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An Assessment of the Role of Rare Earth in the Eutetic

Modification of Cast Aluminum-Silicon Alloys
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1. INTRODUCTION

It is well recognized that the Group IA and IIA
elements are effective modifiers of the aluminum-silicon
eutectic, however, only sodium and strontium have
been used extensively in commercial production of
these alloys (1). Because of the volatilization and
oxidation losses which occur it is often difficult to
accurately control the results of sodium modification.
Foundrymen find it particularly difficult to retain
the effect of sodium where extended holding times are
encountered (fading) or where higher temperatures
are required. In addition, the amount of sodium carried
through in remelting is subject to considerabie change

as the processing conditions are altered. Strontium is
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an effective modifier of the aluminume-silicon eutectic,

and is not subject to the volatilization and oxidation
effects characteristic of sodium, but its use reportedly
results in an increase in the micro-and macro-porosity
in the cast aluminum-silicon alloy.

The literature reports that rare earth elements (e.g.,
cerium, lanthanum, etc.) are capable of also modifying
the eutectic structure of cast aluminum-silicon alloys
(2, 3, 4, 5). While the role of mischmetal as a eutectic
modifier and as a beneficial alloy addition has been
studied, the details of using this technique and the
effectiveness of this treatment has not been set forth
(3).

Rare earths (added as mischmetal) are reported to
modify the structure of both sand and chill cast
aluminum-silicon alloys, but an addition of about 1%
rare earth is required. The tensile strength of an Al-13%
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Si alloy produced with a 1% rare earth addition was
reported to be 2.3-2.9 kg/sq.mm. higher than that
obtained from a sodium modified version of the same
alloy (7). The elongation and hardness were also re-
ported to increase with this rare earth treatment. Later
work reports the high temperature properties of these
alloys and provides soméwhat more detail (5). A 67%
increase in the tensile strength at 392°F (200°C) was
reported with rare earth treatment, although no change
in strength was observed at 752°F (400°C). The elonga-
tion, however, increased 39% at 392°F (200°C) and
44% at 752°F (400°C).

Rare earths have been added to these aluminum-
silicon alloys as mischmetal, but also in the form of
specific rare earth metals and as rare earth fluorides.
It was reported that cerium, lanthanum and neodynium
partially modified the eutectic structure (2, 3, 4, §, 6).
Where rare earth fluorides were used, a refinement of
both the polyhedral silicon plates and the eutectic was
reported, however,
structure was never achieved in sand castings.

complete modification of the
Other
research has reported that yttrium is also capable of
modification of the eutectic structure, but no details
concerning this technique have not been made available
(6,7, 8).

In his study of this procedure, Sharan (3, 4) reported
that the :modification reported with rare earths can be
explained using the critical growth temperature hy-
pothesis of Kim (9), i.e., the modifying element should
have a tendency to form compounds with the precipita-
ting phase (silicon) at a temperature below the normal
eutectic temperature, but that this modifying element
should exhibit little compound forming tendency with
(and have low solubility in) the solvent phase (alpha
aluminum). Lanthanum meets most of these require-
ments, but cerium and neodynium satisfy them only

partially. These rare earth were reported to form a
variety of compounds with aluminum and silicon (e.g.,
Al,Ce, Al,Ce, SiCe, SiCe,, SiCes, etc.). Nucleation
is suppressed to the temperature of globular growth
thus modifying the structure. The lack of complete
modification in sand castings is left unexplained.

The reported increase in tensile strength has been
attributed to the modification of the eutectic structure,
and to the strengthening effect of a fine dispersion of
intermetallic compounds (6, 20, 23). However, little

supporting evidence has been presented in support of
this concept (e.g., eutectic undercooling, secondary
dendrite arm spacing, hardness, etc.).

As a result of the lack of details available and the
questionable reliability of the inferred porcedures
presented in the iterative concerning the potential of
using rare earths as a modifying agent in the production
of cast aluminum-silicon alloys, this study was
conducted to obtain further insight as to the operable
modification mechanism. In order to relate to com-
mercial aluminum casting production, the study was
conducted using a standard hypoeutectic aluminum-

silicon alloy, 356.

