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Département des Sciences appliquées, Université du Québec à Chicoutimi, Chicoutimi
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The present study was carried out to determine the effect of alloy composition and
solidification conditions on changes in the dendritic and eutectic structures in Al Si alloys
containing strontium. A series of experimental and industrial alloys viz., Al-7% Si, Al-12%
Si, 319 and 356 were selected, to cover a variety of alloy freezing ranges. The techniques of
thermal analysis, optical microscopy, and SEM/EDX and EPMA analyses were employed to
obtain the results presented here. Depression in the eutectic Si temperature in Al-7% Si
alloys occurs on addition of alloying elements such as Mg and Cu. Introduction of Sr to
these alloys further depresses the eutectic temperature, with a corresponding increase in
the volume fraction of the α-Al phase. The primary dendrite solidification pattern changes
from parallel rows to a branched form, producing an equiaxed type of structure and hence
shorter primary dendrite lengths. This is expected to enhance the interdendritic feedability.
The lengths of the secondary dendrite arms are controlled by the rejection of solute atoms
in front of the growing dendrites during solidification. The higher the alloying content in
the alloy (i.e., 319), the smaller the dendrite cell size. The longer solidification time in the
319 alloy also appears to have a considerable influence on the amount of porosity formed
in the alloy, in addition to that of Sr. C© 2004 Kluwer Academic Publishers

1. Introduction
The strength and quality of an Al Si alloy casting are
determined by the quality of its microstructure, viz., the
fineness of the structure, the shapes and morphologies
of the microconstituents present therein, as well as the
amount of porosity produced in the casting. Normally,
the microstructure is controlled through the processes
of grain refinement and modification, using small ad-
ditions of Al Ti B and Al Sr master alloys, respec-
tively. Whereas grain refinement primarily reduces the
grain size, modification—using elements such as Na,
Sr, Sb, or even rare earths—alters the morphology of
the eutectic Si from its usual acicular brittle form to a
fibrous form (in the case of Na and Sr) that is extremely
beneficial to the mechanical properties, particularly the
ductility. Among the various modifiers in use, strontium
has, by far, been employed most extensively. Although
easier to handle than either Na or the toxic Sb, and more
resistant to fade (i.e., losing its modifying effect after a
certain amount of time), Sr addition is also associated
with porosity formation in these alloys.

From the feedability-related point of view, it has been
pointed out that one should look to the Al Si eutec-
tic region of solidification to account for the differ-
ences in porosity observed when Sr is added to Al Si
melts [1–3]. Given that the eutectic constitutes a size-
able fraction of the microstructure of Al Si alloys (de-
pending on the Si level), it would be expected that the
Sr-modified eutectic structure would exert some sort
of influence on porosity formation. In this connection,
Dahle et al. [4], who observed an orientation relation-
ship between the α-Al dendrites and eutectic Si in un-
modified hypoeutectic Al Si alloys, and a lack of it in
the (200 ppm) Sr-modified alloys (using electron micro-
diffraction techniques), have suggested that this repre-
sents a change in the mode of eutectic nucleation—from
that occurring near the α-Al dendrites in the Sr-free
alloy, to that taking place within the eutectic liquid it-
self in the Sr-containing alloy. The mode in operation
controls the distribution of the remaining liquid in the
last stages of solidification when feeding becomes ex-
tremely difficult. This distribution, in turn, will define
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the connectivity of the feeding channels, and thus de-
termine the resultant porosity profile in the solidified
casting.

It is the aim of the present study to show the changes
in both α-Al dendritic and eutectic regions in Sr-
containing Al Si alloys. A series of experimental and
industrial Al Si casting alloys were selected for study,
from simple experimental “binary” alloys such as Al-
7% Si and Al-12% Si, to industrial 319 and 356 alloys,
to cover a variety of alloy freezing ranges. It should be
mentioned at the outset, that the “binary” alloys in the
present study are termed “binary” only in the sense that
Al and Si are their main constituents, as against other
alloying elements that are present in addition in the 356
and 319 alloys.

