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a b s t r a c t

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 α-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 Al2Si2Sr phases existed with either TiB2 or AlP and TiB2 coupling particles. This suggests that pre- 
existing TiB2 particles in the melt form prolific AlP, the most potent nuclei for Si, and thereby promote the 
nucleation of the eutectic Al-Si grains during solidification despite the deactivation of AlP consumed for the 
preceding formation of Al2Si2Sr.

© 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 α-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 TiB2 particles coved with two-dimensional com
pound Al3Ti in the master alloys can act as active nucleation sites for 
α-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 (TiB2 and Al3Ti) [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 
Sr in nucleation [9–14] and growth [14–18] of eutectic Si. The growth 

mechanism has been widely accepted as impurity induced twinning 
(IIT) 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., AlP) 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, AlP are preferentially consumed to nucleate Al2Si2Sr 
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 AlP 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 Al-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 Al-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 Al-5Ti-1B was sug
gested to partially decrease the grain refining effectiveness, and the 
formation of SrB6 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 Al-5Ti-1B master alloy added in normal practice is 
∼500 ppm Ti. We characterized the solidification structures (α-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 
( × × = × ×height mm35 25 30 )upper bottom 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 

sequence using FactSage and FTlite database [31]. The addition of Ti 
in the form of a Al-5Ti-1B master alloy forms TiB2 and Al5Si14Ti7 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 AlP, followed by the serial formation 
of eutectic Si and Al2Si2Sr, whose reaction temperature ranges are 
nearly overlapped (see Fig. 1(b)). It should be also noted that the AlP 
can be partially transformed to Mg3P2 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 µm. 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 ∼200 µm 
(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 (Tn) and growth (Tg) 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 AlP particles as nuclei for the eutectic Al-Si 
grains, by forming Al2Si2Sr intermetallics directly on the AlP 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 AlP nucleants can be poisoned by the 
Al2Si2Sr formation, such an increase in the number of eutectic grains 
by the combined additions may be related to the availability of AlP 
particles still active for eutectic nucleation.

3.2. Formation of the Al2Si2Sr phase

Fig. 6 shows typical Al2Si2Sr phases, which are found to form on 
the AlP 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 Al2Si2Sr phases 

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 <  1 ppm 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 <  1 ppm Bal.
ATS 6.69 0.33 0.11 0.094 80 ppm Bal.
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from 12.5 µm−2 (for AS1) to 60.4 µm−2 (for AST) while reducing the 
size of each phase from 3 to 4 µm to ∼1 µm (Fig. 6(a) and (b)). More 
interestingly, as shown in Fig. 5(d) and (e), the finer Al2Si2Sr 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 

a P-rich phase is in contact with Ti-rich particles, suggesting the 
coexistence of AlP and TiB2 particles. However, no direct evidence of 
interactions between Sr and B nor the formation of SrB6 was ob
served in this work.

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].

Fig. 2. EBSD maps and OM images exhibiting grains and microstructures, respectively, in the as-cast samples: (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).

Fig. 3. Grain size of α-Al and the aspect ratio of eutectic Si measured in the in
vestigated A356 alloys.

Fig. 4. Cooling curves of the A356 alloys exhibiting eutectic Al-Si reactions. 
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Most of the effort was therefore focused on the nucleation event 
of Al2Si2Sr, particularly in the alloy with both Sr and Ti (ATS). 
Fig. 7(a) shows a TEM micrograph exhibiting an Al2Si2Sr whose ex
terior part is physically in contact with the Si and TiB2 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 AlP or TiB2. We will further discuss the potency of these 
internal particles for the nucleation of Al2Si2Sr 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]:

= ×
=
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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 