2. PROCEDURE

2.1 Casting Production

Commercial 356 alloy ingot (7.3% Si, 0.34% Mg,
0.25% Fe, 0.04% Ti) was melted in an alumina crucible
in a resistance furnace, heated to 1350F (732C) and
degassed with hexachloroethane talets. An adjustment
for magnesium loss was then made, and the modifica-
tion agent plunged into the melt using a graphite rod.
Sodium modification was made using high purity sodium
(canned), while rare earth modification was made
using mischmetal (60% Ce, 24% La, 10% Nd, 6% Pr).
The first treated sample was cast within a minute after
modification, and subsequent samples (20, 60 and 120
min.) were cast at +/— 10F (6C). Both sand and graphite
molds were used.

2.2 Thermal Analysis

Solidification cooling curves were obtained from
both untreated and treated melts cast into both and
[0.75 in. (19mm) and 1.5 in (38mm) D.] afd graphite
molds [1.25 in. (32mm) D.]. A chromel-alumel ther-
mocouple was placed near the center of the casting to
record the cooling curve and to determine the eutectic
arrest and undercooling temperatures.

2.3 Metallographic Analysis

Metallographic samples were obtained from the
castings adjacent to the thermocouple bead and pre-
pared for study using conventional optical microscopy,
scanning electron microscopy and transmission electron
microscopy. The SEM analysis was conducted on deep

(17)
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etched samples prepared using an etchant of 5% HCl1
plus 2% HF. These studies were used to observe the
silicon phase morphology. TEM samples were ion
thinned from 0.002 mm. and were used to establish
the growth direction of the silicon particles. Normal
metallographic techniques were used to determine the
secondary dendriete arm spacing at four or five locations
(the average value reported in the data).

3. RESULTS

The effect of mischmetal’ treatment on the under-
cooling obtained in the 356 alloys is presented in Figures
1 and 2. The effect of holding time for a 2% mischmetal
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Fig. 1  Fading effect of 2,0 % misch metal
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treatment is demonstrated in Figure 1, where it may

be observed that the undercooling continues to increase
up to 60 minutes after treatment, but that even up to
120 minutes after treatment there is little change under-
cooling. In sharp contrast, treatment with 0.035%
Na beings to fade after only 10 minutes and the effect
in a san cast mold is rapidly lost, Figure 3. The effects
of rare earth treatment increase linearly as the amount
of rare earths are increased, up to 2% mischmetal,

Figure 2.

8 20-0 . [] [] ] [ 3

L + . Grophite moid 1.25 in D.

g Q. Sand mold 1.5 in D.

o IS0 -

O

o

L&

S /\\

W coft + =

Z

o

O .

o > 2

o .

3 O.o | ] 1 { 'l
0.0 10.0 200 300 40.0
HOLOING TIME {(min)-e=

Fig. 3, Fading effect of Sodium modified 356
aluminum alloy as indicated by eutectic

undercooling.
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Microstructural changes encountered in the use of
rare earths as a eutectic modifier are depicted in Figures
4, 5 and 6. This series of photomicrographs illustrates

x L TV N
.« ) ! LR
“ % e ~
v ’ ’ *
Y M‘ Lk T g
T anl ]
- e g
A WP )
N - Lt o 1 L
i X
5 1 o ¥
" - I 'y 4
=500 k
- : *

120 min.

a) 1,25 in.D. graphite mold,

Fig. 5, Effect of holding time on the micros-

tructure of the 1 {0 % misch metal mo-

dified 356 aluminum alloy,

Fig., 4, Effect of holding time on the microst-
ructure of the (0,75 % misch metal mo -
dified 356 aluminum alloy cast into a
0,75 in,D. Sand mold. Etched, 0,5 %
HF, 200X.

b} 0.75 in.D. sand mold,

Fig., 5. Continued.

(19)



120 min.

c) 1.5 in,D. sand mold.

