Refinement of Eutectic Si in High Purity Al-5Si Alloys
with Combined Ca and P Additions
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The effects of combined additions of Ca and P on the eutectic Si in a series of high purity
Al-5 wt pct Si alloys have been investigated with the entrained droplet technique and comple-
mentary sets of conventional castings. Differential scanning calorimetry (DSC) and thermal
analysis were used to investigate the eutectic droplet undercooling and the recalescence und-
ercooling, respectively. Optical microscopy, SEM, EPMA, and TEM were employed to char-
acterize the resultant microstructures. It was found that 250 ppm Ca addition to Al-5Si wt pct
alloys with higher P contents leads to a significant increase of the eutectic droplet undercooling.
For low or moderate cooling rates, the TEM results underline that Ca additions do not promote
Si twinning. Thus, a higher twin density cannot be expected in Ca containing Al-Si alloys after,
e.g., sand casting. Consequently, a refinement of the eutectic Si from coarse flake-like to fine
plate-like structure, rather than a modification of the eutectic Si to a fibrous morphology, was
achieved. This strongly indicates that the main purpose of Ca additions is to counteract the
coarsening effect of the eutectic Si imposed by higher P concentrations. Significant multiple Si
twinning was observed in melt-spun condition; however, this can be attributed to the higher
cooling rate. After DSC heating (slow cooling), most of Si twins disappeared. Thus, the well-
accepted impurity-induced twinning mechanism may be not valid in the case of Ca addition. The
possible refinement mechanisms were discussed in terms of nucleation and growth of eutectic Si.
We propose that the pre-eutectic Al,Si,Ca phase and preferential formation of Ca;P, deactivate

impurity particles, most likely AIP, poisoning the nucleation sites for eutectic Si.
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I. INTRODUCTION

MODIFICATION of hypoeutectic Al-Si alloys has
been extensively used in the Al foundry industry in order
to induce a structural transformation of the eutectic Si
from a coarse flake-like to a fine fibrous morphology. This
is beneficial as it improves the mechanical properties of
the final cast part. Modification can generally be achieved
by applying a rapid cooling rate (quench modification) or
by adding certain trace elements (chemical modification).
Sr, Na, Ba, Eu, and Ca are the elements that are presumed
to modlfy the coarse plate-shaped eutectic Si to a fibrous
structure.l'! It is generally established that modlﬁcatlon
occurs according to the impurity induced twinning (IIT)"*!
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and the twm plane re-entrant edge growth mechanism
(TPRE).®! These mechanisms involve preferential
adsorption of impurity atoms at self-perpetuating re-
entrant corners and thus poisoning of potent sites for
attachment of Si atoms leading to more frequent branch-
ing of the growing Si crystal and consequently yielding
significant Si twinning.

According to IIT, the dtomlc radius ratio of the
element Ca(rca/rs; = 1.68)1* 1s very close to the ideal
atomic radius ratio (1.646).”) Hence it is expected that
Ca can be adsorbed at the growing solid—liquid inter-
faces to promote Si twinning, and thus results in a
fibrous Si morphology. However, previous research on
the modification potential of Ca in hypo- or near-
eutectic Al-Si alloys appears to be, to some extent,
inconclusive. It is reported that a well-modified Al-Si
eutectic can be achieved with Ca additions,” ' and its
modification effect remained even after remelting.!'®!"!
In contrast, Abdollahil'? emphasizes that a fully fibrous
eutectic Si cannot be obtained with Ca at low cooling
rates (i.e., sand casting). It was concluded that in order
to completely transform Si platelets into Si fibers, it
needs the assistance of high cooling rates (i.e., die
casting) in addition to added Ca. This poses the
question; how can one distinguish with a high degree
of certainty whether or not the modification is caused by
high cooling rates (quenching modification) or chemical
modification? Previous investigations on the modifica-
tion potential of Sb, Y, and Yb summarize!>'*"'%! that



these elements solely refine the eutectic Si, even though
their atomic radii ratio is also close to the ideal atomic
radii ratio.™ All these results demonstrate that the ratio
of atomic radii alone is not sufficient to predict the
modification effect. Other factors, i.e., the partition or
diffusion behavior of the impurity element into Si may
also be considered.

The adsorption of Ca atoms on growing Si surfaces
resulting in more significant Si twinning is also discussed
in the literature. This debate originates from a segrega-
tion study with NanoSIMS,!"® where Ca was detected to
segregate preferably to the Al matrix, rather than to the
eutectic Si, strongly indicating that IIT may be not valid
in the case of Ca additions to Al-Si alloys. It therefore
appears that other working mechanisms occur, e.g.,
interaction of Ca with other impurity eclements takes
place. Impurity elements, e.g., P, are reported to have a
noticeable influence on the solidification mode and the
modification effects of the Al-Si eutectic. It is claimed
that the main purpose of the Ca addition is to reduce
impurities (i.e., AIP) acting as nucleation sites for
eutectic Si.l'”"'® The addition of P to Al melts leads to
the formation of the thermally stable AIP compound
present as spheroids or as platelets at temperatures well
above the liquidus temperature of Al alloys prior to the
first solid in the melt!'”*” owed to the low solid
solubility of P in Al (0.02 ppm P at 933 K (660 °C)?!).

The formation of AlIP is beneficial in hypereutectic Al-
Si alloys because it decreases the size of primary Si and
leads to a homogenous distribution of primary Si. In
hypoeutectic Al-Si alloys, however, higher fractions of
AIP compounds are regarded detrimental for the alloys
performance because the eutectic Si undergoes a signif-
icant coarsening. Nogita et al!*? identified the AIP
particles as the key impurities acting as nucleation sites
for Si based on their crystallographic orientation rela-
tionship. It is proposed that Si nucleates epitaxially with
a cube-to-cube relationship on the pre-existing AIP
particles or on AIP patches which form from dissolved P
in the residual liquid along the solute boundary layer
ahead of the growing primary Al dendrites. In this case,
the Si crystals resemble the polyhedral morphology of
primary Si crystals from where the solidification of
eutectic commences yielding a coarse Al-Si eutectic
structure. Therefore, reducing the amount of AIP
particles appears to be inevitable in commercial ;ﬁ])urity
Al-Si alloys to reduce the size of Si platelets./®** 2! This
can ecither be achieved by formation of intermetallics
which themselves might nucleate on AIP or by forma-
tion of P bearing compounds on expense of dissolved P
in the melt. Alternatively, the usage of high purity (HP)
Al and Si materials or the application of a superheat
treatment of the Al-Si alloys [i.e., higher than 1273 K
(1000 °QC)] also reduces the potenc%/ of AIP. Following
the remarks of Lescuyer er al.'” a well-modified
eutectic Si structure can be expected when the super-
heated alloy is quickly cooled from superheat-to pouring
temperature. The modification of the eutectic Si in
superheated Al-Si alloys might then be due to two
mechanisms: the dissolution of (i) AIP 71]9articles and (i1)
Si clusters or crystalline Si particles®®*"! which may not
re-precipitate excessively upon rapid cooling.