(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 Al2Si2Sr 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 Al2Si2Sr phase (hexagonal, P3m1 (139), a = b 
= 4.18 Å, c = 7.41 Å) are most likely TiB2 (hexagonal, P6/mmm (191), a 
= b = 3.03 Å, c = 3.23 Å) and their sizes are in a range of 50 − 120 nm. 
It should be emphasized that the finer TiB2 particles are in close 
contact with the surrounding Al2Si2Sr 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 TiB2 particles are well-wetted 
by the Al2Si2Sr. More interestingly, the selected area diffraction 
(SAD) patterns obtained by Fast Fourier transformation (FFT) reveal 
the crystallographic orientation relationship (OR) between the TiB2 

and Al2Si2Sr (see the inset of Fig. 7(b)): (1011)[0111] Al2Si2Sr // 
(0001)[2110] TiB2. It is also clear from Fig. 8(b) that the closely 
packed planes, Al2Si2Sr (1011) and TiB2 (0001), are parallel to each 
other, suggesting that the TiB2 itself can act as an epitaxial nuclea
tion site for Al2Si2Sr. Based on the HR-TEM results and the simulated 
atomic arrangements in Fig. 8(c), the interatomic matching along the 
Al2Si2Sr [1012] and TiB2 [0110] is ∼4.5% (Table 3), while the planar 
disregistry is 2.3% at the interface.

Despite the difficulty of directly observing AlP nucleating Al2Si2Sr 
[12], it was often observed that the AlP are centrally located in the 
Al2Si2Sr 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 

Table 2 
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)

Tn 568.2 567.4 576.3 568.8
Tmin 566.5 565.3 575.3 567.2
Tg 570.1 569.6 575.5 570.8

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 Al2Si2Sr phases (arrowed) observed in (a) AS1 and (b) ATS alloys. For the ATS alloy, three different types of nucleation events were observed in 
the Al2Si2Sr phases: Al2Si2Sr nucleating on (c) AlP, (d) TiB2 and (e) TiB2 +AlP (f) EDS elemental maps of the squared region in (e).

Fig. 7. (a) Bright field TEM micrograph of the typical Al2Si2Sr observed in ATS and (b) the corresponding EDS elemental maps. 

Fig. 8. (a) TEM image showing Al2Si2Sr co-existing with TiB2 in ATS and (b) HR-TEM image showing the interface between the TiB2 and Al2Si2Sr with the electron diffraction 
patterns having[0111] and [1120] zone axes, respectively. (c)Atomic distributions on the closely packed planes of (1011) for Al2Si2Sr and (0001) for TiB2 with the planar disregistry 
calculation.
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Mg is also present in the internal AlP particle, and indicate the 
partial transformation of AlP into Mg3P2 in the final stage of solidi
fication, as predicted by the thermodynamic calculation (Fig. 1(b)). 
The nucleation of Al2Si2Sr is therefore likely to directly occur on the 
AlP, not Mg3P2 since the crystallographic mismatch values meet the 
nucleation criterion (planar disregistry, 7.9% and interatomic misfit, 
7.8%). Atomic configurations of Al2Si2Sr and AlP on the closely 
packed planes are illustrated in Fig. 9(c) and suggest a candidate OR 
as (0001)[1210] Al2Si2Sr // (111)[110] AlP.

Another interface of the TiB2 as squared in Fig. 10(a) was found to 
contact a partially crystallized Mg3P2 (Cubic, Pn3̄m (224), a = 5.92 Å). 
HR-TEM images with electron diffraction patterns in Fig. 10(b) 

confirm an OR between TiB2 and Mg3P2 as (002)[100]Mg3P2 // (0001) 
[2110] TiB2. This suggests that AlP (Cubic, F43m (216), a = 5.43 Å) 
forming onto TiB2 is possibly transformed into Mg3P2 during soli
dification. While the AlP, if present, is generally difficult to observe 
due to its high oxygen affinity, the phase transformation of the AlP to 
Mg3P2 during solidification may allow the phase entrapped within 
the Al2Si2Sr 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 Al2Si2Sr formation, which 
significantly reduce the subsequent nucleation events of eutectic 
Al-Si: 

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) (%)*

Case 1 TiB2 hexagonal P6/mmm 
(191)

a = b = 3.03 Å 
c = 3.23 Å

(0001)TiB2 || (1011)Al2Si2Sr 4.55

Al2Si2Sr hexagonal P3m1 
(139)

a = b = 4.18 Å 
c = 7.41 Å

[0110] TiB2 || [1012] Al2Si2Sr

Case 2 AlP Cubic F43m 
(216)

a = 5.43 Å (111) AlP || (0001) Al2Si2Sr 7.80

Al2Si2Sr hexagonal P3m1 
(139)

a = b = 4.18 Å 
c = 7.41 Å

[1̄10] AlP // [1210] Al2Si2Sr

Case 3 TiB2 hexagonal P6/mmm 
(191)

