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A Sr modifier and an Al-Ti-B grain refiner were simultaneously added to an Al-7Si-0.35Mg cast alloy and the
interaction between Sr and Al-5Ti-1B was investigated. The combined additions of 100 ppm Sr and 500 ppm
Ti produced both eutectic Si modification and a-Al grain refinement while increasing the nucleation fre-
quency of Al-Si eutectic grains compared to an alloy with the addition of Sr alone. TEM analysis revealed

that ALSi;Sr phases existed with either TiB, or AIP and TiB, coupling particles. This suggests that pre-
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existing TiB, particles in the melt form prolific AIP, the most potent nuclei for Si, and thereby promote the
nucleation of the eutectic Al-Si grains during solidification despite the deactivation of AIP consumed for the
preceding formation of Al,Si,Sr.

© 2022 Published by Elsevier B.V.

1. Introduction

Hypoeutectic Al-Si alloys are widely used for light metal casting
in the industry due to their excellent castability and high specific
strength. The as-cast structure generally contains coarse columnar
primary o-Al and brittle flake-like eutectic Si. Therefore, grain re-
finement and eutectic modification are being attempted industrially
by the addition of master alloys containing inoculant particles and
by the addition of trace elements to further improve the mechanical
properties [1-3]. Al-Ti-B system master alloys are best known for the
grain refiner since TiB, particles coved with two-dimensional com-
pound AlsTi in the master alloys can act as active nucleation sites for
a-Al [4,5]. In addition, considering that both nucleation and growth
affect the grain refinement, Ti, which has a high growth restriction
factor, provides constitutional undercooling to restrict the grain
growth and facilitate nucleation in addition to forming potent nu-
cleants (TiB, and AlsTi) [6-8]. Modification of Si is commonly ap-
proached by minor addition of Sr that transforms the eutectic Si
from a coarse flake-like morphology to a fine fibrous form. The
modification phenomena have been extensively studied and the
responsible mechanisms can be categorized according to the role of
Srin nucleation [9-14] and growth [ 14-18] of eutectic Si. The growth
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mechanism has been widely accepted as impurity induced twinning
(IT) and/or the twin plane re-entrant edge (TPRE) mechanisms,
suggesting that Sr atoms [15,16,18] and/or Sr-rich clusters [17,19,20]
are adsorbed at the growth steps of Si crystals and induce the al-
terations in the growth of Si by the formation of a high density of
twins. Besides the Sr effect on Si growth, comprehensive studies
have also examined Si nucleation and reported that Sr renders po-
tent nucleation sites (i.e., AIP) inactive and thus significantly reduces
the nucleation frequency of eutectic grains. Analytical methods such
as transmission electron microscopy (TEM) [10,12], extended X-ray
absorption fine structure (XFAS) combined with atom probe tomo-
graphy (APT) [13] confirmed that the restricted nucleation of the
eutectic grains is due to the Sr poisoning effect that potent nuclei for
eutectic Si, AIP are preferentially consumed to nucleate Al,Si,Sr
phases. It has been discussed that the nucleation mechanism itself is
not capable of explaining the morphological change of eutectic Si
from flake to fibrous forms. Nevertheless, the less prolific nucleation
by a strong interaction of modifier elements with AIP may certainly
account for the refinement of eutectic Si [11,21-23]. .

Commercial Al-Si-Mg casting alloys often contain a substantial
amount of Ti in the form of AI-Ti-B master alloys for grain refine-
ment while modification of eutectic Si is simultaneously approached
with the Sr addition. There are however conflicts over the interac-
tions between Sr and Al-Ti-B master alloys, which are either negative
or negligible. It was reported that the addition of the AI-5Ti-1B
master alloy exceeding 0.82 wt% to near eutectic Al-Si alloys
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modified with Sr poisons the modifying effect of Sr on eutectic Si,
and the poisoning event was proposed to be related to the interac-
tion between Sr and Ti [24]. Instead of the interaction between Sr
and Ti, a strong affinity of Sr to react with B in AI-5Ti-1B was sug-
gested to partially decrease the grain refining effectiveness, and the
formation of SrBg by the combined additions of Al-4B [25,26] and Al-
1.5Ti-1.5B [27] with Sr reduced the degree of Si modification in hy-
poeutectic Al-Si alloys. Such negative interactions reported in the
literature mainly came from combined additions of Sr and grain
refiners with high amounts of B [25-29] and rarely focused on the
interactions between Sr and Al-5Ti-1B which are most widely used.