Despite the comprehensive research on the modifica-
tion of eutectic Si, to date, there is still a lack of a
systematic investigation on the effects of Ca addition to
Al-Si alloys with the presence of different trace amounts
of P. In this paper, a series of HP Al-5 wt pct Si alloys
with combined Ca and P additions have been investi-
gated using the entrained droplet technique developed
by Wang and Smith.”® Entrainment of eutectic droplets
has proven to be a reliable method to investigate the
nucleation kinetics of the Al-Si eutectic in the presence
of trace impurity elements.” In order to further
elucidate the effect of combined Ca and P additions on
the AI-Si ecutectic, standard thermal analysis was
employed for conventional cast samples to investigate
the eutectic undercooling. The trends of the character-
istic undercooling temperatures obtained with these two
different casting techniques are discussed and related to
microstructure evaluations with optical microscopy,
SEM, EPMA, and TEM.

II. EXPERIMENTAL METHOD

A series of Al-5Si alloys (wt pct is used throughout
the paper unless stated otherwise) were prepared using
HP aluminum (5N grade, 99.998) and HP silicon chips
(6N grade). P and Ca additions in the nominal range of
0.5 to 10 ppm and 25 to 250 ppm were made using Al-16
Cu-1.4 P master alloy rods and Al-5 Ca master alloy
produced from AISN grade Al and metallic Ca, respec-
tively. The nominal alloy compositions used in the
present investigation are given in Table I.

Ingots of about 3 kg were produced for each alloy
composition by electric resistance melting of the charge
material in a boron-nitride-coated clay-graphite crucible
at 1023 K (750 °C). The chemical composition of the
investigated alloys was determined with a Finnigan
ELEMENT GD glow-discharge mass-spectrometer
(GD-MS). This spectroscopy technique allows quanti-
tative trace element analysis in the low-ppb range. As
summarized in Table I, the following isotopes were
measured 2’Al, 28Si, *'P, and **Ca.

About 1 kg of ingot material was remelted in an
electric resistance furnace at 1023 K (750 °C) to con-
duct thermal analysis measurements according to the

Table I. Chemical Composition of Al-5Si Alloys with Com-
bined Ca and P Addition as Measured by GD-MS in ppm

Nominal
Composition Measured Composition
(ppm) (ppm)
Alloy Ca P Ca P Six10* Al
Reference  >0.1 0.5 >0.1 0.5 5 bal.
25 0.5 214 05 5 bal.
3.0 232 3.0 5
10 226 7.8 5
250 0.5 245 0.5 5 bal.
3.0 220 3.5 5
10 249 8.8 5
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Quik-Cup® method. This set-up yields a cooling rate prior
to solidification of 10 K/min. The recalescence underco-
oling of the eutectic reaction AT,, was defined as the
temperature difference between the growth temperature
of the eutectic, 7 ¢, and the minimum temperature of the
eutectic, Tiinen- An optical microscope was used to
analyze the microstructure of conventional cast samples
at a location approximately halfway up the Quik-cup in
the vicinity of the thermal couple tip.

For melt spinning, ingots of about 12 g were placed in
a quartz glass with an orifice of J1 mm. They were then
remelted under high vacuum conditions and ejected
onto to a rotating copper wheel with a rotational speed
of 20 m/s. The thermal history of the ribbons was
monitored using a power compensated PerkinElmer
PYRIS Diamond differential scanning calorimeter
(DSC) under Ar atmosphere in a graphite crucible.
One DSC measurement consisted of constant heating to
873 K (600 °C) and subsequent cooling with a rate of 10
and 20 K/s in the temperature range of 8§73 K to 673 K
(600 °C to 400 °C).

For microstructure studies, the ribbons in as-melt-
spun condition and after DSC heating were carefully
ground. Some ribbons were electro-polished with an
electrolyte of 1/3 parts HNO3 and 2/3 parts methanol on
a LectroPol-5 at 273 K (0 °C) for scanning electron
microscopy (SEM) investigations using a Zeiss Supra 55
FE-SEM. Eutectic droplet size distributions were gen-
erated by image analysis of secondary electron images
taken from ribbons after DSC heating using an FEI
Quanta 200 ESEM. At least 100 measurements were
performed for a statistically reliable analysis. The
composition of eutectic droplets in ribbons after DSC
heating was further investigated with element mappings
on a JEOL JXA-8500F electron probe micro analyzer
(EPMA) equipped with wavelength dispersive X-ray
spectrometers (WDS).

Ribbons for transmission electron microscopy (TEM)
observation in the as-melt-spun condition and after
DSC heating were prepared by standard metallographic
procedures and dimpled to about 30 um. A Gatan
Precision Ion Polishing System (PIPS, Gatan model 691)
equipped with a cold stage was used in order to maintain
a constant temperature of 263 K (—10 °C) during ion
beam polishing. TEM investigations were performed on
an image-side Cs-corrected JEOL-2100F operated at
200 kV. The small beam diameter of the JEOL-2100F
(less than 0.2 nm) makes it possible to measure the
composition of trace elements (i.e., Ca, P) at the Si
re-entrant edges.

The ThermoCalc software with the TTALS database
was used to calculate the solidification path and the
formation temperatures of intermetallic phases in Al-5Si
alloys with 25 and 250 ppm Ca additions.