2. Experimental
Table I lists the chemical compositions of the various al-
loys that were used in the present work and their respec-
tive alloy codes. The alloys were cut into smaller pieces,
cleaned, dried and melted in a 40 kg-capacity SiC cru-
cible. The melting temperature was kept at 725◦ ±5◦C.
The melts were degassed with dry argon for ∼30 min,
using a graphite rotary impeller (200 rpm; humidity of
surroundings <15%). A 5 cm wide, 25 cm long plate
made of refractory material, placed inside the crucible
at an angle of ∼35 degrees with the crucible wall, acted
as a baffle during the melting and degassing process, to
avoid vortex formation. In those cases when the melts
were modified with Sr, the required amount of Sr was
added to the melt using Al-10% Sr master alloy, before
the degassing was carried out. All melts (experimen-
tal as well as industrial) were grain refined using Al-
5%Ti-1%B master alloy (maximum attainable B was
∼40 ppm). Samplings for chemical analysis were also
taken simultaneously for each melt composition.

In the case of the experimental alloys, the alloys were
first prepared by melting aluminum (purity 99.5%) at
the same temperature, then adding pure silicon in the re-
quired amounts by means of a perforated graphite bell,
to obtain the Al-7% Si and Al-12% Si alloys. The alloy
melts were poured into ingot molds (made of mild steel
and coated with refractory material). The solidified in-
gots in each case were then remelted for treatment as
described above.

For each alloy melt composition, about 1 kg of the
degassed melt was transferred by means of a ladle into

T ABL E I Chemical compositions (wt%) of alloys used

Alloy Code Si Fe Cu Mg Mn Cr Ti Sr Al

Experimental
Al-7% Si A7S 6.74 0.1599 0.2825 0.0228 0.0316 0.0051 0.0246 0.0018 92.7
Al-7% Si + Sr A7SS 6.71 0.1891 0.3656 0.0340 0.0331 0.0064 0.0274 0.0114 92.6
Al-12% Si A12S 11.76 0.1451 0.1144 0.0119 0.0072 0.0012 0.0413 0.0010 87.9
Al-12% Si + Sr A12SS 11.76 0.1451 0.1144 0.0119 0.0072 0.0012 0.0413 0.0245 87.8

Industrial
319 A7SC 6.24 0.1084 3.683 0.0496 <0.0005 <0.0005 0.1332 0.0001 89.7
319 + Sr A7SCS 5.81 0.1145 3.584 0.0552 <0.0005 <0.0005 0.1466 0.0115 90.2
356 A7SM 6.50 0.1211 0.0470 0.3194 0.0008 0.0008 0.1110 0.0001 92.8
356 + Sr A7SMS 6.47 0.1332 0.0398 0.3283 0.0020 0.0020 0.1164 0.0070 92.8

Figure 1 Schematic diagram of graphite mold used for thermal analysis
and casting.

a 1 kg-capacity SiC crucible (length/diameter ratio:
130 cm:85 cm) that was preheated at 750◦C in a small
electric resistance furnace. The transfer procedure was
carried out with extreme caution to minimize turbu-
lence, and took about 10 min. During the transfer, the
SiC crucible was initially tilted at ∼35 degrees, and
then raised slowly while the liquid metal was poured
into it, until it was in an upright position at the end of the
filling. When the melt temperature in the crucible sta-
bilized at 725◦C, the melt was poured into a preheated
(600◦C) cyclindrical graphite mold (10 cm length, 6 cm
diameter), as shown in Fig. 1. Again, for each pouring
(into the graphite mold), a sampling for chemical anal-
ysis was also done simultaneously (the spectrometric
analyses were carried out at GMPT, New Hampshire
facilities).

