Si particles. Lanthanum has a high affinity to react with Sr, which
weakens the modification efficiency of the latter. Cerium, however, has a high affinity for Ti, forming a large amount of sludge. Due
to the large difference in the length of the eutectic Si particles in the same sample, the normal use of standard deviation in this case

is meaningless.

1. Introduction

Nafisi et al. [1] studied the nucleation mechanism of eutectic
grains in hypoeutectic Al-Si alloys. They proposed that,
following nucleation of eutectic Al on the primary «-Al
dendrites, fine Si particles form at the solidification front
upon which the eutectic Si flakes and fibers could develop.
The formation of small Si particles is attributed to Si
enrichment of the remaining melt due to the formation of
eutectic Al (aluminum spikes) at the eutectic temperature.
It has been proposed that modification of eutectic silicon by
trace additions occurs due to a massive increase in the twin
density caused by atomic effects at the growth interface [2].
Although the discovery of the modification effect dates back
to 1921 [3], the exact mechanism of eutectic medication is
not completely understood. The high twin density in Si fibers
would require Sr atoms to be distributed rather uniformly
within the Si phase. Besides the effect of Sr addition on
the growth of eutectic Si, recent studies have confirmed
that Sr also changes significantly the nucleation behavior of

the eutectic phases [4]. The elements causing modification
have an atomic radius ratio close to 1.65 from the theory of
impurity induced twinning (II'T), and the fine fibrous eutectic
modifications of hypoeutectic Al-7%Si alloys containing Sr,
Na, Ca, and Ba have all been investigated. The addition of
rare earth elements La, Sm, and Ce was also reported to cause
eutectic modification [5].

Strontium, sodium, calcium, and antimony are added to
eutectic or hypoeutectic Al-Si casting alloys to modify the
morphology and microstructure of the eutectic silicon phase
from its usual relatively coarse continuous network of thin
platelets in the unmodified as-cast structure [6]. Modification
with one of these elements can change or “modify” the
eutectic silicon into a fine fibrous or lamellar structure
[7]. The hypothesis that Sr additions cause modification by
increasing the growth rate of the eutectic has been tested by
directionally solidifying unmodified and Sr-modified alloys
[8]. It was found that Sr-modified alloys have a smaller
eutectic spacing than unmodified alloys, even when both are
grown at identical velocities [9].



The modifying action of many rare earth metals in an
Al-10 mass% Si alloy was investigated by Nogita et al. [11],
where all rare earth elements had some effect on the eutectic
silicon. Among them, europium was the only element which
produced a fully modified, fine fibrous silicon structure.
The other elements provided only a minor refinement of
the plate-like silicon morphology. Pourbahari et al. [12]
studied the effects of La addition and heat treatment on
the microstructure and tensile properties of A357 aluminum
alloy. Their results showed that the addition of La obviously
reduced the size and area of eutectic silicon particles after
heat treatment. New intermetallics were detected at higher La
levels (>0.5%). The effects of Ce and La on microstructure
and properties of a 6xxx series type aluminum alloy were
investigated by Hosseinifar and Malakhov [13]. They found
that, in alloys containing 0.1-0.2 wt.% of La, the fraction of
B-Al;FeSi particles was pronouncedly less than that in the
base alloy. In addition to this advantage, much smaller grains
were seen in the alloy containing 0.2 wt.% La. On the other
hand, Ce addition neither modified the microstructure nor
noticeably affected the grain size.

According to Hosseinifar and Malakov [13, 14], the
intermetallics formed during the solidification of an Al-
Mg-Si alloy containing La may be proposed as follows: the
addition of La results in the formation of the La(AlLSi),
phase and a depletion of Si in the remaining melt. It is
hypothesized that the decreased Si/Fe ratio in the melt caused
by the presence of La favors the formation of the a-AlFeSi
phase, which is less detrimental to the formability of the
alloy than the f3-AlFeSi phase. The work of Tsaia et al. [15]
on the effect of trace Ce additions on the microstructure
and mechanical properties of A356 (Al-7Si-0.35Mg) alu-
minum alloy indicates that modification efficiency and hence
mechanical properties of A356 alloy are greatly enhanced by
adding 1.0 wt.% Ce. Two kinds of intermetallic compounds
were reported in their study, including Ce-23%Al1-22%Si and
Al-17%Ce-12%Ti-2%Si-2%Mg (all percentages are in wt.%)
phases. In addition, Ce improved the thermal stability of the
Q phase by decreasing the diffusion velocity of Cu atoms
and increasing the energy barrier of the thickening ledge
nucleation, thus improving the strength of the Al-Cu-Mg-Ag
alloy at both room and elevated temperatures [16].