a = b = 3.03 Å 
c = 3.23 Å

(0001)TiB2 || (111)AlP 9.18

AlP Cubic F43m 
(216)

a = 5.43 Å [1010] TiB2 || [01̄1] AlP
(111) AlP || (0001) Al2Si2Sr 7.80

Al2Si2Sr hexagonal P3̄m1 
(139)

a = b = 4.18 Å 
c = 7.41 Å

[1̄10] AlP // [1̄21̄0] Al2Si2Sr

* lattice misfit (Δ)= × 100%
ds dN

dN

| |
ds is the lattice parameter of the substrate nucleants, and dn is the lattice parameter of nucleating solids

Fig. 9. (a) SEM image showing Al2Si2Sr co-existing with Mg3P2 or AlP 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 Al2Si2Sr and (111) for AlP with the planar disregistry calculation.
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Case 1. TiB2 nucleates Al2Si2Sr prior to the eutectic Al-Si reaction (as 
observed in Fig. 8).

Case 2. AlP nucleates Al2Si2Sr prior to the eutectic Al-Si reaction (as 
reported in [12]).

Case 3. Serial nucleation events involving the nucleation of Al2Si2Sr 
by AlP formed on TiB2 (AlP+TiB2) prior to the eutectic Al-Si reaction 
(as observed in Fig. 10).

4.2. Interactions between Sr and Al-5Ti-1B: the solidification sequence 
of the A356 alloy

In the A356 alloy with both Sr and Al-5 T-1B (ATS), the increase in 
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, 

Fig. 10. (a) TEM image showing Al2Si2Sr co-existing with TiB2 in ATS and (b) HR-TEM image showing the interface between the TiB2 and Mg3P2 with the electron diffraction 
patterns having[0111] and [100] zone axes, respectively. (c)Atomic distributions on the closely packed planes of (0001) for Al2Si2Sr and (1111) for AlP with the planar disregistry 
calculation.

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 Al2Si2Sr and eutectic grains.
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particularly focusing on the formation of Al2Si2Sr and eutectic grains. 
In the alloy containing only Sr (AS1 or AS2), AlP forms early and is 
mostly associated with the Al2Si2Sr formation. Fewer AlP 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), TiB2 

particles are preferentially involved in the nucleation of α-Al and its 
refinement, while the remains are pushed ahead of the α-Al den
drite-liquid interface during solidification. The remaining TiB2 par
ticles, which are still prolific, are then partially consumed by the 
formation of AlP. Since the TiB2, AlP and AlP+TiB2 particles are active 
nucleants for Al2Si2Sr, the formation of Al2Si2Sr phases is likely to 
occur following the three mechanisms suggested above (Fig. 11(b)). 
This may increase the number of AlP 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 α-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 TiB2 particles 
in the Al-5Ti-1B master alloy are potent nucleant substrates for both 
AlP and Al2Si2Sr. We also observed that all of the three potent nu
cleants, TiB2, AlP, and AlP+TiB2, were likely to nucleate Al2Si2Sr prior 
to the eutectic Al-Si reaction. This may make more AlP (and AlP 
+TiB2) 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.

CRediT authorship contribution statement

Ji-Young Lee: Investigation, Visualization, Data curation and 
Writing – original draft. Jung-Moo Lee: Methodology, Supervision 
and Proof reading. Kwang-Suk Son: FIB and TEM experiment and 
Proof reading. Jae-il Jang: Supervision and Writing – reviewing. 
Young-Hee Cho: Conceptualization, Methodology, Writing – original 
draft, reviewing and editing, Supervision and Project administration.

Data Availability

Data will be made available on request.

Declaration of Competing Interest

The authors declare that they have no known competing fi
nancial interests or personal relationships that could have appeared 
to influence the work reported in this paper.

Acknowledgments

The authors gratefully acknowledge the grant from 
Nano·Material Technology Development Program of the National 
Research Foundation funded by the Ministry of Science and ICT 
(MSIT, Korea) (No. 2020M3H4A310632813).