III. RESULTS

A. The As-Cast Microstructure After Conventional
Casting

Figure 1 shows representative eutectic microstruc-
tures of Al-5Si alloys with combined additions of Ca

METALLURGICAL AND MATERIALS TRANSACTIONS A

and P after conventional casting. The microstructure of
the reference alloy (Figure 1(a)) is comprised short,
closely spaced Si platelets and a few larger Si lamellae. A
similar refined microstructure was maintained after the
addition of 25 ppm Ca (Figure 1(b)). However, as the P
concentration is increased to 3 and 10 ppm, the eutectic
Si becomes coarse and flake-like (Figures 1(c) and (d)).
In contrast, increasing the Ca concentration from 25 to
250 ppm leads to a fine plate-like eutectic Si, as shown in
Figures 1((e) and (f)). Although some regions seem to
undergo a slight coarsening compared to the eutectic Si
in Figure 1(b), the eutectic Si in Figure 1(f) is signifi-
cantly refined compared to that in Figure 1(c). There-
fore, it seems that the coarsening effect of P can be
significantly neutralized with the addition of 250 ppm
Ca to Al-5Si alloys containing 3 ppm P. With increasing
P addition from 3 to 10 ppm, coarse flake-like Si is the
dominating morphology in Al-5Si alloys even with
250 ppm Ca addition. This implies that the addition of
250 ppm Ca cannot neutralize the coarsening effect
imposed by higher P concentrations. It should be
emphasized that an intermetallic phase with a polyhe-
dral morphology precipitated in Al-5Si alloys with
250 ppm Ca addition independent of the P concentra-
tion. This intermetallic phase was typically located in the
eutectic adjacent to primary Al dendrites. EDS analyses
(not shown here) identified this phase as Al,Si,Ca based
on their stoichiometry of 40:40:20 (at. pct).

B. Melt-Spun Microstructure and Eutectic Droplet Size
Distribution After Melt Spinning

Figure 2 shows the typical microstructure of the Al-
5Si reference alloy before and after DSC heating. Before
DSC heating (Figure 2(a)), Al grains are of fine scale
and equiaxed. Si crystals are present at the Al grain
boundaries and in addition, a large fraction of Si
crystals also resides within the Al grains. After DSC
heating (Figure 2(b)), two different Si morphologies
were observed. Large plate-like Si crystals were located
both along the grain boundaries and inside the Al
grains. Eutectic droplets with extremely fine Si particles
were embedded in the Al matrix (entrained droplets).
Figure 2(c) shows a representative eutectic droplet with
coarser Si crystals located at the interface resembling a
shell between the Al matrix and the eutectic droplet
encapsulating randomly distributed fine Si crystals. For
comparison, the microstructure of an Al-5Si alloy with
25 ppm Ca and 3 ppm P addition is shown in
Figure 2(d). Again, Si is located at the grain boundaries
and inside the Al grains. The majority of the Si in the
eutectic droplets, however, coarsened to an extent that
one individual eutectic droplet consisted of only a few
large Si platelets.

Figure 3 shows the microstructure in Al-5Si alloys
with 250 ppm Ca and different P additions after DSC
heating. In particular, it documents a gradual change of
the size of the eutectic droplets and the morphology of
the eutectic Si. A careful analysis of droplets in the
alloys containing 0.5 and 3 ppm P (Figures 3(a) and (b))
indicates an equal mixture of perfectly spherical and
elliptic droplets comprised fine Si crystals.



Fig. 1—Representative eutectic microstructures of QuiK-cup samples of (¢) a Ca and P lean Al-5 Si reference alloy and of samples containing
((b) through (d)) 25 ppm Ca and ((e) through (g)) 250 ppm Ca with the P concentration increasing in a row from 0.5, 3 to 10 ppm P, respec-

tively.

In contrast, droplets in the alloy with 10 ppm P and
250 ppm Ca (Figure 3(c)) are either small and of
spherical shape, or large and of irregular shape. A
dramatic coarsening of the Si inside the droplets
resulting in a transition from fine Si crystals to a few
large Si platelets was also observed. Figure 3(d) shows
that even as the Si generally becomes coarser, the
pattern of Si crystals resembling a shell at the Al matrix-
droplet interface encapsulating the Si crystals in the
droplets is still maintained, but these droplets obviously
possess a smaller average diameter compared to droplets
in P lean alloys. It is evident from the micrographs that a
definite size distribution of eutectic droplets exists within
the ribbons.

Figure 4 shows the droplet size distributions obtained
from image analysis of a series of secondary electron
images. The diameter of the eutectic droplets in the
reference alloy (Figure 4(a)) ranged from 5 to 55 um
with a mean diameter of 26.9 um, and the size distribu-
tion appears to follow the Gaussian bell curve. Similar
histograms were obtained for the alloys with 0.5 ppm P
and 25 ppm Ca (Figure 4(c)) and for 0.5 ppm P, 3 ppm
P, and 250 ppm Ca in Figures 4((b), (d), and (e)),
respectively. A shift to lower average diameters was
observed when the alloys contained 3 ppm P and
25 ppm Ca, and 10 ppm P and 250 ppm Ca. While
there still exists a Gaussian distribution in Figure 4(¢),

the histogram in Figure 4(f) exhibits an almost bimodal
distribution. The latter is a direct result of the afore-
mentioned difference in droplet geometries as described
for Figure 3(c). It should be noted that it was not
possible to obtain a droplet size distribution for the
alloy with 25 ppm Ca and 10 ppm P. Due to the severe
coarsening of the Si crystals, the former regions of fine
scale eutectic droplets consisted of patches of a few large
Si platelets similar to the morphology of the grain
boundary eutectic and thus could not be analyzed with a
sufficient accuracy. However, these results strongly
indicate that increasing P concentrations lead to an
increase of the fraction of smaller droplets and a
significant coarsening of the Si crystals itself, as shown
in Figure 3(c). The fact that an increase of the Ca
concentration from 25 to 250 ppm in alloys with 3 ppm
P increases the mean average diameter from 21.8 to
26.1 um provides further evidence that Ca counteracts
the coarsening effect of P, which is completely consis-
tent with the observations during conventional casting
(Figure 1).