Therefore, we investigated the influence of the combined additions
of Sr and Al-5Ti-1B on a hypoeutectic Al-7Si-0.35Mg alloy where the
amount of AI-5Ti-1B master alloy added in normal practice is
~500 ppm Ti. We characterized the solidification structures (a-Al grain,
eutectic grain, and eutectic Si) in the alloys containing Sr and Ti either
individually or together. We further examined the nucleation events
that affect the nucleation frequency of eutectic grains by TEM, and we
discuss their role in the interactions, particularly between Sr and Ti-B.

2. Experimental

Al-7 wt% Si-0.35 wt% Mg (A356) was used as a base alloy and was
melted in an electric resistance furnace at 750 °C. The additions of Sr
and Ti were made by adding Al-10 wt% Sr and Al-5 wt% Ti-1 wt% B
master alloys, respectively. Degassing was performed on the melt
using Ar-gas for 10 min and the melt was poured into a steel mold
preheated to 200 °C at a cooling rate of 2 K/s. The chemical com-
positions of the alloys were analyzed by inductively coupled plasma
(ICP) spectroscopy and are listed in Table 1. P, of which the amount
was not precisely detected by ICP, is assumed to be sufficiently
present in commercial alloys [30]. For inspection of the macro-
structure of the quenched samples, two samples were simulta-
neously taken by submerging tapered stainless cups
(Pupper X Ppotrom X height = 35 x 25 x 30mm) into the skimmed
melt. One of the samples without a thermocouple was quenched in a
water bath at room temperature halfway along the eutectic reactions
whilst another with a thermocouple was held for monitoring cooling
curves during solidification. Metallographic samples were cut from
the middle of the samples and were prepared by a standard pol-
ishing procedure. The microstructures of the specimens were ob-
served using an optical microscope (OM) and scanning electron
microscope (SEM) equipped with an energy dispersive X-ray spec-
trometer (EDS). The grain sizes were determined by an electron
backscatter diffraction (EBSD) pattern in conjunction with field
emission gun SEM (FE-SEM). Nucleant particles were further ana-
lyzed by a field emission transmission electron microscope (FE-TEM)
operated at 200 kV. Thin foil TEM samples containing the particles of
interest were prepared by a focused ion beam (FIB).

3. Results
3.1. Solidification structure of the A356 alloys

Fig. 1 shows a Scheil simulation of the A356 alloy with the
combined addition of Sr and Ti (ATS) predicting the solidification

Table 1

Chemical compositions of the investigated alloys (wt%).
Elements Si Mg Fe Ti Sr Al
A (Base) 6.96 0.34 0.11 0.052 < 1ppm Bal.
AS2 6.80 0.34 0.12 0.052 170 ppm Bal.
AS1 6.90 0.34 0.12 0.052 80 ppm Bal.
AT 6.76 0.33 0.11 0.094 < 1ppm Bal.
ATS 6.69 0.33 0.11 0.094 80 ppm Bal.
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sequence using FactSage and FTlite database [31]. The addition of Ti
in the form of a Al-5Ti-1B master alloy forms TiB, and AlsSi;4Ti; at
much above melting temperature (750 °C in this work), and thus can
be present in the melt even before solidification. As illustrated in
Fig. 1(a), trace P is likely to form AIP, followed by the serial formation
of eutectic Si and Al,Si,Sr, whose reaction temperature ranges are
nearly overlapped (see Fig. 1(b)). It should be also noted that the AIP
can be partially transformed to MgsP, in the late stage of solidifi-
cation, as shown in Fig. 1(b), possibly due to the presence of Mg in
the A356 alloy.

