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Microstructural observation and thermal analysis of Al-21 wt % Si alloys with different rare
earth metals were performed to examine the effect of rare earth metal on the refinement of
primary silicon phase. Simultaneous refinement of both primary and eutectic silicon
morphology is achieved with the addition of rare earth and its effect increases with the
amount of rare earth addition and cooling rate. Depression of 12-17 °C in primary reaction
temperature and 2-7 °C in eutectic temperature is measured with the addition of rare earth.
Rare earth bearing compounds were not believed to act as a nucleation agent of primary
silicon phase. Some rare earth bearing compounds determined to AlCe were around
primary silicon in the matrix. The twin density of eutectic silicon remains same regardless
of the addition of rare earth. The refinement of silicon in rare earth treated hypereutectic
Al-Si alloys is supposed to be due to the suppression of the nucleation temperature of
silicon phase. © 1998 Kluwer Academic Publishers

1. Introduction these alloys [2]. Refinement of primary silicon is usu-
Alloys with silicon as the major alloying addition are ally achieved by the addition of phosphor to the melt.
one of the most effective ways to obtain good aluminumThe literature [3, 4] reports that rare earth (RE) metals
casting alloys mainly because of the high fluidity im- are also capable of modifying the eutectic structure of
parted by the presence of relatively large volumes of theeast aluminum-silicon alloys. Weiss and Loper [5] re-
Al-Si eutectic. Additional advantages of these castinggorted that cerium did not refine the primary silicon as
are high resistance to corrosion, good weldability andohosphor, but that it was moderately effective in modi-
the fact that silicon reduces the coefficient of thermalfying the eutectic silicon. However, the role of RE met-
expansion. Commercial alloys are available with hy-als as a modifying agent seems to be rather controver-
poeutectic, eutectic and, less commonly, hypereutectisial. Recently, Kowatat al. [6] investigated the effect
compositions [1]. of RE addition on the refinement of primary silicon
Binary Al-Si alloys close to the eutectic composition crystals in a hypereutectic Al-20% Si alloy and con-
(11.7 wt % Si) exhibit, in the unmodified state, an acic-cluded that primary silicon crystals were refined with
ular or a lamellar eutectic silicon which is in the form RE metals.
of large plates with sharp sides and edges. Al-Si alloys Many studies have been carried out in order to elu-
containing more than about 12% Si exhibit a hypereu<cidate the mechanism of modification and many hy-
tectic microstructure normally consisting of a primary potheses have been formulated. However, the role of
silicon phase in a eutectic matrix [2]. Cast eutectic al-the modifying element is not yet clearly understood.
loys with coarse acicular silicon display low strength Several models were suggested in the literature to il-
and ductility because of the coarse plate-like nature ofustrate and explain the mechanism of refinement (or
the Si phase that leads to premature crack initiation anchodification, as it is sometimes termed) of the primary
fracture intension. Similarly, the primary siliconin nor- silicon crystals by the addition of phosphor [7, 8] and
mal hypereutectic alloys is usually very coarse and im-of the eutectic silicon by the addition of strontium [9].
parts poor properties to these alloys. Therefore, alloys The purpose of present study is to examine the po-
with a predominantly eutectic structure must be mod-ential of rare earth metals as a modifying agent for
ified to ensure adequate mechanical strength and dusimultaneous refinement of both primary silicon and
tility. It is widely recognized that the Group IA and IIA eutectic silicon and secondly to obtain further insight
elements (Na, Mg, Ca, Sr) are effective madifiers of Al-into the modification mechanism. Even though major
Si eutectic; only sodium and strontium, however, haveapplication of Al-Si alloys is found in the casting, we
been used extensively in the commercial production ofire also interested in the wrought application of these
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alloys. For this purpose, refinement of silicon crystalsThe cooling rates between primary reaction and eu-
is essential, because fracture and decohesion of largectic reaction temperature were measured to be 130,
silicon crystals occur during hot deformation [10]. 73, 45, 33C/s at positions 1 to 4, respectively, in the
mold preheated to 20@. The microstructure of spec-
imens was observed using optical microscopy (Olym-
2. Experimental pus, AHMT-3) and transmission electron microscopy
Starting with binary Al-21% Si alloy as a base alloy, 1 (TEM, Philips CM30). The Keller's reagent was used
to 3 wt% of RE metals (added as misch metal) werdor the optical microscopy. For TEM analysis, discs of
added to the base alloy to see the effect of rare eartBOum in thickness were prepared from the specimens
addition. Alloys were melted at 85C in a graphite and final thinning was done by Ar ion beam milling
crucible utilizing Al-23% Si mother alloy within a re- (Technorg-Linda, IV3, Budapest, Hungary) with anion
sistant heating furnace. The melt was covered with fluxoeam energy of 10 keV, an incident beam angleof 3
and degassed with chlorine. RE was added as a miséid specimen current of 3 mA. Final perforation was
metal after complete melting of the alloy and held for carried out by applying 1 kV retarding potential on the
45 minutes. Wedge-shaped cast iron mold was usespecimen to ensure thin and large area. Deep etched
to study the effect of cooling rate as shown in Fig. 1.samples were examined in the scanning electron mi-
K-type thermocouples were put into the mold to recordcroscope (SEM, Hitachi2400) and back scattered elec-
the cooling curves at four different positions. The chem-ron images were obtained in the energy probe micro
ical composition of the alloys studied and misch metalanalysis (EPMA, JEOL, JXA8600). Thermal analyses
used are given in Tables | and Il respectively. were made using a differential thermal analyzer (DTA,
The solidus and eutectic temperature of the alloySinku-Riko, TA7000) with a scanning rate of@/min.
were measured from the typical cooling curve. EutecticX-ray diffraction analysis was performed in order to
reaction temperature was confirmed again with DTA.ChefrI]k the change in twin density with addition of rare
earth.