Thermal analysis was carried out at the same time, by
positioning a high sensitivity chromel-alumel (type K)
thermocouple within the graphite mold system (through
the bottom of the mold, halfway up into the mold cavity
along the mold centerline, see Fig. 1). The temperature-
time data was obtained using a high-speed data ac-
quisition system (rate of 0.2 s) linked to a computer.
From the thermal analysis data, cooling curves and their
first derivatives were plotted. From these, the differ-
ent reaction temperatures and solidification times were
determined.
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For metallographic examination, samples (25 mm ×
25 mm) were sectioned from the graphite mold cast-
ings (transverse section from the central part contain-
ing the thermocouple tip), mounted and polished. As
can be seen from Fig. 1, the direction of heat flow is
parallel to the section from which the samples were
cut. The microstructures were analyzed using a Leco
2001 image analyzer in conjunction with an Olympus
optical microscope. The eutectic Si particle character-
istics (length, area, aspect ratio and density), volume
fractions of the α-Al dendrites and eutectic Si parti-
cles, as well as the dendrite arm spacing (DAS) and
lengths of primary and secondary dendrites were mea-
sured. For measuring the α-Al volume fractions, the
samples were etched in Keller’s reagent for the req-
uisite amount of time, before the measurements were
carried out.

3. Results and discussion
From the cooling curves obtained for each of the al-
loys listed in Table I, the corresponding Al Si eutectic
solidification temperatures (Teut) were determined. A
schematic diagram (Fig. A1) is provided in the Ap-
pendix to clarify the terminology pertaining to the
parameters used in this section. The mushy zone-,
eutectic-, and total solidification times were also deter-
mined. These are summarized in Table II. As expected,
addition of Sr lowers the Al Si eutectic solidification
temperature in each alloy.

In the binary alloys, the total solidification time is
roughly the sum of the mushy zone- and eutectic solid-
ification times, where for the eutectic A12S alloy, the
total solidification time equals its eutectic solidification
time. In the 356 and 319 alloys, however, the total so-
lidification times are much longer than the sums of the
other two.

Comparing the Sr-free and Sr-modified conditions
for the two alloys, the mushy zone times increase in
the modified alloys, whereas the eutectic solidification
times are almost the same in either condition (this will
be discussed in more detail later on, with reference to
Table V and Fig. 7). Also, compared to 356 alloy, the
Teut is some eight degrees lower in the 319 alloy (see
Table II). This factor, together with the larger number
of reactions occurring in the 319 alloy, result in its ex-
hibiting a longer total solidification time than the 356
alloy.

T ABL E I I Cooling curve data

Solidification times (s)

Alloy Teut Mushy Al Si
Alloy code (◦C) zone eutectic Total

Al-7% Si A7S 573.0 150 195 351
Al-7% Si + Sr A7SS 565.0 189 172 360
Al-12% Si A12S 573.6 – 411 411
Al-12% Si + Sr A12SS 566.7 34 365 399
356 A7SM 570.1 159 156 461
356 + Sr A7SMS 563.8 194 154 479
319 A7SC 563.7 169 130 517
319 + Sr A7SCS 555.8 195 129 529

TABLE I I I Temperatures and phases corresponding to peaks in Fig. 2

Temperature
Figure Peak (◦C) Phases/Reactions

2(a) A 608.8 Formation of α-Al dendritic
A7S alloy network

B 559.5–561 Eutectic Si
C 553.6 Co-eutectic Al2Si2Sr
D 537.9 Post-eutectic Al2Si2Sr

2(b) A 611 Formation of α-Al dendritic
A7SCS alloy network

B 555.8 Eutectic Si
C 540.6–533.2 α- & β-Fe phases, Al2Si2Sr
D 516.1 CuAl2
E 508.5 Al5Mg8Si6Cu2

Fig. 2 displays the cooling curves and first deriva-
tives for Sr-modified Al-7% Si and 319 alloys. The
peaks marked A through E are listed in Table III, and
were identified with reference to the atlas of Backerud
et al. [5] on the solidification of aluminum foundry
alloys. In the case of the A7SS (modified Al-7% Si)
alloy, the three main reactions observed correspond to
the formation of the α-Al dendrite network (peak A),
followed by precipitation of the Al Si eutectic (peak
B), and, due to the presence of Sr (in amounts higher
than that required for obtaining a fully modified eutectic
structure), the co-eutectic and post-eutectic precipita-
tion of Al2Si2Sr phase (marked C and D in Fig. 2a).
In the A7SCS (modified 319) alloy, Fig. 2b, several
additional reactions occur, corresponding to the pre-
cipitation of the α- and β-Fe intermetallics (peak C,
over a range of temperature), and the precipitation of
the copper intermetallics (peaks D and E). Noticeable
differences in the end-of-solidification times and tem-
peratures between the two alloys are also observed (see
Table II for actual values).