Fig. 5, Continued,

the effect of the amount of rare earths added (0.75,

1 and 2 percent), the effect of holding time (up to 120

minutes) and the effect of solidification cooling rate

(1.5 and 0.75 in D. and molds, and a 1.25 in. D. graphite

mold). The following observations can be made:

a. At 0.75% rare earth treatment no eutectic modifica-
cation was obrained in the sand molds, and only
partial modification was attained in a graphite mold.

b. Some eutectic structure modification could be seen
in the 0.75 in. D. sand cast section with a 1% rare
earth treatment, but no modification was found in
the larger sand cast section.

¢. With a 2% rare earth treatment, complete modifica-
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Fig. 6,
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AL R s
Effect of holding time on the micro-
structure of the 2 (0 % misch metal
modified 356 aluminum alloy. a thro-
ugh d) 0175 in.D. sand mold, e) 1,25
in,D, graphite mold., f) 1,5 in.D,

sand mold. Etched, 0,5 %HF, 200X,

tion was obtained in the graphite mold, and sub-
stantial modification of the eutectic structure at-

tained in the 0.75 in. D. sand mold.
The effect of rare earth, sodium and strontjum treat-

ment on the secondary dendrite arm spacing for
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Fig., 7, Effect of solldification cooling rate
on the secondary dendrite arm spac-
ing of 356 aluminum alloy.

different castings is presented in Figure 7. No difference
was observed in the secondary arm spacing for sodium
and strontium treated melts, however, a 2% mischmetal

(20)



JuJo Vol 6, No 2 |

The Journal of the Korea Foundrymen’s Society

treatment results in a deinite reduction in the secondary
dendrite arm spacing.

Changes in the silicon phase morphology with rare
earth and sodium treatment are evident in the scanning
electron microscope photographs presented in Figures
8 and 9. While the silicon plates usually appear in a

. 3

2.0%, 120 min. 3000%

2.0%, G min, 1500%

2.0%. 20 min. 900X

Fig. 8 Silicon phase morphology of misch me-
tal modified 356 aluminum alloy,
a) 1,25 in,D, graphite mold, b) 0.75
in.D,
mold., SEM photographs, Etched, so-
lution of 1,0 % HC! and 5 %HF.

sand mold, ¢) 1.5 in.D. sand

somewhat lammelar form in the untreated alloys,
treatment with rare earths or sodium alter the shape of

the silicon phase. For example, rare earth treatment

£.035% Na, 20 min. 30Q0X

0.035% Na, O min. 3000X a)

Unmodified, 3000X b)

0.035% Na, 9 min. 3000X

Fig 9, Silicon phase morphology of sodium
modified 356 aluminum alloy. a) 1,25
in.D. graphite mold. b) 1 5 in.D, sa-
nd mold. SEM photographs. Etched,
sulution of | ,0 % HC1l and 5% HF.

changes the silicon phase to a rosette or semideveloped,
branched fibrous form depending upon the casting

solidification cooling rate. The changes in silicon

Table 1, Summary of Silicon Phase Morphology
Attained in Different Castings

Graphite
Mold

Sand Mold,
0.75 inch

Sand Mold,
1.5 inch

Unmodi-| ?late, some-
fied times lamlilar

1% MM| Interconnec—
Added |ted rosette

2 % MM|Interconnec—

Interconnec-|Interconnec

Added |ted filamen-!|ted filamen-|ted rosette
tary fibrous | tary rosette
less rosettejand branched
fibrous
035% |Interconnec— Interconnect
Na ted filamen- ted coral,
Added |tary, bran- chain- like
ched rod,
coral

morphoogy are summarized in Table 1.

The relationship of treatment and casting solidifica-
tion cooling rate on the hardness (HB) is shown in
Figure 10. The values obtained for sodium and stron-
tium treatment fall within the data band for rare earth
treatment. The untreated castings exhibit a somewhat
higher hardness. Little effect was observed in the
influence of sodium or rare earths on the microhard-

ness of the alpha aluminum, Tables 2 and 3.

(21)
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Fig. 10, Effect of solidification cooling rate
on the Brinell hardness of 356 alum-

inum alloy,

Microhardness (Hv) Obtained in 2.0 %

Misch Metal Measurements Obtained wi~
thin the Primary Alpha Phase 10 g,
Load Indentor

Table 2.