10

3. Results
/ Fig. 2 shows the optical microstructures of the un-
20

treated base alloy (Al-21% Si) at different positions of
the mold. The primary silicon crystals of the untreated
alloy show typical star-shaped morphology at all po-
sitions. The size of primary silicon crystals increases
rapidly with the decrease in the cooling rate. When 3%
of rare earth elements were added, the morphology of
te — primary silicon crystal changes from star shape to fine
8 polyhedral shape irrespective of cooling rates (the po-
sitions of the mold) as shown in Fig. 3, illustrating the
powerful refining effect of RE addition.
10 Fig. 4 shows the effect of the amount of RE addi-
o — tion on the size and shape of primary silicon crys-
2 tals under the same cooling rate of 45's. Addition
10 of 1% RE appears to be enough to change the mor-
le [— phology of primary silicon crystal from star shape to
10 polyhedral shape. The substantial refinement of sili-
7 con crystals is achieved with the addition of more than
40 2% RE. Fig. 5 summarizes the relationship between
primary silicon size, amount of RE addition and cool-
Figure 1 Dimension of wedge shape casting (in mm). ing rate. It is worth noting from the figure that the re-
finement of silicon with RE addition is more effective
TABLE | Chemical composition of the Al-Si alloys studied (Wt %) —at slower cooling rate. This implies that RE modifica-
tion can be used for the refinement of silicon in heavy

3. — 50

Alloy Al Si RE

section.
Base alloy bal. 21.20 0 The scanning electron micrographs of a deep etched
1RE bal. 20.97 0.97 primary silicon and eutectic silicon in Al-21% Si-
2RE bal. 20.84 188 3% RE alloy are shown in Figs 6 and 7, respectively.
3RE bal. 21.08 294 The morphology of RE modified primary silicon shows

typical polyhedral shape. It is clear that RE addition
TABLE Il Chemical composition of the misch metal used also caus_es the_m0d|f|_cat|0r_] of EUteCt!C_ silicon in hy-

pereutectic Al-Si alloy, i.e. with the addition of RE the
Element ~ Ce La Nd Pr Fe Pa morphology of eutectic silicon changes from coarse
W% 5190 2509 1425 533 143 012 acicular (plate like) to refined fibrous one. Therefore,

it can be said that RE treatment is effective for the
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Figure 2 Optical micrographs of the unmodified base alloy (Al-21% Si) at different positions (cooling rate) of the mold: (€)/43b) 73C/s
(c) 45°Cl/s (d) 33°Cls.