In the present work, A356 and 413 alloys were selected
for study, being two commercially popular Al-Si alloys. These
alloys are also in high demand in the automotive industry
which is the largest consumer of cast Al-Si alloys. The 356
alloy is a hypoeutectic alloy, whereas the 413 alloy is a eutectic
alloy. As the microstructure of Al-Si alloys, in particular
the eutectic Si morphology, considerably influences the
mechanical properties, modification of the eutectic Si was
investigated, using both strontium (Sr) and rare earth (RE)
metals. While strontium is commonly used in foundries as
the modifying agent, the use of mischmetal (MM) or rare
earth metals as modifiers for Al-Si alloys has also been
reported in the literature, where mischmetal consists of a
mixture of rare earth metals. In the present study, the effect
of each modifier type and possible interactions between them
were investigated to arrive at a better understanding of their
influence on the microstructure of these two alloys.

Advances in Materials Science and Engineering

TaBLE 1: Chemical composition of the base alloys used in the present
study.

Alloy Elements (wt%)

Alloy codes  Si Cu Mg Fe Zn Al
A356

TO*, TOS** 7 <0.20 <0.35 <0.20 <0.10 Bal
413

E0*, E0S** 12 <0.10 <0.10 <0.20 <0.1 Bal

*Nonmodified and **modified with ~70 ppm Sr.

2. Experimental Procedure

The compositions of the A356 and 413 ingots used in the
present study are shown in Table 1.

In order to modify the eutectic silicon, strontium and
the rare earth metals lanthanum and cerium were used as
modifying agents. These were added to the alloy melts in the
form of Al-10%Sr, Al-10%La, and Al-11%Ce master alloys,
respectively, in the amounts required to achieve the desired
additions.

The A356 (or 413) ingots (12kg charges) were cut into
smaller pieces, cleaned, dried, and then melted in a SiC
crucible, using an electric resistance furnace. The melt tem-
perature was kept at 750°+ 5°C. The melt was degassed using
pure, dry argon injected by means of a rotary impeller (for 8-
10 min at 120 rpm). Modifier additions of Sr, La, and Ce were
made for each alloy as follows:

Sr: 0 and 0.01 wt%.
La: 0, 0.2, 0.5, 1, and 1.5 wt%.
Ce: 0,0.2,0.5,1, and 1.5 wt%.

Besides being added individually, modifiers were also
added in combinations of La + Ce, La + Sr, Ce + Sr, and La +
Ce + Sr as follows:

La+ Ce: 0.5+ 0.5;1+ 1;and 1.5 + 1.5 wt%.
La + Sr: 0.2 + 0.01; 0.5 + 0.01; 1 + 0.01; and 1.5 +

0.01 wt%.

Ce + Sr: 0.2 + 0.01; 0.5 + 0.01; 1 + 0.01; and 1.5 +
0.01 wt%.
La+Ce+Sr:0.5+05+0.0;1+1+0.01;and1.5+15
+ 0.01 wt%.

For each casting poured from the different melts, sam-
plings for chemical analysis were also taken. The modifier
additions obtained from the chemical analyses and the corre-
sponding alloy codes are shown in Tables 2 and 3. A schematic
diagram of the graphite mold used in the present study is
shown in Figure 1. The mold was preheated at 600°C to
obtain cooling rates close to equilibrium conditions. Thermal
analysis for the graphite mold casting was performed by
attaching a high-sensitivity thermocouple (chromel-alumel,
type K) to the mold system, passing through the bottom of
the mold and extending half way up into the mold cavity
along the mold centreline. The temperature-time data were
recorded using a high-speed (0.2 sec) data acquisition system
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TaBLE 2: Modifier additions and corresponding alloy codes for A3356 alloy.