Holding Graphite | Sand Mold | Sand Mold _
Time, Mold {Mold 34 Inch |1 12 Inch Nd Pr
0 Minutes 56,59 54,88 57.42 Fig. 11, Distribution of selected elements in
20 Minutes 51 45 47 .00 50.76 the mierostructure of 356 aluminum
60 Minutes 48,74 59,12 45,09 - :
. * ’ ‘ ified with a 2 0 mish met-
120 Minutes|  46.53 46 82 47,07 alloy modifiec w 0%
al addition ina (0,75 in.D. sand mold

Table 3, Micrchardness (Hv ) Obtained in 0.035

cast 60 minutes after treatment,

SEM. 360X.

% Na Modified 356 Aluminum Alloys
Measurements Obtained within the Prim.
ary Alpha Phase 10 g. load indentor

Holding Graphite | Sand Mold | Sand Mold

Time Mold {Mold 374 inch 1 L2 mnch
0 minutes 47,45 58 14 51,63

10 minutes 62.11 56 84 49 .04

20 minutes 46 50 51.92 48,85

50 minutes 45 81 55,75 52 .03

The distribution of rare earths in the microstructure
of the aluminum-silicon alloys was found to be related
to the silicon phase as is evident in the element distribu-
tion maps presented in Figures 11 and 12. This is
further demonstrated in the data of Tables 4 and 5 and

in Figure 13.

A summary of these results follows:

(22)
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Fig 12, Distribution of selected elements in
the microstructure of 256 aluminum
alloy modified with a 2,09 mischme-

tal addition in a 1 25 in D_ graphite

mold cast 60 minutes after treatment,

SEM | 360 X .

Optical microstructure. 400X SEM Image 2700X

Si  2700%

Al 2700x

Ce  2700X

La 2700X

Fig 13, Distribution of selected elements in
the microstructure of 356 aluminum
alloy modified with a 2 09 misch

metal addition in a (_ 75 in D _sand

mold cast 6) minutes after treatment

Linear X -ray scan,

Table 4. Distribution of Selected Elements
(Averaged)

Aluminum Alloy with 2.0 % Misch Metal

Cast into a 1 12 inch Diameter Sand Mold

(Unit is wt % )

Efﬁiﬁn/s in eut:ctic in euStlectic mtzr]‘fsalce Compound
Al 96,66 32,87 66,84 | 22.19
Si 2,79 66, 72 32.65 | 21,58
Fe* - - - -
Mg ™ - - - -
Ce .09 .04 08 | 28,18
La 02 .04 051 15,94
Nd L01 .05 .10 7,24
Pr 01 .02 .02 4.29

MM Total .08 .08 18 | 55,65

.
* Not recorded. The level in original 356 ingot
is Fe =0_18, Mg = 0,36,

Table 5, Distribution of Selected Elements(Av
eraged) After Modification of 356 Alum-
inum Alloy with 2,0 % Misch Metal Cast

Into a 1 1,74 inch Diameter Graphite M-
0ld(Unit iswt %)

%i?t?:nzS/ Prin?ary ineuiictic ineust:ectic Compound
Al 97,19 | 98,19 | 51,11 97 37
Si 1.90 1 1.42 | 49,57 18.90
Fe ™ 11 1 .10 42
Mg * .19 .26 .19 58
Ce .03 02 .02 6,65
La SR I .01 15.20
Nd .02 .03 .04 8. 91
Pr _:g:* _** _** 4,68

MM Total .03 .03 .04 43 (08

After Modification of 356

* The level in original 356 ingot is Fe = (, 18,
Mg = 0,36

** Too small to detect,

a. Sand Molds
1. The rare earth elements do not show any segregation

to either the aluminum or silicon phases in the

An average of 0.08% rare earth was de-
tected in both of these phases.

eutectic.

2. Somewhat higher rare earth content was detected

at the interface of the aluminum and silicon phases
in the eutectic. In this region the rare earth content
ranged from 0.10 to 0.28%.