C. Undercooling of Eutectic Droplets After Melt
Spinning

Figure 5 shows a series of DSC traces obtained from
the ribbons after DSC heating. Two distinct exothermic
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Fig. 2—Secondary electron images of the Al-5Si reference alloy. («) In melt-spun condition, and (b) after DSC heating, showing the structure of
Al grains and the distribution of the eutectic droplets. (¢) Enlarged eutectic droplet from the same alloy. For comparison, (d) Al-5Si alloy with
25 ppm Ca and 3 ppm P after DSC heating, possessing a coarser droplet structure.

Fig. 3—Representative secondary electron images of microstructures of the Al-5 Si alloys with combined additions of 250 ppm Ca and (a)
0.5 ppm P, (b) 3 ppm, and (¢) 10 ppm P, respectively. (d) Enlarged eutectic droplet from a sample with 250 ppm Ca and 10 ppm P.
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Fig. 4—The droplet size distribution in Al-5Si alloys with the combined Ca and P additions after DSC heating. Histograms are shown for (a)
the Al-5Si reference alloy, and for alloys either with combined additions of 25 ppm Ca and (¢) 0.5 ppm P, (¢) 3 ppm P, or with combined addi-
tions of 250 ppm Ca and (b) 0.5 ppm P, (d) 3 ppm P, (f) 10 ppm P, respectively. Due to a drastic coarsening of the eutectic droplets, the size
distribution for a combined addition of 25 ppm Ca and 10 ppm P could not be measured.

peaks can easily be identified. Exotherm A corresponds
to the solidification of the grain boundary eutectic
(Figure 2(a)). It normally occurred at an onset temper-
ature of 847.2 K £+ 0.4 K (§74.2 °C + 0.4 °C), approx-
imately 3 K below the equilibrium eutectic solidification
temperature of 850 K (577 °C). Exotherm B is associ-
ated with the solidification of eutectic droplets embed-

ded in the Al matrix with an onset temperature typically
a few degrees below the end temperature of exotherm A.
The undercooling of the eutectic droplets A7 can then
be defined as the difference between the onset temper-
atures of exotherm A and B, as summarized in Table II.
For the AI-5Si reference alloy, the undercooling is
measured to be about 12.6 K (Figure 5(a); Table 11). No
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Fig. 5—DSC solidification traces after cooling with a constant rate of 10 K/s, showing the exothermic reactions for (a) Al-5Si reference alloy
and alloys containing (¢) 25 ppm Ca and 0.5 ppm P, (¢) 25 ppm Ca and 3 ppm P, (b) 250 ppm Ca and 0.5 ppm P, (d) 250 ppm Ca and 3 ppm
P, (f) 250 ppm Ca and 10 ppm P. Exothermic reactions corresponding to the solidification of eutectic droplets (Exotherm B) and to the precipi-

tation of the Al,Si,Ca phase (Exotherm C) are enlarged for clarification.

significant change of the undercooling (13.1 K, Table II)
was observed with the addition of 25 ppm Ca
(Figure 5(c)). However, when the P concentration is
increased above 0.5 ppm (i.e., 3 and 10 ppm P), exo-
therm B disappears (jFigure 5(e)). This agrees well with
our previous report,*” where 3 to 4 ppm P addition to
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an Al-5Si alloy leads to a displacement of the exotherm
B toward exotherm A suggesting that the eutectic
droplets in these alloys nucleated with negligibly
small undercoolings. Even though the histogram in
Figure 4(e) shows a distribution of droplets, the overall
number density of eutectic droplets in the ribbons might



Table II. Undercooling of Eutectic Droplets in Melt Spun Ribbons Measured by DSC, and Undercooling of the Al-Si Eutectic
Reaction Obtained from Thermal Analysis with the QuiK-Cup® Method

AT for Constant

AT for Constant Cooling

AT,, for Conventional Casting,

Ca (ppm) P (ppm) Cooling at 10 K/min (K) at 20 K/min (K) Cooling Rate 10 K/min (K)
0 0.5 12.6 19.2 3.2
25 0.5 13.1 19.5 3.2
3.0 — — 0.9
10 — — 0.8
250 0.5 48.6 49.9 3.6
3.0 49.1 47.6 3.7
10 — — 3.2

The measurement of droplet undercoolings of alloys with high P concentrations was not possible (as marked with an underlined line), due to a
shift of the onset temperature of exotherm B close to the onset temperature of exotherm A.

be too small to cause a detectable exotherm in the
corresponding DSC trace (Figure 5(¢)).

When the Ca concentration is increased to 250 ppm,
another exotherm C appears in the DSC traces at an onset
temperature of 833.2 K £ 0.5 K (560.2 °C£ 0.5 °C)
(Figures 5(b) and (d)). The exotherm C represents the
formation of the Al,Si,Ca intermetallic phase immedi-
ately after the solidification of the inter-connected grain
boundary eutectic. Moreover, the undercooling of the
entrained eutectic droplets was significantly increased
from 12.6 K (Al-5Sireference alloy) to 48.6 K and 49.1 K
in Al-5Si alloys with additions of 250 ppm Ca and
0.5 ppm P, 3 ppm P, respectively (Table II). In these
cases, the nucleation of eutectic droplets seems to be more
difficult. For the Al-5Si alloy with the addition of
250 ppm Ca and 10 ppm P, again the exotherm B
disappears (Figure 5(f)). Clearly, the nucleation of the
eutectic Si was promoted by the high P concentration in
the corresponding ribbons.

The same trend within the droplet undercooling was
confirmed by measurements with a higher cooling rate
of 20 K/s (Table II). The onset temperature of exotherm
B is displaced to slightly lower temperatures and leads to
undercoolings of about 19.2 K of the reference alloy.
The undercooling of eutectic droplets of alloys with
additions of 250 ppm Ca and 0.3, 3 ppm P remains
unaffected, probably due to the dominating effect of
250 ppm Ca. In contrast to the low Ca addition (25 ppm
Ca), the undercooling of eutectic droplets can be
measured in the case of 250 ppm Ca addition even with
the presence of 3 ppm P. However, the undercooling
could not be assessed when 10 ppm P was added
independent of the Ca concentration. This underlines
that even trace additions of P have a substantial effect
on the nucleation of eutectic Si in Al-Si alloys.