Fig. 2 shows EBSD maps and optical micrographs of the A356
alloys with the addition of different amounts of Sr and Ti. EBSD maps
exhibiting grains of the A356 alloys solidified at a cooling rate of 2 K/
s confirm that the grain sizes with Sr up to 200 ppm (AS2 and AS1)
are on the order of 300 pm. In practice the A356 base alloy contains
500 ppm Ti, as shown in Fig. 3. With and without Sr, the addition of
another 500 ppm Ti further reduced the grain size to ~200pm
(Fig. 1(a)). The results also indicate that the additions of Sr and Ti to
the A356 alloy work well for eutectic Si modification and grain re-
finement, respectively, while there was no apparent negative inter-
action between Sr and Ti with the combined additions (ATS), as
shown in Fig. 1(d). The OM images in Fig. 2 indicate that, at all the
addition levels, Sr can induce the modification of eutectic Si, and its
interaction with Ti has no significant effect on the modification, with
a slight increase in the aspect ratio of eutectic Si (see also Fig. 3).

Fig. 4 shows cooling curves of the A356 alloys, where the addi-
tion of either 100 or 200 ppm Sr decreases both the eutectic nu-
cleation (T,) and growth (T;) temperatures of the eutectic Al-Si
reaction. The characteristic temperatures of the eutectic Al-Si reac-
tion, which were determined using the same method as reported in
the literature [12], are listed in Table 2, and indicate that eutectic Si
modification by Sr involves a decrease in the reaction temperatures
by 5-10 °C. The amount of reduction appears to be less significant in
the alloy with the combined additions of Sr and Ti (ATS).

Macrographs of all the quenched cup samples and the corre-
sponding OM images are shown in Fig. 5. It is clear that the Sr-
modified alloys (AS2, AS1, and ATS) display circular eutectic grains in
the interior of the specimen, along with a layer of eutectic grains
nucleated at the wall, similarly to reports in previous studies [11,12].
However, in the absence of Sr, the unmodified alloy has no eutectic
grains visible, as they were too small and numerous to be resolved in
the macrographs (Fig. 5(c)). It has been well accepted that Sr deac-
tivates the potency of AIP particles as nuclei for the eutectic Al-Si
grains, by forming Al,Si,Sr intermetallics directly on the AIP prior to
the eutectic reaction [12]. This may account for the significant de-
crease in the number of eutectic grains, particularly those nucleated
in the interior of the sample, along with the coarsening of the eu-
tectic grains with the increase in Sr amount from 100 to 200 ppm, as
shown in Fig. 5(a) and (b).

However, it should also be noted that the nucleation frequency of
eutectic grains is not only dependent on the Sr content, but also on
the Ti (more specifically Al-5Ti-1B) content. As evidenced in the
macrograph in Fig. 5(d), the combined additions of Sr and Ti to the
A356 alloy effectively promote the nucleation of eutectic grains,
increasing the number of eutectic grains with a further size reduc-
tion. Bearing in mind that the AIP nucleants can be poisoned by the
Al,Si,Sr formation, such an increase in the number of eutectic grains
by the combined additions may be related to the availability of AIP
particles still active for eutectic nucleation.

3.2. Formation of the AI2Si2Sr phase

Fig. 6 shows typical Al,Si,Sr phases, which are found to form on
the AIP in alloys with added Sr (e.g., AS2, AS1, and ATS). Considering
the alloys with 100 ppm Sr, increasing the Ti amount up to 1000 ppm
significantly increased the number density of the Al,Si,Sr phases



J.-Y. Lee, J.-M. Lee, K.-S. Son et al.