The significance of the longer total solidification time
exhibited by the 319 alloy (cf. A7S alloy, Table II)
may be judged from a comparison of the percentage
porosity levels observed in the corresponding metal-
lographic samples of these two alloys, obtained from
their graphite mold/thermal analysis castings (DAS
∼85 µm). As Table IV shows, the percentage poros-
ity jumps from 0.36% in the Al-7% Si alloy to 2.2%
in the 319 alloy, whereas a 250 ppm Sr addition to 319
hardly alters its porosity level. On the other hand, mod-
ifying the ‘binary’ alloy doubles its porosity content,
i.e., alters it significantly. In other words, while the
addition of Sr increases the porosity in binary Al Si

TABLE IV Percentage porosity observed in Al-7% Si and 319 alloys

Percentage porosity (%)

Hydrogen level Alloy Alloy 250 ppm
Alloy (mL/100 g) codea No Sr codea Sr

Al-7% Si 0.1 A7S 0.36 A7SS 0.86
(351s) (360s)

319 0.1 A7SC 2.2 A7SCS 2.3
(517s) (529s)

0.25b 2.86b 3.4b

aTotal solidification times (s) given in parentheses below the alloy codes.
bGassed melt.
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Figure 2 Cooling curves and first derivatives obtained for Sr-modified: (a) Al-7% Si and (b) 319 alloys.

alloys, the longer solidification time in the 319 alloy
also appears to have a considerable influence on the
amount of porosity formed in the alloy (viz., in alloys
containing a higher number of alloying elements), in
addition to that of Sr.

It could be argued that this does not establish the
importance of solidification time per se in that other
factors such as heat transfer rates have not been con-
sidered. However, given the fact that the graphite mold
castings from which these samples were prepared were
obtained under very similar experimental (i.e., melt-
and mold temperature) conditions, it would not be un-
reasonable to consider it as an influential parameter.

As will be discussed later on in another context,
Table IV also shows that, compared to the porosity
values obtained from well-degassed 319 alloy melt
samples (hydrogen level ∼0.1 mL/100 g), the poros-
ity levels displayed by samples taken from 319 alloy
melts that were deliberately gassed (hydrogen content
∼0.25 mL/100 g) were comparatively much higher.

The phenomenon of feedability has been looked
at from two viewpoints: (a) the freezing range of the
alloy, and (b) the effect of eutectic solidification, viz.,
the nature of the Al Si eutectic solidification front.
The difference between the liquidus and solidus tem-
peratures of an alloy defines its equilibrium freezing
range, and a short freezing range is considered best for
interdendritic feeding. The permeability of the region

between these two temperature points controls the
feeding and, hence, the microporosity that is expected
to result upon solidification.

Quenching experiments on samples of unmodified
and modified Al Si eutectic alloys [6, 7] appear to
indicate that the solid/liquid interface is more or less
smooth and regular (or planar) in modified Al Si al-
loys, whereas it is highly irregular in the unmodified
alloys. Consequently, it has been suggested that liq-
uid entrapment and porosity formation would be more
likely to occur during eutectic solidification in unmod-
ified alloys than in the modified alloys.

Argo and Gruzleski [8] proposed a two-stage solidifi-
cation process to account for microshrinkage formation
in unmodified vs. modified alloy castings. According
to them, a short interdendritic feeding distance in the
unmodified alloy (represented by a smaller number of
secondary dendrite arms per primary Al-dendrite) al-
lows for easier feeding, so that microshrinkage for-
mation takes place in the last region to solidify. The
irregular solid/liquid interface then facilitates the dis-
tribution of microporosity in this region. A longer
mushy zone (which reduces the feedability) in the
case of the modified alloy results in a wider disper-
sion of isolated pockets of eutectic liquid, which then
solidify with a regular solid/liquid interface, produc-
ing larger pores than those observed in the unmodified
case.
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In the present study, the microstructures of the four
sets of unmodified-modified alloys (i.e., A12S-A12SS,
A7S-A7SS, A7SM-A7SMS (356), and A7SC-A7SCS
(319)) were examined to discern any differences in the
development and growth of the α-Al dendrites and that
of the Al Si eutectic between the unmodified and mod-
ified alloys and to compare them with the observations
reported in the literature.