Modifier addition (wt%)

Alloy Mold type Mold temperature (°C) Alloy code Actual
Sr La Ce
TB 0 0 0
T10 0 0.165 0
T1 0 0.356 0
T2 0 0.685 0
T3 0 1.025 0
T 0 0.032 0.082
T4 0 0.136 0.185
T5 0 0.046 0.317
T6 0 0.089 1.088
T7 0 0.44 0.282
T8 0 0.781 0.377
356 Graphite 600 T9 0 1.073 0.531
T10S 0.0069 0.165 0
Ti1S 0.0109 0.356 0
T2S 0.0047 0.685 0
T3S 0.0047 1.025 0
TS 0.0073 0.032 0.082
T4S 0.007 0.136 0.185
T5S 0.0061 0.046 0.317
T6S 0.006 0.089 1.088
T7S 0.006 0.44 0.282
T8S 0.0053 0.781 0.377
T9S 0.006 1.073 0.531
TaBLE 3: Modifier additions and corresponding alloy codes for 413 alloy.
Modifier addition (wt%)
Alloy Mold type Mold temperature (°C) Alloy code Actual
Sr La Ce
TE 0 0 0
TE10 0 0.165 0
TE1 0 0.356 0
TE2 0 0.685 0
TE3 0 1.025 0
TEN 0 0.032 0.082
TE4 0 0.136 0.185
TE5 0 0.046 0.317
TE6 0 0.089 1.088
TE7 0 0.44 0.282
TES8 0 0.781 0.377
413 Graphite 600 TE9 0 1.073 0.531
TE10S 0.0078 0.165 0
TE1S 0.0087 0.356 0
TE2S 0.0065 0.685 0
TE3S 0.0079 1.025 0
TE1S 0.0193 0.032 0.082
TE4S 0.0123 0.136 0.185
TE5S 0.0071 0.046 0.317
TE6S 0.008 0.089 1.088
TE7S 0.0079 0.44 0.282
TES8S 0.0084 0.781 0.377
TE9S 0.0071 1.073 0.531
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FIGURE 1: Graphite mold and data acquisition system used in the
present study.

linked to a computer. The part of the thermocouple within
the mold was protected using double-walled ceramic tubing.
From the thermal analysis data, the cooling curves and their
first derivatives were plotted and analyzed.

In order to study the effect of the modifiers employed
on the silicon particle characteristics of the A356 and 413
alloys, samples (2 x 2cm) were sectioned from each of the
castings (30 mm from the bottom) for metallographic exami-
nation. The polished samples were examined under an optical
microscope (Olympus BH2-UMA). A Clemex image analyzer
system was used in conjunction with the optical microscope
for quantitative analysis of the silicon particle characteristics.
In each case, the measurements were carried out over fifty
fields (at 200x magnification) such that the entire sample
surface was traversed in a regular, systematic fashion to
obtain the average values of each of the measured parameters.
Element distribution in some intermetallics was examined
using a Hitachi-SU 8000 FESEM microscope equipped with
an energy dispersive X-ray (EDS) system. Compositional
analyses of the intermetallic phases detected in the present
work and phase identification were carried out by employing
an electron probe microanalysis- (EPMA-) Jeol model JXA-
8900R, operating at 20 kV and 30 nA, with an electron beam
size of ~1 ym coupled with energy dispersive X-ray (EDS) and
wavelength dispersion spectroscopic (WDS) analyses.

3. Results and Discussion

3.1. Solidification Curves. Dobrzanski et al. [17] studied the
effect of solidification/cooling rate on alloy thermal charac-
teristics in cast Al-Si-Cu alloy. The authors concluded that
the solidification parameters are affected by the cooling rate.
The formation temperatures of various phases are changed
with an increase in cooling rate. A thermal analysis study
of the simultaneous grain refinement and modification of
380.3 aluminum alloy was carried out by Malekan et al.
[8]. The results show that eutectic Si modification due to
the addition of Al-10Sr-1Ti-2B was found to be correlated
to the depression of the aluminum-silicon eutectic growth
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FIGURE 2: Al-Si eutectic recalescence in a binary Al-7% Si alloy, Te,
=T\, temperature, and Te, = T temperature [10].

temperature, ATy, g, that is controlled by the Al-10Sr-1Ti-
2B content. Therefore, the thermal analysis measurement of
ATy can be used for online prediction of modification of
eutectic Si.