References

[1] S. Haro-Rodríguez, R.E. Goytia-Reyes, D.K. Dwivedi, V.H. Baltazar-Hernández, 
H. Flores-Zúñiga, M.J. Pérez-López, On influence of Ti and Sr on microstructure, 

mechanical properties and quality index of cast eutectic Al–Si–Mg alloy, Mater. 
Des. 32 (2011) 1865–1871, https://doi.org/10.1016/j.matdes.2010.12.012

[2] D.G. Mallapur, K.R. Udupa, S.A. Kori, Studies on the influence of grain refining 
and modification on microstructure and mechanical properties of forged A356 
alloy, Mater. Sci. Eng. A 528 (2011) 4747–4752, https://doi.org/10.1016/j.msea. 
2011.02.086

[3] M. Riestra, E. Ghassemali, T. Bogdanoff, S. Seifeddine, Interactive effects of grain 
refinement, eutectic modification and solidification rate on tensile properties of 
Al-10Si alloy, Mater. Sci. Eng. A 703 (2017) 270–279, https://doi.org/10.1016/j. 
msea.2017.07.074

[4] Z. Fan, Y. Wang, Y. Zhang, T. Qin, X. Zhou, G. Thompson, T. Pennycook, 
T. Hashimoto, Grain refining mechanism in the Al/Al–Ti–B system, Acta Mater. 
84 (2015) 292–304.

[5] Y. Li, B. Hu, B. Liu, A. Nie, Q. Gu, J. Wang, Q. Li, Insight into Si poisoning on grain 
refinement of Al-Si/Al-5Ti-B system, Acta Mater. 187 (2020) 51–65, https://doi. 
org/10.1016/j.actamat.2020.01.039

[6] M. Easton, D. StJohn, Grain refinement of aluminum alloys: Part I. the nucleant 
and solute paradigms—a review of the literature, Metall. Mater. Trans. A 30 
(1999) 1613–1623, https://doi.org/10.1007/s11661-999-0098-5

[7] M. Easton, D. StJohn, Grain refinement of aluminum alloys: Part II. Confirmation 
of, and a mechanism for, the solute paradigm, Metall. Mater. Trans. A 30 (1999) 
1625–1633, https://doi.org/10.1007/s11661-999-0099-4

[8] M. Easton, D. StJohn, An analysis of the relationship between grain size, solute 
content, and the potency and number density of nucleant particles, Metall. Mater. 
Trans. A 36 (2005) 1911–1920, https://doi.org/10.1007/s11661-005-0054-y

[9] A.K. Dahle, K. Nogita, S.D. McDonald, J.W. Zindel, L.M. Hogan, Eutectic nucleation 
and growth in hypoeutectic Al-Si alloys at different strontium levels, Metall. 
Mater. Trans. A 32 (2001) 949–960, https://doi.org/10.1007/s11661-001-0352-y

[10] K. Nogita, S.D. McDonald, K. Tsujimoto, K. Yasuda, A.K. Dahle, Aluminium 
phosphide as a eutectic grain nucleus in hypoeutectic Al-Si alloys, J. Electron 
Microsc. 53 (2004) 361–369, https://doi.org/10.1093/jmicro/dfh048

[11] S.D. McDonald, K. Nogita, A.K. Dahle, Eutectic nucleation in Al–Si alloys, Acta 
Mater. 52 (2004) 4273–4280, https://doi.org/10.1016/j.actamat.2004.05.043

[12] Y. Cho, H.-C. Lee, K. Oh, A. Dahle, Effect of strontium and phosphorus on eutectic 
Al-Si nucleation and formation of β-Al5FeSi in hypoeutectic Al-Si foundry alloys, 
Metall. Mater. Trans. A 39 (2008) 2435–2448.

[13] P. Srirangam, S. Chattopadhyay, A. Bhattacharya, S. Nag, J. Kaduk, S. Shankar, 
R. Banerjee, T. Shibata, Probing the local atomic structure of Sr-modified Al–Si 
alloys, Acta Mater. 65 (2014) 185–193, https://doi.org/10.1016/j.actamat.2013.10. 
060

[14] J. Li, M. Zarif, M. Albu, B. McKay, F. Hofer, P. Schumacher, Nucleation kinetics of 
entrained eutectic Si in Al–5Si alloys, Acta Mater. 72 (2014) 80–98.