Fig. 3 shows the microstructures obtained for the
A12S and A12SS alloys. In both cases, the majority of
the microstructure consists of the Al Si eutectic, with
a small amount of primary α-Al dendrites observed
therein. The Si particles are acicular in the unmodified
alloy, Fig. 3a, and very fine in the modified alloy,
Fig. 3b. The pattern of the dendrites gives an indication
of the growth of the dendrites along the direction of heat
flow. In comparison to the lack of exaggerated growth
in any particular lateral direction observed in Fig. 3a, in
the modified alloy, Fig. 3b, due to the undercooling that
occurs with the addition of Sr, the increased tempera-
ture difference between the liquidus and solidus (and
thus a steeper thermal gradient) permits the growth of
larger, branching dendrites whose lengths appear to be
more prominent compared to their other dimensions.
As the temperature falls monotonically from the hot
interior liquid to the freezing interface and further on
to the mold wall, the freezing front persists as a simple

Figure 3 Optical micrographs showing the dendrite morphology in (a) unmodified and (b) Sr-modified Al-12% Si alloy.

Figure 4 High magnification micrographs of Al-12% Si alloy showing: (a) uniform dendrites in the unmodified alloy and (b) comparatively irregular
dendrites in the modified alloy (arrow indicates a dendrite nucleation site).

plane normal to the temperature gradient. The parallel
rows of dendrites observed in Fig. 3b confirm this.

In the high magnification micrographs of the two
alloys shown in Fig. 4, if one looks closely, it can be
seen that the contours of the dendrites in the unmodified
alloy, Fig. 4a, are, in fact, also regular. It is only the
acicular nature of the Si particles in the one case (A12S),
and their fineness in the other (A12SS), that accentuates
the smoothness of the dendrite contours in the latter
case, Fig. 4b.

Under quiescent or rapid cooling conditions, the melt
just ahead of the freezing interface is always under-
cooled, so that it is actually at a lower temperature than
the adjacent solid. This is because of the release of la-
tent heat of fusion (into both the liquid and the solid).
If some point in the freezing front advances ahead of
the rest, it finds itself in liquid that can absorb heat
and encourage further freezing. These random points
grow into spikes and the freezing front loses its pla-
nar character. Due to the undercooling that occurs in
the Sr-modified alloy, the regularity of the dendrites
in Fig. 4b is marred by such spikes (see arrow, for
example), resulting in the irregularly shaped dendrites
observed in the figure.

Fig. 5 shows the microstructures of the A7S, A7SM
(356), A7SS, A7SMS (356), and A7SCS (319) al-
loys, respectively. Compared to the unmodified alloys
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Figure 5 Optical micrographs showing the secondary dendrite formation in unmodified (a) Al-7% Si, (b) 356, and modified (c) Al-7% Si, (d) 356,
(e) 319 alloys, where the mollified alloys show a more equiaxed dendrite structure.

(Fig. 5a and b), the modified alloys (Fig. 5c, d and e)
show a more equiaxed dendrite structure. In the case
of the modified 319 alloy, Fig. 5e, the interdendritic
regions are filled with the copper phase (CuAl2), as
delineated by the darkened contours of the α-Al den-
drites (cf. the fine, light grey dotted Al Si eutectic

areas appearing in other interdendritic regions in the
micrograph). Although the copper phase particles are
not clearly observed in Fig. 5e, they were confirmed to
be the CuAl2 phase occurring either as the Al-CuAl2
eutectic or in its block-like form [9], when observed at
high magnification (200×).
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Yang et al. [10] have proposed a model for the simu-
lation of microstructural evolution in multicomponent
Al Si alloys (viz., 356 alloy) with equiaxed dendritic
and eutectic morphology, based upon the mixture-
theory (continuum approach) model. In general, the
growth velocity of equiaxed dendrites and eutectic can
be calculated as a function of the undercooling �T as

drE/dt = µ · (�T )2 (1)

where rE is the radius of the eutectic grain or of the
equivalent dendrite envelope, and µ is a growth coeffi-
cient which depends on the type of equiaxed grain. The
growth coefficient is different for primary phase and
eutectic grains. The dendrite envelope is defined as the
surface touching the tips of all primary and secondary
arms, and the equivalent dendrite envelope is the sphere
having the same volume as the dendrite envelope. The
driving force for the dendrite growth is determined by
the melt undercooling at the tip of the primary dendrite
(grain). In binary alloys, for dendrite growth, consti-
tutional and thermal undercooling are the controlling
factors, while in the case of eutectic growth, thermal un-
dercooling is assumed to be the controlling parameter.