100
=N Liquid
d a-Al "
X Liq: TiBs
= 104 —— ALSi,,Ti,
E Si a-Al
AlP
= 1 si
-g —— ALS,Sr
131
< -
& 014 ALSSi,,Ti,
@ l
[72]
< TiB,
i 0.01 4 . ALSi,Sr
AlP
000t e/ —————————
560 570 580 590 600 610 620 630 640 650
Temperature (°C)

(@)

Journal of Alloys and Compounds 938 (2023) 168598

Al-78i-0.35Mg-0.05Ti-0.01B-0.01Sr-0.001P

stage Temperature (°C) Phase

1 1500 to 1073.08  Liq.
1073.08 to 771.09 TiB, + Liq.
771.09 to 616.25
616.25 to 606.32
606.32 to 575.90
575.90 to 573.90
573.90 to 557.57
557.57t0 556.16
556.16

2
3 AlsSiyTiz+TiB, + Lig.

4 a-Al + TiB, + Lig.

5 AIP + a-Al + TiB, + Lig.

6 Si + AIP + a-Al + TiB, + Lig.

7 AI2Si2Sr + Si + AP + a-Al + TiB, + Liq.

8 Mg;P; + AI2Si2Sr + Si + AIP + a-Al + TiB, + Lig.
9

Mg2Si + Mg;P, + A12Si2Sr + Si + AIP + 0-Al + TiB, + Liq.

(b)

Fig. 1. Scheil simulations predicting (a) phases in the early stage of solidification and (b) the full solidification sequence of ATS (500 ppm Al-5Ti-1B + 100 ppm Sr) using FactSage

with a FTlite database [31].
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Fig. 3. Grain size of «-Al and the aspect ratio of eutectic Si measured in the in-
vestigated A356 alloys.

from 12.5um™2 (for AS1) to 60.4 um™2 (for AST) while reducing the
size of each phase from 3 to 4 um to ~1 pm (Fig. 6(a) and (b)). More
interestingly, as shown in Fig. 5(d) and (e), the finer Al,Si,Sr phases
in the alloy with 80 ppm Sr and 940 ppm Ti (ATS) were often found
to contain multiphase particles. The EDS maps in Fig. 5(f) show that

580 4
AS2 (200ppmSr)
AS1 (100ppmSr)
575 AT (500ppm Al-5Ti-1B)
= ATS (500ppm Al-5Ti-1B + 100ppm Sr)

Temperature (°C)
a
(7]
dT/dt

Time (sec)

Fig. 4. Cooling curves of the A356 alloys exhibiting eutectic Al-Si reactions.

a P-rich phase is in contact with Ti-rich particles, suggesting the
coexistence of AIP and TiB, particles. However, no direct evidence of
interactions between Sr and B nor the formation of SrBg was ob-
served in this work.
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Table 2
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Characteristic temperatures of eutectic Al-Si reactions identified in cooling curves as depicted in Fig. 4.

Temperature AS2 (200 ppmSr) AS1 (100 ppmSr) AT (500 ppm Al-5Ti-1B) ATS (500 ppm Al-5Ti-1B + 100 ppm Sr)
Ta 568.2 567.4 576.3 568.8
Thin 566.5 565.3 575.3 567.2
Ty 570.1 569.6 575.5 570.8

Most of the effort was therefore focused on the nucleation event
of Al,Si,Sr, particularly in the alloy with both Sr and Ti (ATS).
Fig. 7(a) shows a TEM micrograph exhibiting an Al,Si,Sr whose ex-
terior part is physically in contact with the Si and TiB, phases. More
interestingly, in the central region, aggregated particles can be
clearly seen which are enriched with Ti, P, and Mg, as confirmed by
EDS mapping (Fig. 7(b)). This may indicate the internal particles are
possibly AIP or TiB,. We will further discuss the potency of these
internal particles for the nucleation of Al,Si,Sr based on the crys-
tallographic properties, in order to understand the exact interactions
between Sr and Al-5Ti-1B.