@)
©

(d)

Figure 3 Optical micrographs of 3% RE added Al-21% Si alloy at different cooling rates: (&)@&0(b) 73°C/s (c) 45°C/s (d) 33°Cls.
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Figure 4 Change in primary Si size and shape with the addition of different amounts of RE under the same cooling rae/sf @ 0% RE
(b) 1% RE (c) 2% RE (d) 3% RE.

found around primary silicon in the matrix. Although
500 | « —a— 130 T/sec these RE bearing particles were already reported in the
e 73 Clsec previous works [4, 12], identification of the phase was
200 | el 45 C/sec not performed. Phase analysis was attempted combin-
33 Clsec ing energy dispersive spectroscopy (EDS) for chemi-
- cal information and diffraction methods (selected area
diffraction (SAD)) for crystallographic information in
the TEM. Fig. 10 shows the morphology, X-ray en-
200 L ergy spectrum and SAD patterns from the particle with
three different beam directions. The EDS result indi-
100 cates that the particle contains major elements of Al, Si
i .—_‘\ and Ce with trace amounts of La, Nd. Three series of
=i SAD patterns show good agreement with the indexed
oL . L . one with the direction normal to (219, (120), (¥4 1)
of an orthorhombic AICe structure. Fig. 11 shows the
Rare Earth (%) transmission electron micrographs of the Al-21% Si-
2% RE alloy. Traces of twins are observed within the
Figure 5 Relationship between primary Si size and amount of RE addi-€Utectic silicon. But the number of twins does not seem
tion at different cooling rates. to increase much with the addition of RE.

300 |

Primary Si size(zam)

o
-
N
w

simultaneous modification of both primary and eutectic
silicon morphology of hypereutectic Al-Si alloys. 4. Discussion

Fig. 8 shows the change of primary and eutectic re4.1. Refinement of primary silicon
action temperature of the Al-21% Si base alloy withlt is clearly demonstrated in Fig. 5 that the addition
the addition of RE at the cooling rate of@/min. De-  of 1% RE modifies the morphology of primary sili-
pression of 12—17C in primary reaction temperature con crystals from coarse star shape to fine polyhedral
and 2—7C in eutectic temperature is measured withshape, but an addition of more than 2% rare earth is
the addition of RE. Fig. 9 shows the EPMA analysisrequired for the refinement of polyhedral silicon crys-
of RE elements of a primary silicon. RE elements aretals. Several proposed mechanisms of refinement of the
not detected in the primary silicon but some particlesprimary silicon crystals by the addition of phosphor
(marked by an arrow in (c)) containing rare earth arecan be summarized as follows. Widely accepted and
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Figure 7 Scanning electron micrographs of the deep etched eutectic area of the Al-21% Si alloy modified with (a) 0% RE (b) 1% RE (c) 2% RE
(d) 3% RE.

popular theory is based on the nucleation of Si crysthus refines the primary silicon crystals by inducing
tal on AIP compound due to the phosphor addition. Itheterogeneous nucleation. Acceptance of this theory is
has been proposed, and largely accepted on the basislafgely based upon the facts that the presence of AIP
some evidence, that the compound AIP, having meltin the melt prior to solidification has been found, and
ing point higher than 982C, and a cubic structure with the recent work has shown, by microprobe analysis,
lattice constant of 5.48, which is very similar to that  the presence of AIP at the center of one primary silicon
of silicon (@a=>5.43A), acts as a nucleating agent and crystal [11].
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700 845°C. Although it solidifies in the melt prior to the
solidification of primary Si, the large misfit strain in-
duced by the great difference in the lattice parameter

690 - .
and crystal structure may prevent an RE bearing com-

Primary reaction pound from being an effective nucleation site of Si.