The four solidification parameters of interest are
the liquidus temperature (TL), the eutectic temperature
(TE), the liquidus slope (mL) and the partition coeffi-
cient (k), and can be calculated easily from the phase
diagrams of binary alloy systems. When considering
multicomponent alloys (such as 356 or 319), however,
the solute transport equations must be solved for each
component element, i.e., the slopes and partition coef-
ficients must be known for each in order to determine
their effect on the equilibrium temperatures.

Such complicated theoretical calculations are not
within the scope of the present experimental study.
Nevertheless, on the basis of the temperature and time
data gathered from the cooling curves, and the mi-
crostructural observations and image analysis measure-
ments, certain fundamental conclusions can still be
made. From Equation 1, the more the undercooling,
the faster will be the growth rate of the dendrites, as
is the case for the modified alloys. This would account
for the equiaxed dendrite structures observed in Fig. 5c
through e.

Image analysis measurements were also carried out
on these alloy samples, where the α-Al dendrite and eu-
tectic Si particle characteristics and volume fractions
were measured. The measurements were carried out
over a certain number of fields (“field” denoting the
field of observation of the optical microscope, and cov-

T ABL E V Primary and secondary α-Al dendrite measurements

Alloy Max. primary dendrite No. of secondary Av. thickness of secondary Av. length of secondary
Alloy code length (µm) dendrite arms dendrite arms (µm) dendrite arms (µm)

Al-7% Si A7S 664 10 66.4 153.4
Al-7% Si + Sr A7SS 1019 15 67.9 196.6
Al-12% Si A12S 699 16 43.7 26.2
Al-12% Si + Sr A12SS 1421 31 45.8 56.6
356 A7SM 1155 17 67.9 189.7
356 + Sr A7SMS 754 10 75.4 159.0
319 A7SC 790 15 52.7 133.1
319 + Sr A7SCS 866 14 61.9 133.8

Figure 6 Volume fractions of α-Al and eutectic Si in the four alloy types
studied.

ering an area of 1.41301×105 µm2 at 200× magnifica-
tion), such that the entire sample surface was traversed
in a regular, systematic fashion. From these, the average
α-Al and average eutectic Si volume fractions were de-
termined. The corresponding values and their standard
deviations (SD) are plotted in Fig. 6.

From Fig. 6, it is seen that, regardless of the al-
loy composition, the addition of Sr increases the α-
Al volume fraction, with a corresponding decrease in
the amount of eutectic Si. Comparing the three 7% Si-
containing alloys (viz., A7S, A7SM and A7SC), both
the increase in the amount of alloying elements in the al-
loy and the addition of Sr will affect the decrease in the
eutectic solidification temperature so that the amount
of α-Al phase will increase on passing from A7S to
A7SM (356) to A7SC (319) alloys (in either unmodi-
fied or modified alloys). The enlarged sections of the
cooling curves in Fig. 7 compare the amount of un-
dercooling observed in the 356 and 319 alloys in both
unmodified and modified conditions.

Primary dendrites for which a good number of
secondary dendrites could be clearly observed were
also measured for each structure. Table V lists the
longest primary dendrite lengths that were observed in
each case, and the corresponding number of secondary
dendrites associated with each primary dendrite. From
these values, the average thickness of the secondary
dendrites could be calculated. The lengths of some 20–
25 secondary dendrite arms were also measured from
each alloy sample, to determine their average lengths.
These are also listed in Table V. From columns 3 and 4
of the table, it can be seen clearly that in the case of the
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Figure 7 Enlarged sections of the cooling curves obtained for (a) 319 and (b) 356 alloys, comparing the undercooling observed in the unmodified
and Sr-modified cases.