Solidification kinetics of an unmodified and Sr-modified
near-eutectic Al-Si alloy were analyzed by Aparicio et al. [18]
who found that there are changes in the solidification rate
during eutectic nucleation followed by similar solidification
rate evolutions during growth, suggesting that this parameter
is governed principally by the heat extraction conditions.
The work of Hengcheng et al. [10] on the effects of Sr
and solidification rate on eutectic grain structure in an Al-
13 wt% Si alloy revealed that the characteristic temperature of
eutectic nucleation (Ty), the minimum temperature prior to
recalescence (Ty), and the growth temperature (T;) during
cooling as determined by quantitative thermal analysisare
continuously decreased with increasing Sr content. As men-
tioned previously, Nogita et al. [11] reported that all rare earth
elements had some effect on the eutectic silicon; however,
europium was the only element to cause fully modified, fine
fibrous silicon, whereas the other elements only produced a
minor refinement of the plate-like silicon morphology.

Figure 2 is a typical solidification curve obtained at a very
slow rate (~0.8°C/s) illustrating Al-Si eutectic recalescence
[19]. In the present study, analysis will only focus on the
Al-Si eutectic reaction. When Mg is added to the Al-7%Si
alloy, Figure 3(a), precipitation of Mg, Si takes place at about
550°C [20]. Addition of rare earth metals (RE) to this alloy,
Figure 3(b), resulted in (a) increasing the alloy melting
temperature, (b) formation of Al-Si eutectic recalescence,
(c) a slight decrease in the eutectic temperature (~2-3°C),
and (d) precipitation of several intermetallic phases following
the precipitation of the «-Al dendritic network. It should be
emphasized here that the precipitation temperatures of RE-
containing alloys have not been reported in the literature.

Elsebaie et al. [21-23] studied the precipitation of inter-
metallic phases observed in nonmodified and Sr-modified
A319, A356, and A413 Al-Si based cast alloys containing
mischmetals (MM), using wavelength dispersion spectro-
scopic analysis to identify these phases. In addition to the
Al,Cu phase in A319 alloy, the Mg,Si phase in A356 alloy,
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FIGURE 4: Solidification curve and the first derivative for (a) TOS alloy and (b) T9S alloy.

and the platelet-like 3-Al;FeSi and «-Al,;;(MnFe);Si, and «-
Al;5(MnFeNiCu),;Si, Chinese script-like iron intermetallic
phases in the A413 alloy, various MM-containing intermetal-
lic phases were observed at high and low cooling rates, each
exhibiting a specific Ce/La ratio and morphology. Many of
these MM-containing intermetallic phases were found to
contain Sr, which confirmed the interaction of mischmetal
with strontium (Sr). Thus, the effectiveness of Sr as a modifier
of the eutectic Si phase in these alloys would be reduced.

Figure 4(a) presents the solidification curve of TOS alloy
revealing the depression in the Al-Si eutectic temperature
by about 3°C with the addition of 70 ppm Sr to T0 alloy
[24]. Addition of RE to TOS alloy, for example, T9S alloy
(Figure 4(b)), resulted in similar behavior as exhibited by the
T9 alloy. The eutectic temperature, however, was increased by
2°C compared to TOS alloy, indicating an RE-Sr interaction
[23] leading to the expected degradation of the modification
effect of the added strontium.

The influence of strontium addition and solidification
rate on eutectic structure in a near-eutectic Al-13%Si alloy
was investigated. The characteristic temperature of eutectic
nucleation (Ty), minimum temperature prior to recalescence
(Typ), and the growth temperature (T5) during cooling were
determined by quantitative thermal analysis. All character-
istic temperatures were found to decrease continuously with

increasing Sr content and solidification rate [10]. Ferdian et
al. [25] studied the effect of various cooling rates on eutectic
modification in Sr-modified A356 alloy, using sand and
metallic molds. An assessment of eutectic modification was
made based on data obtained from cooling curves recorded
from thermocouples inserted in the centre of the samples
to determine the parameters associated with Al-Si eutectic
reaction in each case. In addition to the parameters noted in
Figure 2, the eutectic depression or eutectic growth under-
cooling (Ty — T;;) was defined as the difference between the
equilibrium eutectic temperature Ty and the actual eutectic
temperature, T, where Ty is calculated using a modified
version of the equation proposed by Mondolfo [26] for Al-
Si alloys, using 12.5wt.% Si and 577°C as representing the
eutectic reaction in the binary Al-Si alloy:

12.5
TR (‘C) =577 - (
< () =

) * (4.59 * wMg + 1.37 * wFe

+1.65 * wCu + 0.35 % wZn + 2.54 x wMn + 352 (1)

* WNi) .