4. Discussion

It is well known that the potency of nucleant particles can be
evaluated based on the crystallographic misfit between a nucleant
substrate and a nucleated solid. One of the best- known theories to
determine the effectiveness of a substrate in promoting hetero-
geneous nucleation is a planar disregistry (Turnbull and Vonnegut’s
theory) which considers the matching of both planes and the di-
rections of the substrate and nucleating solid according to the
equation [32,33]:

é(hkl)s _ 23 |(d[uvw]si cos 9) - d[uvw],ﬂ/d[uvw];

100%
(KD), %

=1 3 (M
where (hkl) is a low-index plane, [uvw] is a low-index direction,
subscripts s and n are respectively the substrate and nucleated solid.
It is accepted that a disregistry value of less than 20% can accom-
modate the lattice strain in the nucleated phase, promoting het-
erogeneous nucleation [32].

Another theory is an edge-to edge model that considers atomic
matching along the close-packed directions on a low energy inter-
face [34-36]. This model suggests that an orientation relationship

HE “[=E

utectic grain”’

v

~2000 pm Quenched
7 liquid

4R * 1000 um

(a)

N

(OR) between the substrate and the nucleating solid can exist when
the interatomic misfit is equal to or less than 10%, while the inter-
planar misfit is equal to or less than 6%. Based on nucleation theory,
we will evaluate the nucleation potency for each case of OR and will
discuss their role in the nucleation of AI2Si,Sr and the solidification
behavior of the A356 alloy.

4.1. Interactions between Sr and Al-5Ti-1B: the nucleation of Al2Si2Sr

As observed in the TEM micrographs in Figs. 7(a) and 8(a), the Ti-
rich particles within the Al,Si;Sr phase (hexagonal, P3m1 (139),a=b
=4.18 A, c =741 A) are most likely TiB, (hexagonal, P6/mmm (191), a
=b =3.03 A, ¢ =3.23 A) and their sizes are in a range of 50 - 120 nm.
It should be emphasized that the finer TiB, particles are in close
contact with the surrounding Al,Si,Sr phases. The crystallographic
evidence was further proved by investigating the atomic arrange-
ment at the interfaces (squared areas in Fig. 8(a)). High resolution
(HR) TEM images in Fig. 8(b) show the TiB, particles are well-wetted
by the Al,Si,Sr. More interestingly, the selected area diffraction
(SAD) patterns obtained by Fast Fourier transformation (FFT) reveal
the crystallographic orientation relationship (OR) between the TiB,
and AlSi,Sr (see the inset of Fig. 7(b)): (1011)[0111] ALSi,Sr //
(0001)[2110] TiB,. It is also clear from Fig. 8(b) that the closely
packed planes, Al,Si,Sr (1011) and TiB, (0001), are parallel to each
other, suggesting that the TiB, itself can act as an epitaxial nuclea-
tion site for Al,Si,Sr. Based on the HR-TEM results and the simulated
atomic arrangements in Fig. 8(c), the interatomic matching along the
Al,Si,Sr [1012] and TiB, [0110] is ~4.5% (Table 3), while the planar
disregistry is 2.3% at the interface.

Despite the difficulty of directly observing AIP nucleating Al,Si,Sr
[12], it was often observed that the AIP are centrally located in the
Al,Si,Sr phases, coexisting with O, possibly due to the active reaction
with water during the conventional polishing process as shown in
Figs. 6, 9(a) and (b). The EDS line scan results in Fig. 9(b) reveal that

YA A Sh Quenchel
Jead |

| liquid

2000 om

1000 wm.