Al-7% Si and Al-12% Si alloys, the primary dendrite
lengths increase with the addition of Sr, as do the num-
ber of secondary dendrite arms per primary dendrite,
and the secondary dendrite arm lengths as well. These
observations more or less conform to those of Argo and
Gruzleski [8]. In the case of the 356 alloy, it is seen that
the primary dendrite length decreases in the modified
alloy, in keeping with the equiaxed dendrite structure
observed in Fig. 5b. The increase in thickness of the
secondary dendrite arms is partly due to the increase
in the α-Al volume fraction, as well as their lateral
expansion, as inferred from the reduction in the average
length.

From the data presented thus far, we have seen (a)
how the primary dendrites in the modified 356 alloy
possess an equiaxed structure and, thus, shorter lengths,
and (b) how the increase in the mushy zone period
(α-Al precipitation) and, hence, α-Al volume fraction,
reduces the interdendritic eutectic region (i.e., the Si
volume fraction, Fig. 6). It has also been reported that Sr
improves fluidity by 15–30% (Hu and Pan [11]; Samuel
et al. [12]). Apparently, in view of these observations,
Sr addition should improve the feedability of the in-
terdendritic regions (and hence decrease the porosity).
Thus, some other factor should be sought to account for
the increase in porosity with the addition of Sr.
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The 319 alloy shows practically no change in the
number of secondary dendrite arms (per primary den-
drite) or their average length between the unmodified
and modified conditions. With a greater number of al-
loying elements present in the alloy, there is competi-
tive growth between the dendrites and the eutectic (and
other phases), due to the rejection of a considerable
amount of solute in front of them with the progress of
solidification. According to Yang et al. [10], both tem-
perature and concentration must be considered for the
start of the eutectic reaction in a multicomponent alloy
such as 356 (which solidifies under non-equilibrium
conditions), as the liquid concentration does not neces-
sarily reach the eutectic concentration even if the tem-
perature drops below the eutectic temperature. Thus, at
any point in the casting, the eutectic reaction will start
only if the two conditions

Tb < TE and C∗
L ≥ CE

are satisfied, where Tb is the bulk temperature, TE is
the equilibrium temperature, C∗

L is the liquid concen-
tration at the solid/liquid interface, and CE is the initial
composition of the eutectic reaction. Applying similar
considerations to the 319 alloys, it is easy to under-
stand why the dendrites in the 319 alloy appear as they
do in Fig. 5e, and also why the secondary dendrite arm
lengths do not change from the unmodified to the mod-
ified alloy (Table V).

In their study of the effect of phosphorus on the solid-
ified structure of hypoeutectic Al-10% Si alloys (solidi-
fication rate 0.1 K/s), Kato et al. [13] have also reported
that, with the addition of 50 ppm phosphorus, the α-Al
dendrite growth is blocked due to the rejection of phos-
phorus. Likewise, the lengths of the α-Al dendrites are
also decreased, similarly.

Figure A1 Schematic diagram of cooling curve of an Al Si alloy defining the various solidification parameters (temperature and time) used in
Section 3.

4. Conclusions
Based on the present work, the following two main
conclusions could be drawn.

1. Depression in the eutectic Si solidification tem-
perature in Al-7% Si alloys is caused by the addition of
alloying elements such as Mg and Cu. Introduction of Sr
to these alloys further depresses this temperature, with
a corresponding increase in the volume fraction of the
α-Al phase. The primary dendrite solidification pattern
changes from parallel rows to a branched form, pro-
ducing an equiaxed type of structure and hence shorter
primary dendrite lengths. This is expected to enhance
the interdendritic feedability.

2. The lengths of the secondary dendrite arms are
controlled by the rejection of solute atoms in front of
the growing dendrites during solidification. The higher
the alloying content of the alloy (i.e., 319), the smal
ler the dendrite cell size. The longer solidification time
in the 319 alloy also appears to have a considerable
influence on the amount of porosity formed in the alloy,
in addition to the effect of Sr.
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développement de l’aluminium (CQRDA), the Fonda-
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