(23)
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3. The intermetallic compounds found in the structure
of rare earth treated alloys were identified as
Si; AI;RE and AISiFeRE (where RE represents
rare earths).

b. Graphite Molds

1. Only small amounts of rare earths are presented in
the aluminum (0.03%) and the silicon (0.04%)
phases of the eutectic structure.

2. The intermetallic compounds formed were identi-

fied as Siyaly RE, where x=2.3-2.8 and y=2.2—
8.0, and AlSiFeRE.

Fig 14, Eutectic silicon phase extracted
from a 2 (0% misch metal modified 3%
aluminum alloy cast into a 1 25 inD,
graphite mpld ,Z Transmission electron

microscope .

Fig.15. Eutectic silicon phase extracted from
a 2.0Y% misch metal modified 356 alu-

minum alloy cast into a 1.5 in D sand

mold ., Transmission electron microscope

The TEM photographs of Figures 15 and 16 indicate
that the silicon phase in the eutectic grows in the {100)
direction. Crystal growth twins are evident.

4. DISCUSSION

Even a cursory review of the data generated by this
research indicates that while rare earths can be used
to modify the eutectic structure of cast aluminum-
silicon alloys, the amount of rare earth required to
achieve modification is excessive, and the sufficiency
of that modification is questionable. The rare earths,
however, present another path to the understanding
of the mechanism of eutectic modification in these

alloys.

4.1 Primary Alpha Aluminum Formation

golidification of these hypoeutectic aluminum-
silicon alloys begins with the development of alpha
aluminum dendrites. Sodium or strontium treatment
of the melt does not result in any noticeable change
in the morphology of these dendrites, however, treat-
ment of the melt with rare earths was observed to
significantly affect the secondary dendrite arm spacing.

The reduction of se‘condary dendrite arm spacing
as a function of solidification cooling rate was found
to agree with the results of Spear and Gardner (26)
for untreated, sodium and strontium treated aluminum
alloys 319, 355 and 356, Figure 7.
though, that a 2% mischmetal treatment effects a
marked reduction in the dendrite arm spacing. (While
measurements of the secondary arm spacing have not
been recorded for all treatment levels, it appears that
this effect is generally proportional to the amount of
rare earths added.) It would seem appropriate to con-
clude that this is an alloying effect of the rare earths.

At a result there is a slight influence of the secondary
arm spacing on the morphology of the eutectic silicon,
since the interdendritic channels serve to restrict the
This, however,

It is apparent,

growth of the eutectic silicon phase.

is not a modification effect.
This solid solution alloying effect was not sufficient

to result in an increase in the microhardness of the
alpha aluminum phase, even with 2% rare earths added.

4.2 Eutectic Undercooling

(24)
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It is well recognized that the cooling curve can be
used to characterize the solidification behavior of many
alloys, including the modification of aluminums-silicon
eutectic alloys. One investigation (14) concluded
that a eutectic undercooling of 6 to 10°C (11 to 18°F)
is necessary for appropriate modification in an alloy
. treated with 60 to 120 ppm sodium. An unmodified
structure is obtained with less undercooling. In general,
successful modification requires eutectic solidification
at specific undercoolings (12, 16, 17).

The eutectic undercooling was shown to incrgase
linearly with an increase in the amount of rare earth
treatment (up to 2% rare earths), Figures 2,4, 5 and 6.
It was also demonstrated that modification using rare
earths could not be achieved if the combination of
solidification cooling rate and modifier were below
certain levels, e.g., 2% rare earth for the 0.75 in. D
sad mold, and 1% rare earths for the 1.25 in. D. graphite
mold.

The fading effect of sodium occurred quite rapidly
after a 10 minute holding time, as seen by the decrease
in the amount of eutectic undercooling. On the other
hand, mischmetal treatment was quite resistant to
fading, and produced greater levels of undercooling.
With mischmetal treatment an increase in eutectic under-
cooling occurs up to 60 minutes of holding time, during
which dissolution and distribution of the rare earths
occurs. At longer holding times, it is likely that the
rare earth levels in the melt are decreased due to oxida-
tion.

Even though the eutectic undercooling obtained
in rare earth treated sand cast bars was greater than
that where modification was attained in sodium treated
bars, the rare earth treatment did not lead to complete
modification.