Fig. 5. Macrostructures of quenched samples and OM images exhibiting eutectic Al-Si grains: (a) AS2 (200 ppm Sr); (b) AS1(100 ppm Sr); (c) AT (500 ppm Al-5Ti-1B) and (d) ATS

(500 ppm Al-5Ti-1B + 100 ppm Sr).
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Fig. 6. Low voltage SEM images of Al,Si,Sr phases (arrowed) observed in (a) AS1 and (b) ATS alloys. For the ATS alloy, three different types of nucleation events were observed in
the ALSi,Sr phases: Al,Si>Sr nucleating on (c) AlP, (d) TiB, and (e) TiB, +AIP (f) EDS elemental maps of the squared region in (e).
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Fig. 8. (a) TEM image showing Al,Si,Sr co-existing with TiB, in ATS and (b) HR-TEM image showing the interface between the TiB, and Al,Si,Sr with the electron diffraction
patterns having[0111] and [1120] zone axes, respectively. (c)Atomic distributions on the closely packed planes of (1011) for Al,Si,Sr and (0001) for TiB, with the planar disregistry
calculation.



J.-Y. Lee, J.-M. Lee, K.-S. Son et al.

Journal of Alloys and Compounds 938 (2023) 168598

Table 3
Crystallographic data and candidate ORs with interatomic misfits calculated between nucleants and nucleating solids.
Case Phase Crystal structure Space group Lattice parameter Orientation Relationship (OR) A (%)
Case 1 TiB, hexagonal P6/mmm a=b=3.03A (0001)TiB, || (1011)ALLSi,Sr 4,55
(191) c=323A
ALSi>St hexagonal P3m1 a=b=418A [01T0] TiB, || [1012] AlLSi,Sr
(139) c=741A
Case 2 AIP Cubic F43m a=543A (111) AIP || (0001) AlL,Si>Sr 7.80
(216)
AlLSi>Sr hexagonal P3m1 a=b=418A [110] AIP // [1210] Al,Si,Sr
(139) c=741A
Case 3 TiB, hexagonal P6/mmm a=b=3.03A (0001)TiBy || (111)AIP 9.18
(191) c=3.23A
AlP Cubic F43m a=543A [1010] TiB, || [011] AIP
(216) (111) AIP || (0001) Al,Si,Sr 7.80
AlLSi,Sr hexagonal P3m1 a=b=418A [110] AIP /] [1210] Al,Si,Sr
(139) c=741A

" lattice misfit (A)= lds;—Nle x 100% d; is the lattice parameter of the substrate nucleants, and d, is the lattice parameter of nucleating solids

Mg is also present in the internal AIP particle, and indicate the
partial transformation of AIP into MgsP, in the final stage of solidi-
fication, as predicted by the thermodynamic calculation (Fig. 1(b)).
The nucleation of Al,Si,Sr is therefore likely to directly occur on the
AIP, not MgsP, since the crystallographic mismatch values meet the
nucleation criterion (planar disregistry, 7.9% and interatomic misfit,
7.8%). Atomic configurations of Al,Si,Sr and AIP on the closely
packed planes are illustrated in Fig. 9(c) and suggest a candidate OR
as (0001)[1210] Al,Si,Sr // (111)[110] AIP.

Another interface of the TiB, as squared in Fig. 10(a) was found to
contact a partially crystallized MgsP, (Cubic, Pn3m (224),a=5.92 A).
HR-TEM images with electron diffraction patterns in Fig. 10(b)

(c)

confirm an OR between TiB, and MgsP, as (002)[100]MgsP, // (0001)
[2170] TiB,. This suggests that AIP (Cubic, F43m (216), a =5.43 A)
forming onto TiB, is possibly transformed into MgsP, during soli-
dification. While the AIP, if present, is generally difficult to observe
due to its high oxygen affinity, the phase transformation of the AIP to
MgsP, during solidification may allow the phase entrapped within
the Al,Si,Sr to be observed, as in Fig. 10(b).