D. Undercooling of the Al-Si Eutectic After
Conventional Casting

For comparison, also the recalescence undercooling
of the eutectic reaction of conventional cast samples was
measured (Table II). A smaller undercooling (i.e., 3.2 K
for reference Al-5Si alloy) was observed compared to
the undercooling of eutectic droplets after melt spinning.
Clearly, there is a large difference between these two
solidification processes, and although the undercoolings

cannot directly be compared, a similar trend was
noticed. P additions generally decrease the undercooling
significantly from 3.2 to 0.8 K in Al-5Si alloys with the
addition of 25 ppm Ca. In contrast, 250 ppm Ca
addition seems to neutralize the effect of P addition.
The recalescence undercooling remains unchanged at
~ 3.6 K (for 0.5 and 3 ppm P) and is only marginally
decreased to 3.2 K in the Al-5Si alloy with the addition
of 10 ppm P.

E. Electron Probe Micro-analysis

EPMA was employed to measure the element con-
centration within eutectic droplets. Figures 6(a) and (b)
show the WDS X-ray mappings for Al-5Si alloys with
the additions of 25 ppm Ca, 250 ppm Ca, and 3 ppm P,
respectively. In both cases, the eutectic droplet consisted
of randomly distributed fine scale eutectic Al and Si.
Traces of Ca embedded into the fine scale Al-Si eutectic
were detected in the Al-5Si alloy with the 250 ppm Ca.
However, P, which is presumably located at the interface
between matrix Al and Si, was not detected in the
present investigation due to the resolution constraints of
the EPMA technique.

F. Scheil Simulation of the Solidification Path

Figure 7 shows the Scheil simulations of the solidifi-
cation path of Al-5Si alloys with the additions of (a)
0 ppm, (b) 25, and (d) 250 ppm Ca. Figures 7((c) and
(e)) shows the weight fraction of the Al,Si,Ca phase.
The precipitation of Al,Si,Ca in alloys with 25 ppm Ca
is predicted at about 855 K (582 °C) (Figure 7(c)),
slightly higher than the eutectic temperature [850 K
(577 °C)]. An increase of the Ca concentration to
250 ppm Ca results in the precipitation of Al,Si,Ca at
880 K (607 °C) (Figure 7(e)). Consequently, a larger
weight fraction of Al,Si,Ca should form in these alloys.
It is emphasized that in both cases, a-Al is still the
primary phase.

G. TEM Investigation on Ribbons Before and After DSC
Heating

Figure 8(a) shows a TEM bright field image of
the Al,Si,Ca phase located between two separate Si
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Fig. 6—EPMA clement mapping of eutectic droplets after DSC heating within Al-5Si alloys with the addition of («) 25 ppm Ca and 3 ppm P,

and (b) 250 ppm Ca and 3 ppm P.

particles within the grain boundary eutectic in an alloy
with the addition of 250 ppm Ca and 10 ppm P after DSC
heating. The EDS analysis indicates that its stoichiom-
etry is close to 2:2:1 (Figure 8(b)). This observation is
consistent with the Scheil simulations in Figure 7, and it
also indicates the presence of the Al,Si,Ca phase in
the DSC traces of alloys containing 250 ppm Ca
(Figures 5(b) and (d)). Furthermore, the EDS analysis
of the Al,Si,Ca phase also detected traces of P. It can be
argued that this P enrichment in the Al,Si,Ca phase has
some potential to deplete the melt of P. And it is due to
this possible deactivation of the few potential nucleation
sites (AIP particles) in alloys with lower P concentration,
in combination with a different local equilibrium in the
melt-spun ribbons and the partial remelting during DSC
heating, that the Al,Si,Ca phase precipitated after the
grain boundary eutectic marking a definite exotherm C
of latent heat release (Figures 5(b) and (d)).

Figure 9 shows a series of representative Si particles in
melt-spun Al-5Si alloys with combined additions of Ca
and P. Figures 9((b), (d), and (f)) are magnifications
from Figures 9((a), (c), and (e)) to show the details at
the re-entrant edge. The Si particles were tilted to the
principal twinning orientation of Si ((011)). Viewed
from the [011]s; zone axis, each Si particle appears to be
multiply twinned. This observation is in contrast to
previous reports in melt-spun Al-5Si alloys without trace
element additions,?!! where most Si twins were grown
along one special plane (i.e., {111}g;), rather than
multiply twinned. This indicates that the presence of
Ca promotes a significant Si twinning in the presence of
high cooling rates. However, it should be noted that
increasing the Ca concentration from 25 ppm
(Figures 9(a) and (b)) to 250 ppm (Figures 9(c) and (d))
appears to decrease the number density of twinned Si
particles. In particular, it reduces multiple twinning in Si
particles when the P concentration remains constant at
0.5 ppm. This is most evident when comparing
Figure 9(b) with Figure 9(d). By increasing the P addition
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from 0.5 ppm (Figures 9(c) and (d)) to 10 ppm
(Figures 9(e) and (f)) in the presence of 250 ppm Ca,
no significant changes on Si twinning are observed but
the Si particles become larger. The number density of Si
twins appears to be decreasing compared to the case of
25 ppm Ca addition (Figures 9(a) and (b)). This
decrease in number density caused by Ca addition is
very different from the increase in number density
caused by Sr and/or Na addition, implying that a
different behavior may occur, and other parameters
influencing the Si twinning (i.e., partition behavior of Ca
in Si) should also be considered. However, some defects
(i.e., solute clustering) were observed in the vicinity of
the re-entrant edge, as marked with a white arrow in
Figure 9(f). EDS analysis using nanobeam mode
(Figure 9(g)) shows that traces of Ca and Cu are present
in this area. As described in the experimental methods,
the beam diameter is small enough (less than 0.2 nm) to
measure the composition of trace elements (i.e., Ca, P)
at the re-entrant edge. The presence of the Cu peak can
be attributed to Al-Cu-P master alloy, which is used for
the P addition, while the presence of the weak Ca peak
may be due to segregation effects of Ca during melt
spinning. Here, it should be noted that the presence of
Ca was only observed in the vicinity of the re-entrant
edge, where some defects were also present. Ca, even at
a very low concentration, could not be measured at any
other defect free region or re-entrant edge of the Si
platelets, such as in Figures 9(b) and (d). This signifies
that Ca may predominantly diffuse away from the
advancing solid—liquid Si interface during melt spinning.
In summary, the observed Si twins, can be attributed to
(1) higher cooling rates during melt spinning, and (ii) the
partitioning of Ca into Si (if any), which promotes the
formation of multiply twinned Si particles.