While it would be possible to document the modifi-
cation process by counting the number of silicon
particles in the eutectic structure, this procedure is
difficult and tedious. Furthermore, while the silicon
particles appear to be individual and decrete particles
when examined under the optical microscope, the SEM
shows that the silicon phase in interconnected in a roset-
te form, Figures 8 and 9, confirming the results of Day
(18). By adding copper to an aluminum-silicon eutectic
alloy, the eutectic cell size was reduced. However,

modification of the eutectic by sodium treatment of
the melt did not result in a change in eutectic cell size.

Growth features of the silicon phase have been
studied nothing that the silicon plates grow twinned
(20) and that a common type of defect structure is
the reflection twin (19). Because of the lowest attach-
ment kinematic energy on (111) in the diamond cubic
system, the silicon crystals will grow from a defect.
Extracted silicon plates have an approximately (111)
habit and contain multiple twin traces (12, 21). The
twinned boundaries enable the silicon to grow at small
melt undercoolings. The observations of the transmis-
sion electron microscope demonstrates the existence of
twinned silicon crystals.

Silicon crystals modified with rare earths grow in
the (100) direction, Figure 14. The morphology of the
modified silicon phase is changed from facetted growth
on (111) in (211) directions (which leads to coarser
plate silicon) to an {100) orientation (which contributes
to silicon crystals in a rod like form when misch metal
is added). Misch metal can be observed to concentrate
at the growing crystal surface and to likely poison the
growth steps thus preventing the (111) faces from
developing.

The electron microprobe analysis, Tables 1V and V,
show that the rare earth content of the alpha aluminum
and silicon phases in the eutectic are about the same.
Refinement of the aluminum-silicon eutectic has been
attributed to the addition of small quantities of nuclea-
ting elements, such as titanium (11, 16) or phosphorus,
whee AIP nucleates silicon (23). Sharon (2, 3, 4, 5)
attempted to describe modification in a similar manner.
But there seems to be little in common between mis-
chmetal compounds and compounds such as AIP, and
no correlation of this effect with rare earths has been
recorded.

High rare earth levels have been detected at the
silicon and aluminum interface in the eutectic, Table IV,
seeming to support the adsorption of rare earths on the
growth front. It can be assumed that rare earths (or
sodium) is absorbed on to the fast growing (111) face
and effectively poisons the growth steps and prevents
the (111) faces from developing (19, 22). Consequently,
the silicon morphology changes. This mechanism,
however, has not been proven and does not fully explain

(25)
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the weaker effect of rare earth treatment compared to
other modifying agents (e.g., sodium, strontium, etc.).

5. CONCLUSION

The effect of rare earths in the modification of the
eutectic of cast aluminum-silicon alloys was Investigat

the results were obtained as followed.

A reliable and persistant eutectic modification effect
can be obtained with rare earth additions, however,
the minimum amount or rare earths necessary to obtain
proper modification is exceptionally large. The eutectic
modification achieved through the use of rare earths is
extremely resistant to fading and may persist up the
several hours of holding time at temperature. In fact,
due to the delayed solution rare of the rare earths in
the melt, the amount of eutectic undercooling actually
increases during the first 60 minutes or so after modifi-
cation is obtained. As the rare earth addition level
approaches 2%, some primary dendrite refinement
(reduction in secondary dendrite arm spacing) becomes
apparent. This is attributed to an alloying effect, and
is not significant enough to be considered as a practical
means of reducing secondary dendrite arm spacing.

The silicon phase modified by rare earths exhibits
the same changes in crystallographic structure as
achieved through modification with sodium. In both
cases the silicon phase changes from growth in the

(211) directions, to growth in the (100) directions where
the silicon phase develops a refined, rounded and inter-
connected morphology.

The quantitative difference in modification effects
of sodium and rare earths has not been fully determined,
and is in need of further study.

Finally, it is apparent that the literature presents
a misleading image as to the practical role of using
rare earths to modify the eutectic structure of cast
alumnium-silicon alloys. It is hoped that the results
discussed in this work will permit this subject to be dealt
with realistically.
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