Based on the experimental observations and crystallographic
misfit, we therefore propose that three possible nucleation me-
chanisms could be associated with the Al,Si,Sr formation, which
significantly reduce the subsequent nucleation events of eutectic
Al-Si:
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Fig. 9. (a) SEM image showing Al,Si,Sr co-existing with MgsP, or AIP in ATS and (b) EDS line scan across the phase in (a) showing the presence of Mg, P and O in the centrally
located particle (c)Atomic distributions on the closely packed planes of (0001) for Al,Si,Sr and (111) for AIP with the planar disregistry calculation.
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Fig. 10. (a) TEM image showing Al,Si,Sr co-existing with TiB, in ATS and (b) HR-TEM image showing the interface between the TiB, and MgsP, with the electron diffraction
patterns having[0111] and [100] zone axes, respectively. (c)Atomic distributions on the closely packed planes of (0001) for Al,Si,Sr and (1111) for AIP with the planar disregistry

calculation.

Q 1B, 0:ar @ :TiB,>Ar @ :ALSiSr : Eutectic grain

Fig. 11. Schematics showing the solidification sequence of the A356 alloys with (a) Sr only and (b) the combined addition of Sr and Al-5Ti-1B, particularly focusing on the

formation of Al,Si,Sr and eutectic grains.

Case 1. TiB, nucleates Al,Si,Sr prior to the eutectic Al-Si reaction (as 4.2. Interactions between Sr and Al-5Ti-1B: the solidification sequence

observed in Fig. 8). of the A356 alloy
f:S:rfe.c/l\]ilrjl I[I;l 2c ]l;%ates AlS1Sr prior to the eutectic Al-Si reaction (as In the A356 alloy with both Sr and Al-5 T-1B (ATS), the increase in
P ’ the frequency of Al-Si eutectic grains importantly indicates that the

above three mechanisms are most likely to occur during solidifica-
tion. Fig. 11 illustrates a schematic diagram of the solidification se-
quence in the A356 alloys with Sr and Al-5Ti-1B additions,

Case 3. Serial nucleation events involving the nucleation of Al,Si,Sr
by AIP formed on TiB, (AIP+TiB,) prior to the eutectic Al-Si reaction
(as observed in Fig. 10).
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particularly focusing on the formation of Al,Si,Sr and eutectic grains.
In the alloy containing only Sr (AS1 or AS2), AIP forms early and is
mostly associated with the Al,Si,Sr formation. Fewer AIP particles
are therefore available for the nucleation of eutectic grains and far
fewer eutectic grains form in the interdendritic liquid (Fig. 11(a)). In
the alloy with the combined additions of Sr and Al-5Ti-1B (ATS), TiB,
particles are preferentially involved in the nucleation of «-Al and its
refinement, while the remains are pushed ahead of the a-Al den-
drite-liquid interface during solidification. The remaining TiB, par-
ticles, which are still prolific, are then partially consumed by the
formation of AIP. Since the TiB,, AIP and AIP+TiB, particles are active
nucleants for Al,Si,Sr, the formation of Al,Si,Sr phases is likely to
occur following the three mechanisms suggested above (Fig. 11(b)).
This may increase the number of AIP particles available in the melt
and thereby promote the nucleation of eutectic grains with re-
duced size.

5. Conclusions

In summary, the combined additions of Sr and Al-5Ti-1B to A356
alloys led to both eutectic Si modification and «-Al grain refinement
while increasing the nucleation frequency of Al-Si eutectic grains
compared to the alloy with the addition of Sr alone. TEM results with
crystallographic matching confirmed that pre-existing TiB, particles
in the Al-5Ti-1B master alloy are potent nucleant substrates for both
AIP and Al,Si,Sr. We also observed that all of the three potent nu-
cleants, TiB,, AP, and AIP+TiB,, were likely to nucleate Al,Si,Sr prior
to the eutectic Al-Si reaction. This may make more AIP (and AIP
+TiB,) particles available in the melt, and thus promote the nu-
cleation of eutectic grains. Despite the increase in the frequency of
the eutectic nucleation, the overall effect of Sr on the microstructure
was rarely affected by the combined additions.
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