The same alloys were investigated after DSC heating.
A side effect of DSC is that the eutectic droplets grew by
ripening from about 0.05 ym (melt-spun condition,
Figure 9) to 5 um (Figure 10). A representative low



magnification image displaying a larger Si particle is
shown in Figure 10(e). The Si crystals appear to have a
plate-like morphology, similar to the eutectic structures
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Fig. 7—Scheil simulation of the solidification sequence of Al-5Si al-
loys with the additions of (a) 0 ppm, () 25, and (d) 250 ppm Ca. (¢)
and (e) show the weight fraction of the Al,Si,Ca phase.

in Figure 1. Si twinning was still observed, although the
number density of twins is reduced compared to Si
twinning in melt-spun condition. More importantly,
most Si twinning was grown with a special {111}g;
(Figures 10(b), (d), and (f)), rather than being multiple
twinned (Figures 9(b), (d), and (f)). This is, again, in
contrast to the case of Sr and Na addition, where
multiple twinned Si is present even after DSC heating.
Clearly, there seems to be a different behavior in the
interaction between Ca and Si, and Sr, Na, and Si in Al
melts.

Certainly, in both cases, the number density of Si
twins decreases, whereas the width of Si twins increases.
It should be noted that during DSC heating, the heating
and cooling rates are similar to the conditions during
conventional casting, which have commonly been inves-
tigated. Thus, it can be expected that Ca additions will
not yield multiple twinned Si after conventional casting.
On the other hand, Sr additions to Al-Si alloys cause
multiple Si twinning and result in a fibrous eutectic Si,
also after conventional casting (sand casting and/or die
casting). Therefore, these results imply a rather neutral
effect of the Ca additions on the eutectic Si in the present
study.

IV. DISCUSSION

A. Refinement Mechanisms of Eutectic Si for
Conventional Casting

From an analysis of the optical micrographs of
conventional cast samples in Figure 1, it is clear that a
refined rather than a fully fibrous morphology can be
achieved in a HP Al-5 wt pct Si alloy with additions of
Ca to P containing alloys. The most refined structure is
the one of a P and Ca lean reference alloy. This
refinement is consistent with reports on Yb, Y, and Sb
additions to hypoeutectic Al-Si alloys. However, it is
different from the modification commonly achieved with
Sr and Na addition. It seems to be of great importance
to distinguish between refinement and modification of
the Al-Si eutectic. It is well accepted that refinement is
defined as an decrease in eutectic Si size from coarse to

Al i B (OF:]
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Fig. 8 —TEM bright field image (¢) and EDX analysis (b) taken from the area (as marked with a white arrow in (a)) in Al-5Si-based alloy with
the addition of 250 ppm Ca and 10 ppm P after DSC heating, showing the presence of the Al,Si,Ca phase. The P peak may be related to the

interaction between Ca and P.
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Fig. 9—TEM bright field images taken from melt-spun Al-5Si-based alloys with the additions of («) and (b) 25 ppm Ca and 0.5 ppm P, (¢) and
(d) 250 ppm Ca and 0.5 ppm P, (e) and (f) 250 ppm Ca and 10 ppm P. (b), (d), and (f) are enlarged from (a), (c), and (e), respectively. EDS ana-
lysis (g) was taken from the area, as marked in (f). The Cu peak can be attributed to Al-Cu-P master alloy used for P addition, while the weak
Ca peak may be due to the trapping of Ca during melt spinning. (B//[011] g;).

fine platelets, while modification is defined as a change For nucleation of eutectic Si, the P concentration is
of the Si morphology from plate-like to fibrous. In one of the most important parameters that must be
addition, refinement is normally related to changes of Si carefully monitored. At a low P concentration, e.g., in
nucleation, whereas modification is associated with HP AI-5Si alloys, fine plate-like eutectic Si can be
alterations during the growth of eutectic Si, even though observed (Figure 1(a)). Increasing the P additions to
they cannot be regarded independent of each other. 10 ppm even with the presence of 25 ppm Ca caused a
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Fig. 10—TEM bright field images taken from the Al-5Si-based alloys after DSC heating with the additions of (a) and (b) 25 ppm Ca and 0.5 ppm P,
(¢) and (d) 250 ppm Ca and 0.5 ppm P, (¢) and (f) 250 ppm Ca and 10 ppm P. (b), (d), and (f) are enlarged from (a), (c), and (e), respectively. Si
twinning was still observed, although most Si twinning was grown with a special {111}g;, rather than multiply twinned. (B//[011] g;).

change from fine plate-like to a coarse flake-like eutectic
Si structure. With 250 ppm Ca added to alloys contain-
ing up to 3 ppm P, this coarsening could efficiently be
counteracted. Again, a coarse flake-like eutectic Si
structure is obtained in alloys with 10 ppm P and
250 ppm Ca. The main reason for the counteraction by
Ca additions may be an alteration of the macroscopic
growth of eutectic grains.

A detailed description of the macroscopic growth
modes can be found elsewhere.****! In our previous
work,* the threshold levels for the transition of the
macroscopic growth mode with respect to P were
identified in a HP AI-7Si alloy. It was shown that a
change of the macroscopic growth mode from nucle-
ation at the mold wall followed by growth with a strong
dependence on the thermal gradient to nucleation on

impurity particles, most likely AIP, in the vicinity of the
primary Al dendrites takes place when between 2 and
3 ppm P are added. This results in a dramatic increase in
the nucleation frequency of eutectic grains. As an
increase of the nucleation frequency can directly be
related to an increase of the average surface area of
eutectic grains, the eutectic solid-liquid interface ad-
vances slower for a if’iven constant rate of heat transport
out of the system.”* AIP particles are suggested to
promote the nucleation of eutectic Si, and the amount of
undercooling is reduced®**** whereas the time for
solute diffusion is increased resulting in a coarsening of
the eutectic Si crystals. On the other hand, this effect can
be neutralized when sufficient Ca is added (Figure 1). In
a recent publication,?% it is shown that Ca additions to
HP Al-7Si alloys with P concentrations typically found
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in commercial hypoeutectic Al-Si alloys in the range of 5
to 20 ppm; the macroscopic growth mode of the eutectic
grains is reversed again. The eutectic then evolves from
the mold walls toward the center of the casting with a
distinct growth front. This change in growth mode is
further substantiated by Ca additions to a commercial
purity A356 alloy reported by Nogita et al®” The
resultant refinement of the eutectic Si in the conven-
tional cast samples might then be attributed to the
higher undercooling that needs to be provided due to the
possible deactivation of P-rich nucleants in the melt,
presumably AIP, by the Ca addition.