In the present work, although the introduction of rare
earths led to an increase in both melting and eutectic
temperatures (Figures 5 and 6), no noticeable recalescence
was observed in the 413 alloys. Table 4 and Figure 7 display
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FIGURE 7: Examples of Al-Si eutectic undercooling in 356 alloy after (a) La and (b) La + Ce additions.
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TABLE 4: (a) Effect of La on recalescence observed in 356 alloy. (b) Effect of Ce on recalescence observed in 356 alloy. (c) Effect of La and Ce

on recalescence observed in 356 alloy.

(a)

Composition Recalescence of eutectic solidification
Alloy code i
v Aimed Actual Te, Te, ATe te, te, Ate
La (wt%) Ce (Wt%) La (wt%) Ce (Wt%)
T10 0.2 0 0.17 0 570.0 570.0 0 0 0 0
T1 0.5 0 0.36 0 565.2 566.4 1.3 239.8 260.2 20.4
T3 1.5 0 1.25 0 560.9 563.2 2.0 257.0 281.2 24.2
(®)
Composition Recalescence of eutectic solidification
Alloy code i
v Aimed Actual Te, Te, ATe te, te, Ate
La (wt%) Ce (wt%) La (wt%) Ce (Wt%)
T 0 0.2 0 0.08 562.1 562.8 0.7 326.8 367.0 40.2
T4 0 0.5 0 0.39 566.8 567.5 0.7 2574 280.4 23.0
T5 0 1.0 0 0.82 566.2 566.8 0.6 255.0 2772 22.2
(©
Composition Recalescence of eutectic solidification
Alloy code i
Y Aimed Actual Te, Te, ATe te, te, Ate
La (wt%) Ce (Wt%) La (wt%) Ce (Wt%)
T7 0.5 0.5 0.44 0.382 567.0 567.0 0 0 0 0
T8 1.0 1.0 0.78 0.77 562.72 563.78 1.05 296.0 321.6 25.6
T9 1.5 15 1.27 1.531 558.45 561.08 2.61 321.4 355.2 33.8

(b)

FIGURE 8: Size and distribution of eutectic Si particles in (a) T0 and (b) T0S 356 alloys.

the magnitude of the recalescence temperature (ATe, °C) and
time (Ate, s) caused by the addition of RE to the base T0 alloy.
The maximum attainable ATe is about 2.0°C corresponding
to 1.5%La. Addition of Ce seems to have a slight effect on ATe
(about 0.6°C) at 1.5%Ce. Simultaneous addition of 1.5%La +
1.5%Ce increased ATe to 2.6°C with an increase in Ate from
20st0 40s.

3.2. Microstructural Characterization. Figures 8-11 display
the eutectic Si particle size and distribution in 356 alloy. In
the absence of RE elements, addition of 80 ppm Sr is sufficient
to cause complete modification resulting in fine Si particle.

Addition of La, Ce, or La + Ce is found to cause only marginal
modification of the Si particles as shown in Figures 9(a),
10(a), and 11(a), respectively. The reason for such unexpected
behavior is not well established. Elsebaie et al. [21-24] studied
the effects of mischmetal, cooling rate, and heat treatment
on the eutectic Si particle characteristics of Al-Si casting
alloys. Eutectic Si particle measurements revealed that partial
modification was obtained in the as-cast condition with
the addition of mischmetal, while full modification was
achieved with the addition of Sr, at both high and low cooling
rates. In the nonmodified alloys, the modification due to
mischmetal addition was nonhomogeneous and seemed to be
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FIGURE 11: Size and distribution of eutectic Si particles in (a) T9 and (b) T9S 356 alloys.

localized around the mischmetal-containing intermetallics.
In addition, the interaction between Sr and mischmetal was
observed to weaken the effectiveness of Sr as a Si particle
modifying agent. This effect was particularly evident at the
low cooling rate and could be made clear from examining
Figures 9(b), 10(b), and 11(b).