680 b Therefore, it is rather reasonable to think that RE met-

als can not provide a suitable nucleation site of Si, al-
though some RE bearing compounds were observed
670, ¢ around primary silicon in the Al matrix (Fig. 9).
Shararet al. [12] reported that the modification with
RE could be explained using the critical growth tem-
580 perature hypothesis of Kim [13]; nucleation of silicon

" Eutectic reaction is suppressed to the temperature of globular growth by
570 | the addition of rare earth, thus modifying the structure.
| This hypothesis may be applied to explain our experi-

mental results because in the experiments the primary

ALY
AN

Temperature (C)

560 o ’ 5 3 reaction temperature of the RE treated alloys were de-
Rare earth metal (%) pressed by as much as 12 to°T7 which is in good
° agreement with the result of Kowagd al. [6].

Figure 8 Change of primary reaction and eutectic reaction temperature

of the Al-21% Si alloy with the addition of RE. Depression of 12=Cin

primary reaction temperature and 2<7in eutectic reaction temperature 4 o Modification of eutectic silicon

was measured. ;
It was shown in the experimental results that with
the addition of RE the morphology of eutectic silicon

Basically, in order to provide an effective nucleation changed from coarse acicular (plate like) to refined fi-
site of Si like AIP, the RE compound has to solidify brous one (Fig. 7). Therefore, it can be said that RE
at much higher temperature than Si as well as havéreatment is also effective for simultaneous modifica-
similar crystal structure with Si. The RE bearing com-tion of both primary silicon and eutectic silicon mor-
pound (mainly AlCe), however, shows orthorhombic phology.
structure with a lattice parameter= 9.269,b = 7.680, Many studies have been carried out to find out the
c=5.761A and the melting point is reported to be mechanism by which the morphology of eutectic silicon

203 20.0K0 —— XE0B . 1ove
(b)

828420, BKU NGB0 18bm
(c)

Figure 9 EPMA analysis of RE modified primary Si: (a) backscattered electron image, (b) distribution of Si and (c) distribution of Ce. RE elements
were not detected within the primary Si but rare earth rich particles (bright particles in (a)) were observed in the matrix around primary Si marked by

an arrow.
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Figure 10 Bright field image, EDS spectrum and SAD patterns of the RE bearing particle, AlCe. Diffraction patterns can be indexed with the beam
direction normal to (2 @) for (c), (12 0) for (d) and (2 1) for (e).

is modified. Controversy still remains although mostthe modificaiton of the eutectic structure which accom-
theories involve possible effects of modifying agent onpanies the lowering of the eutectic arrest temperature,
the nucleation and/or growth of eutectic silicon duringsuch as a decrease in the diffusion rate with a decrease
solidification [1, 7, 9]. in temperature, or limited growth due to the poison-
One explanation for the modification of eutectic sil- ing of the growth steps of silicon by the modifier [15].
icon by sodium is based on the concept that sodiunSeveral theories have been proposed to account for the
may depress the eutectic temperature by as much gmssible effect of sodium on the growth of silicon. For
12°C and a finer microstructure is therefore to be ex-example, it has been suggested that sodium segregates
pected because the rate of nucleation will be greater iat the periphery of growing silicon plates and prevents,
the undercooled condition. Depression of the eutectior poisons further growth [1]. It can be concluded that
temperature implies that sodium reduces the potency & modifier should prevent nucleation of eutectic silicon
nucleating sites for the eutectic silicon [1]. One characphase and poison growth steps to achieve the proper
teristic feature of eutectic modification is the depressiormodification.
of eutectic reaction temperature caused by the addition It was clearly shown in our experiment that the eu-
of modifying agent [14]. Many researchers believe thattectic reaction temperature was depressed as much as
a modifier keeps nuclei from growing to stable nuclei2—7°C with the addition of RE. Thus, nucleation occurs
until the temperature reaches the proper undercooleith the undercooled condition. Normally, crystal growth
temperature. Many reasons have been given to explaiim diamond cubic systems, such as silicon, tends to be
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Figure 11 Transmission electron micrographs of the eutectic Si area of Al-21% Si alloy showing twinning.