B. Refinement of the Eutectic Droplet Size After Melt
Spinning

Not only for conventional casting, also during melt
spinning, P and Ca additions were observed to have
significant influence on the nucleation temperature and
the microstructure of the ribbons, i.e., size and distri-
bution of the eutectic droplets. With high droplet
undercooling of 13 K and 49 K as in alloys with up to
3 ppm P, and 25, 250 ppm Ca, respectively, the droplets
solidified with a large number of non-faceted Si crystals
and few coarser Si crystals were found to be located at
the matrix-droplet interface (0.5 ppm P in Figure 2(c))..
At a high P concentration (10 ppm P in Figure 3(d)),
even with the presence of 250 ppm Ca, the droplets
solidified with a significantly lower number of non-
faceted Si crystals and fewer coarse Si crystals were
found to be located at the matrix-droplet interface. In
addition, a large fraction of the droplets in these alloys
were comprised one or a few large Si platelets. It is
generally accepted that Si does not nucleate on the Al
matrix which surrounds the droplets®®®! in the presence
of trace amounts of impurities adsorbed on the Al
interface as AIP. At P concentrations higher than
2 ppm, Ho and Cantor®*”! report P containing parti-
cles (AIP) at the Al matrix-droplet interface as the
source for the nucleation of the coarser Si crystals on the
periphery of the droplets at significantly lower under-
coolings. At low P concentration lower than 2 ppm, Ho
and Cantor®>? predicted AIP adsorbed at the Al
matrix-droplet interface. This is followed by rapid
multiple nucleation events resulting in fine non-faceted
Si crystals, as shown in Figures 2 and 6.

The exotherm corresponding to the solidification of
eutectic droplets disappeared when the P concentration
in the present investigation was raised to 10 ppm
irrespective of the Ca concentration. Most likely it
overlapped with the exotherm of the grain boundary
eutectic indicating that little or no undercooling is
needed for the droplet nucleation. In this case, the
majority of droplets in the class size 15 to 45 um were
comprised coarse-faceted Si crystals and few droplets
with fine scale non-faceted eutectic Si constituted the
class size 10 to 15 um (Figures 3(d)). A closer inspection
of the size distribution revealed a transition from a
Gaussian to an almost bimodal distribution due to these
geometrical effects. Representative microstructures in
Figures 3((a) through (c)) suggest that P generally
decreases the average droplet diameter and lead to a
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significant coarsening of the Si in the majority of the
droplets. The shift of the droplet exotherm with
decreasing alloy purity, i.e., predominantly with increas-
ing P concentration, is in excellent agreement with the
nucleation theory in liquid droplets by Kim er al.*% as
an increase of the number of potential nucleation sites
displaces the onset of the droplet exotherm to higher
temperatures. Also, the change of the morphology of the
Si within the droplets and the altered droplet distribu-
tion is consistent with heterogencous nucleation theory
of Si in hypoeutectic Al-Si alloys reported by Ho and
Cantor.P¥ It is claimed that some of the eutectic
droplets contain no AIP and only P which dissolved in
the course of the heating phase during DSC. When the
overall P concentration in the alloy is high (larger than
0.5 ppm), also the fraction of undissolved AIP patches in
the droplets is larger. In this case, Si nucleates on the
pre-existing AIP patches with little undercooling simul-
taneously with the grain boundary eutectic and grows to
coarse-faceted Si crystals. The dissolved P in the
remaining droplets will then precipitate by attachment
to the Al matrix at the droplet-matrix interface to form
AIP which will assist Si nucleation (Figure 3(d)). It
should be noted that the fraction of droplets nucleating,
after the grain boundary eutectic consisting of non-
faceted Si crystals, will be too small to be detected in the
DSC traces. When the concentration of available P is low
(e.g., 0.5 to 3 ppm P or in the presence of 250 ppm Ca),
most of the P will be dissolved in the melt by partial
remelting during the DSC analysis, and nucleation of
eutectic Si is not accelerated until Al and P recombine at
the matrix-droplet interface to form AIP. This displaces
the onset temperature of the eutectic droplet exotherm to
significantly lower temperatures and increases the droplet
undercooling. The droplets will then predominantly
consist of fine scale Si (Figure 2(c)), and the droplet size
distributions have a symmetrical Gaussian shape.

Although the EPMA element mappings (Figure 6) do
not show the presence of P at the matrix-droplet
interface, due to the low lateral resolution of the
characterization technique itself, Ca was detected in
the fine scale eutectic within a droplet. As discussed
above, Ca additions neutralized the coarsening effect
caused by P. It can be expected that the presence of Ca
within the eutectic droplet also neutralizes the coarsen-
ing effect caused by P during DSC heating. Indeed, the
eutectic Si within the eutectic droplet is still very fine
(Figure 6(b)), compared to the Si crystals within a
eutectic droplet in Figure 2(d), even with the presence of
3 ppm P.