[15] S.-Z. Lu, A. Hellawell, The mechanism of silicon modification in aluminum-si
licon alloys: impurity induced twinning, Metall. Trans. A 18 (1987) 1721–1733, 
https://doi.org/10.1007/BF02646204

[16] K. Nogita, H. Yasuda, M. Yoshiya, S.D. McDonald, K. Uesugi, A. Takeuchi, Y. Suzuki, 
The role of trace element segregation in the eutectic modification of hypoeu
tectic Al–Si alloys, J. Alloy. Compd. 489 (2010) 415–420, https://doi.org/10.1016/j. 
jallcom.2009.09.138

[17] M. Timpel, N. Wanderka, R. Schlesiger, T. Yamamoto, N. Lazarev, D. Isheim, 
G. Schmitz, S. Matsumura, J. Banhart, The role of strontium in modifying alu
minium–silicon alloys, Acta Mater. 60 (2012) 3920–3928.

[18] F. Yilmaz, O.A. Atasoy, R. Elliott, Growth structures in aluminium-silicon alloys II. 
The influence of strontium, J. Cryst. Growth 118 (1992) 377–384, https://doi.org/ 
10.1016/0022-0248(92)90086-X

[19] J.H. Li, M. Albu, F. Hofer, P. Schumacher, Solute adsorption and entrapment 
during eutectic Si growth in A–Si-based alloys, Acta Mater. 83 (2015) 187–202, 
https://doi.org/10.1016/j.actamat.2014.09.040

[20] J. Barrirero, Eutectic modification of Al-Si casting alloys, 2019.
[21] S.C. Flood, J.D. Hunt, Modification of Al-Si eutectic alloys with Na, Metal Sci. 15 

(1981) 287–294, https://doi.org/10.1179/030634581790426813
[22] A. Knuutinen, K. Nogita, S.D. McDonald, A.K. Dahle, Modification of Al–Si alloys 

with Ba, Ca, Y and Yb, J. Light Met. 1 (2001) 229–240, https://doi.org/10.1016/ 
S1471-5317(02)00004-4

[23] T.H. Ludwig, J. Li, P.L. Schaffer, P. Schumacher, L. Arnberg, Refinement of eutectic 
Si in high purity Al-5Si alloys with combined Ca and P additions, Metall. Mater. 
Trans. A 46 (2015) 362–376, https://doi.org/10.1007/s11661-014-2585-6

[24] H. Liao, Y. Sun, G. Sun, Effect of Al-5Ti-1B on the microstructure of near-eutectic 
Al-13.0%Si alloys modified with Sr, J. Mater. Sci. 37 (2002) 3489–3495, https:// 
doi.org/10.1023/A:1016519307997

[25] H. Tahiri, S.S. Mohamed, H.W. Doty, S. Valtierra, F.H. Samuel, Effect of Sr–grain 
refining–Si interactions on the microstructural characteristics of Al–Si hypoeu
tectic alloys, Int. J. Met. 12 (2018) 343–361, https://doi.org/10.1007/s40962-017- 
0169-0

[26] E. Samuel, B. Golbahar, A. Samuel, H. Doty, S. Valtierra, F. Samuel, Effect of grain 
refiner on the tensile and impact properties of Al–Si–Mg cast alloys, Mater. Des. 
56 (2014) 468–479 1980-2015.

[27] L. Lu, A. Dahle, Effects of combined additions of Sr and AlTiB grain refiners in 
hypoeutectic Al–Si foundry alloys, Mater. Sci. Eng. A 435 (2006) 288–296.

[28] H. Liao, G. Sun, Mutual poisoning effect between Sr and B in Al–Si casting alloys, 
Scr. Mater. 48 (2003) 1035–1039.

J.-Y. Lee, J.-M. Lee, K.-S. Son et al. Journal of Alloys and Compounds 938 (2023) 168598