The abovementioned results are in good agreement
with those of Nogita et al. [9] but in contrast to the
findings of Aguirre-De la Torre et al. [27] who reported
that a simultaneous refinement of both primary silicon and

eutectic silicon was observed in the cast microstructure
of hypereutectic Al-Si alloys through the addition of rare
earth metals in the form of mischmetal. Figure 12 shows
an example of La-Si and La-Sr interactions resulting in
the formation of complex intermetallics, mainly La(ALSi),
[13].

As mentioned previously [16], addition of Ce results
in the formation of two intermetallics, namely, Ce-23%Al-
22%Si and Al-17%Ce-12%Ti-2%Si-2%Mg (in wt.%) [13]. An
example of Ce-T1i interaction is shown in Figure 13, resulting
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in massive formation of heavy sludge [20]. These inter-
metallics are insoluble during solution heat treatment and
have been reported to cause reduction in the alloy mechanical
properties [28].

Nafisi et al. [1] investigated eutectic nucleation in hypoeu-
tectic Al-Si alloys. The nucleation mechanism of eutectic
grains in hypoeutectic Al-Si foundry alloys has been inves-
tigated by examining deep etched specimens using a high-
resolution field emission gun scanning electron microscope
(FEG-SEM). Figure 14 displays the Si particle morphology
in nonmodified and Sr-modified Al-7%Si alloys. It is evident
from this figure that the particle size depends on the way
in which the sample is sectioned from the casting (see
the circled areas in Figure 10(a)). As a result, the use of
standard deviation in these measurements is meaningless. In
the present section, therefore, the average Si particle length
will be used as an indicator for the effect of RE and Sr on the
Si particles characteristics.

Figures 15-17 present the variation in average Si particle
length with the addition of RE or RE + Sr to the base
alloy TO. It may be seen from these plots that addition of
small amounts, for example, 0.2%, of RE to the base alloy
leads to partial modification. However, increasing the La
content increases the Si particle average length till almost
1% La, beyond which a tendency for modification may be
observed. Addition of Ce causes particle coarsening at all
concentrations studied. The present results on Ce are in con-
trast to those reported by Tsaia et al. [15] who reported that
the modification of the microstructure and the mechanical
properties of A356 alloy are greatly enhanced by adding
L.Owt.% Ce. However, no explanation for the claimed Si
particle refinement due to Ce addition was provided. Due to
the high affinity of La for Sr (as was observed in Figure 12),
introduction of La to Sr-modified alloys weakens the Sr
modification efficiency, whence an increase in the Si particle
length, as seen in Figures 15 and 17. In all cases, the average
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FIGURE 13: Precipitation of complex intermetallics in T6S alloy.

Si particle lengths in the Sr-modified alloys are still much (1) From the solidification curves, it is observed that
smaller than those noted for the nonmodified alloys. Since addition of La or Ce to Al-Si alloys leads to

Ce does not react with Sr, no change in the Si particle length
was observed when Ce was added to Sr-modified alloys as

h f Al-Si recal 2-3°C);
illustrated in Figure 16. It should be emphasized here that (a) the appearance of Al-Si recalescence (2-3°C)

the reported behavior of RE metals is independent of Si (b) the appearance of e.xt.ra POSt'“'Al peaks WhiCh
concentration in the used alloy as shown in Figure 18 for 413 may b? due to precipitation of rare earth inter-
alloy. metallic phases.

(2) Addition of La or Ce to Al-(7-13)%Si alloy causes only

4. Conclusions partial modification of the eutectic Si particles.

Based on the results documented in the present study, the (3) Lanthanum has a high affinity to Sr which weakens
following conclusions may be drawn: the modification efficiency of Sr.
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FIGURE 14: Secondary electron images of etched binary Al-7%Si alloy samples obtained from the graphite mold: (a) nonmodified and (b)

modified with 54 ppm Sr [1].
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FIGURE 15: Effect of La and La + Sr addition on the average Si particle length in 356 alloy. (Solid star: nonmodified base alloy and open star:

Sr-modified base alloy.)
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FIGURE 18: Effect of La and La + Sr on the average Si particle length
in 413 alloy.

(4) Ce has high affinity to Ti, resulting in the formation
of a large amount of sludge.

(5) Due the large difference in the length of the eutectic
Si particles in the same sample, the normal use of
standard deviation in this case is meaningless.
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