C. Formation of Al,Si,Ca and CasP,

As predicted by the Scheil simulation, the addition of
25 ppm Ca results in the formation of the Al,;Si,Ca
phase with a low weight fraction (2.8 x 10°) starting
close to the eutectic temperature and proceeding in a
narrow solidification range of 5 K until solidification
terminates in a ternary eutectic at 850 K (577 °C). No
significant increase of the eutectic droplet undercooling
was observed in P lean alloys (0.5 ppm P). Also, the
AlSi,Ca phase was not detected in conventional



castings and after melt spinning. This may be due to (i) a
low number density of the Al,Si,Ca phase, or (ii) the
Scheil simulation gives a misleading prediction because
of the very different diffusion and equilibrium condi-
tions in the two different casting processes. An increase
of the Ca concentration from 25 to 250 ppm results in
the formation of a larger weight fraction of the Al,Si,Ca
phase (8.1 x 107%). It is predicted that precipitation
starts at a higher temperature and continues over a
wider solidification range. In the presence of 0.5 and
3 ppm P, a considerable increase of the droplet und-
ercooling was observed, indicating that there is a strong
interaction between Ca and P at a higher Ca concen-
tration (250 ppm) forcing the eutectic Si to nucleate
more inefficiently at larger undercoolings.

The aforementioned thermodynamic calculations
show that most of the Ca is consumed by the formation
of the Al,;Si,Ca phase. It appears that the Al,Si,Ca
phase has a similar role on the AIP particles as other
ternary intermetallics of the Al Si_X type, e.g., Al>Si>Sr,
Al,SiY, and Al,Si,Yb detected in the alloys with Sr, Y,
or Yb additions,!'*!*2>34] which is poisoning of the
AIP phase or a reduction of P in the residual liquid of
near-eutectic composition during the final stages of
solidification. In a recent publication, Cho et al*”
claims that the Al,Si,Sr phase nucleates on AIP parti-
cles. Direct experimental evidence of the interaction of
ALSIY!' and ALSi,Yb!'¥ with AIP is lacking at
present, but due to the pre-eutectic nature of each of
the ternary phases, it is assumed that these intermetallics
possess some potential for the deactivation of the AIP
phase. Entrained droplet studies and the analysis of
DSC traces have shown that the Al,Si,Sr phase precip-
itates before the eutectic droplets during constant
cooling exhibiting a distinct exotherm.***! In a similar
manner, the DSC traces in the present investigation
indicated the evolution of an additional exotherm C
when 250 ppm Ca was added. This was accompanied
with a drastic increase of the undercooling of eutectic
droplets from 13 K to 49 K. TEM studies of these alloys
revealed the presence of Al,Si,Ca intermetallics. From
the EDS spectrum taken from the sample after DSC
heating presented in Figure 8(b), it is evident that P was
tied up in the Al,Si,Ca phase. In addition, %uenched
microstructures presented by Cho and Dahle!® and in
our previous work,?¥ clearly reveal the precipitation of
AlSi,Ca particles ahead of the eutectic solid—liquid
interface. These particles possessed centrally located
distinct P-rich secondary phase particles or substantial P
enrichment. It is likely that this leads to a depletion of
pre-existing AIP particles or residual P in the melt. As a
consequence, less active AIP particles or P for the
formation of AIP was present in the solute boundary
layer ahead of the solid—liquid eutectic interface and in
the eutectic droplets. AIP or patches are generally
accepted as the potential nucleation site for Si in hypo-
and hypereutectic Al-Si alloys due their similarity in
crystdllography The lattlce mismatch between AIP and
Si is below 1 pct?? (AIP: zinc blende cubic, a =
5.421 A" and Si: diamond cubic, ¢ = 5.431 A43)

It is argued that the formation of a binary phosphide
different to AIP and Ca;P, may also reduce the amount

of AIP. Despite the lack of direct experimental support
of the existence of Ca;P» in the present investigation, the
higher thermodynamic stability of Ca;P, compared to
AIP as discussed in Reference 44 might offer an
alternative explanation for the deactivation of the AIP
phase. By employmg an equation presented by Turnbull
and Vonnegut,"”) the disregistry of Si and Ca;P, was
calculated dS 5 9 pct (CasP,, tetrdgonal a = 544 A,
=659 A ) implying that CasP, is a poor nucleant
for eutectic Si compared to AIP. The AI?SQCa phase has
a lattice mismatch of 8 pct with Si,*’! indicating that
also Al,Si,Ca is not a good nucleation substrate for
eutectic Si. It is therefore expected that the formation of
the Al,Si,Ca phase and CasP, results in the deactivation
of the AIP phase when the alloy contains higher
concentration of Ca (i.e., 250 ppm). Thus, a significant
increase of both the undercooling of eutectic droplets
and the recalescence undercooling during conventional
casting was measured, as summarized in Table II.
However, it must be noted that this can only explain a
refinement of the eutectic Si from a coarse flake-like to
fine plate-like morphology due to a steeper temperature
grddlent ahead of the eutectic solid— llquld 1nterfdce but
is insufficient to yield a modification effect*®! which has
been repeatedly claimed in association with Ca additions
to hypoeutectic Al-Si alloys.

V. CONCLUSIONS

The influence of combined Ca and P additions on the
undercooling of eutectic droplets and eutectic Si in a HP
Al-5 wt pct Si alloy was investigated by the entrained
droplet technique and conventional casting. P additions
facilitate the nucleation of eutectic Si at lower under-
coolings on impurity particles, most likely AIP. This
results in a significant coarsening of the resultant
eutectic microstructures and changes the droplet size
distributions from a Gaussian to a bimodal shape. This
effect can be counteracted with the addition of sufficient
Ca to precipitate the Al,Si;Ca phase and preferential
formation of CasP,. The Al,Si,Ca phase and/or the
CasP, phase consume dissolved P or deactivate AIP
forcing the eutectic Si to nucleate at significantly higher
undercoolings. In this case, refined plate-like Si crystals
are obtained. Significant Si twinning occurred; however,
this is attributed to the exceptionally high cooling rates
during melt spinning. At lower cooling rates, e.g., 10 K/
s multiple Si twinning disappeared, and twins grew with
a special {111}g; yielding plate-like Si crystals. It is
inferred that Ca may diffuse away from the liquid—solid
Si interface during Si growth. Thus, the hypothesis
stating that atoms with an atomic radius ratio close to
the ideal one lead to adsorption at re-entrant corners
according to the TPRE, and IIT mechanism might not
apply for the element Ca under entrained casting
conditions. Therefore, we believe that the effect of Ca
is mainly related to the reduction of P-rich impurities in
the melt. This reduction imposes a larger undercooling
for the nucleation of eutectic Si, limits its growth, and
thus refines the plate-like eutectic Si structure, rather
than modifies the eutectic Si to a fibrous morphology.
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