8

https://doi.org/10.1016/j.matdes.2010.12.012
https://doi.org/10.1016/j.msea.2011.02.086
https://doi.org/10.1016/j.msea.2011.02.086
https://doi.org/10.1016/j.msea.2017.07.074
https://doi.org/10.1016/j.msea.2017.07.074
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref4
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref4
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref4
https://doi.org/10.1016/j.actamat.2020.01.039
https://doi.org/10.1016/j.actamat.2020.01.039
https://doi.org/10.1007/s11661-999-0098-5
https://doi.org/10.1007/s11661-999-0099-4
https://doi.org/10.1007/s11661-005-0054-y
https://doi.org/10.1007/s11661-001-0352-y
https://doi.org/10.1093/jmicro/dfh048
https://doi.org/10.1016/j.actamat.2004.05.043
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref12
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref12
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref12
https://doi.org/10.1016/j.actamat.2013.10.060
https://doi.org/10.1016/j.actamat.2013.10.060
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref14
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref14
https://doi.org/10.1007/BF02646204
https://doi.org/10.1016/j.jallcom.2009.09.138
https://doi.org/10.1016/j.jallcom.2009.09.138
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref17
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref17
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref17
https://doi.org/10.1016/0022-0248(92)90086-X
https://doi.org/10.1016/0022-0248(92)90086-X
https://doi.org/10.1016/j.actamat.2014.09.040
https://doi.org/10.1179/030634581790426813
https://doi.org/10.1016/S1471-5317(02)00004-4
https://doi.org/10.1016/S1471-5317(02)00004-4
https://doi.org/10.1007/s11661-014-2585-6
https://doi.org/10.1023/A:1016519307997
https://doi.org/10.1023/A:1016519307997
https://doi.org/10.1007/s40962-017-0169-0
https://doi.org/10.1007/s40962-017-0169-0
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref25
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref25
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref25
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref26
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref26
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref27
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref27


[29] A. Samuel, H. Doty, S. Valtierra, F. Samuel, A metallographic study of grain re
fining of Sr-modified 356 alloy, Int. J. Met. 11 (2017) 305–320.

[30] C. Dinnis, J. Taylor, A. Dahle, Porosity formation and eutectic growth in Al-Si-Cu- 
Mg alloys containing iron and manganese, Mater. Forum (2004) 1016–1021.

[31] FactSage with FTlite database, http://www.factsage.com, 2022. (acessed 14 Oct 
2022).

[32] B.L. Bramfitt, The effect of carbide and nitride additions on the heterogeneous 
nucleation behavior of liquid iron, Metall. Trans. 1 (1970) 1987–1995, https://doi. 
org/10.1007/BF02642799

[33] D. Turnbull, B. Vonnegut, Nucleation Catalysis, Industrial & Engineering 
Chemistry, 44, 1952, 1292–1298 10.1021/ie50510a031.

[34] P.M. Kelly, M.X. Zhang, Edge-to-edge matching—The fundamentals, Metall. 
Mater. Trans. A 37 (2006) 833–839, https://doi.org/10.1007/s11661-006-0056-4

[35] M.X. Zhang, P.M. Kelly, M.A. Easton, J.A. Taylor, Crystallographic study of grain 
refinement in aluminum alloys using the edge-to-edge matching model, Acta 
Mater. 53 (2005) 1427–1438, https://doi.org/10.1016/j.actamat.2004.11.037

[36] M.X. Zhang, P.M. Kelly, Edge-to-edge matching and its applications: part I. 
Application to the simple HCP/BCC system, Acta Mater. 53 (2005) 1073–1084, 
https://doi.org/10.1016/j.actamat.2004.11.007

J.-Y. Lee, J.-M. Lee, K.-S. Son et al. Journal of Alloys and Compounds 938 (2023) 168598

9

http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref28
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref28
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref29
http://refhub.elsevier.com/S0925-8388(22)04989-1/sbref29
https://doi.org/10.1007/BF02642799
https://doi.org/10.1007/BF02642799
https://doi.org/10.1007/s11661-006-0056-4
https://doi.org/10.1016/j.actamat.2004.11.037
https://doi.org/10.1016/j.actamat.2004.11.007

	A study on the interaction between a Sr modifier and an Al-5Ti-1B grain refiner in an Al-7Si-0.35Mg casting alloy
	1. Introduction
	2. Experimental
	3. Results
	3.1. Solidification structure of the A356 alloys
	3.2. Formation of the Al2Si2Sr phase

	4. Discussion
	4.1. Interactions between Sr and Al-5Ti-1B: the nucleation of Al2Si2Sr
	4.2. Interactions between Sr and Al-5Ti-1B: the solidification sequence of the A356 alloy

	5. Conclusions
	CRediT authorship contribution statement
	Data Availability
	Declaration of Competing Interest
	Acknowledgments
	References