highly anisotropic leading to the plate or flake form. TABLE Il Comparison of the relative intensity &if 1 1} peak based
The individual silicon flakes grow as flat platelets with " the intensity o{311} peak
plate surfaces parallel tointernal (11 1) twin planes andy;,

itis established that this behavior conforms with the so-

Intensity ratio (111/1311)

called twin plane re-entrant edge (TPRE) growth mechoRE 4.76
anism, in which the grooves between the (111) twinlRE 3.52
planes act as preferred sites for the attachment of siliggg 2-‘2‘2
con atoms. However, it is not clear whether the growth e si phase 333

step was poisoned or not in our experiment with the ad
dition of RE. Yeet al. [14], however, insisted (from the
result that high lanthanide levels have been detectefftom JCPDS card. Table Ill summarizes the relative
at the silicon and aluminum interface in the eutectic,intensity of{1 1 1} peak at each alloy compared to the
which appears to support the adsorption of modifiersntensity of{3 1 1} peak. The relative intensity ¢1 1 1}

on the growth front) that lanthanides be adsorbed ontpeak does not show any increase with the addition of
the fast growing (1 1 1) faces and effectively poison theRE. Therefore, it is believed that RE does not increase
growth steps, preventing the (11 1) faces from develthe twin density.

oping. Twin density is known to be much greater in Conclusively, the change in silicon morphology
modified eutectic silicon and this is thought to producecaused by the addition of RE is clearly different from the
numerous alternative growth directions thereby leadingaiccepted mechanisms in that RE does not act as a nucle-
to the desirable fibrous form of the silicon [1, 2]. In this ating agent in primary silicon and does not increase the
experiment, twins were observed in eutectic silicon retwin density in eutectic silicon. From the above results,
gardless of the addition of RE. However, the twin den-the refinement of primary silicon and modification of
sity of modified alloy did not seem to increase mucheutectic siliconin RE treated hypereutectic Al-Si alloys
compared to the unmodified one. It is more obviousis supposed to be due to the suppression of the nucle-
with the help of X-ray diffraction result. If twinning is ation temperature of silicon phase and limited growth
promoted by the poisoning effect of RE like the effectdue to the decrease in diffusion rate with the decrease
of sodium and strontium, the relative intensity of (1 1 1) in growth temperature.

peak is expected to be stronger because the extra inten-

sity caused by twinning is added to the original (111)

peak [16]. Thus, the overall change in twin density cans. Conclusions

be evaluated by measuring the relative intensity of eacli. Simultaneous refinement of both primary silicon
peak and comparing them with the standard diffractiorand eutectic silicon morphology is achieved with the
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addition of rare earth (added as mischmetal) to hyper-2
eutectic Al-Si alloys.

2. The refining effect increases with the amount of
rare earth addition and cooling rate within the range of
the present study. 4

3. In the EPMA analysis no rare earth element is
observed in the primary silicon crystal, although rare

earth bearing particles determined to AlCe are observed
6. T. KOWATA, H. HORIE, S. HIRATSUKA andA. CHIDA,

around primary silicon in the matrix.

4. Unlike other modifier such as sodium and stron- 7.
tium, rare earth addition does notincrease the twin den-s.

sity of the eutectic silicon.

5. The refinement of eutectic silicon in RE treated %

hypereutectic Al-Si alloys is supposed to be due to thg,
suppression of the nucleation temperature of eutectic

silicon phase and limited growth due to the decrease inz.
diffusion rate with the decrease in growth temperaturel2.

13.
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