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a b s t r a c t

The effects of scandium (Sc) additions on the solidification microstructure and mechanical

properties of Ale7Sie0.6Mg-0.25Ti alloy at different cooling rates have been systematically

studied by thermal analysis and detailed SEM and TEM microstructure characterization of

the castings. It is found that the addition of Sc has significant effects of refining the grain

structure and modifying the AleSi eutectics into fibrous structure. As a result, substantially

improved strength and ductility in the as-cast state have been achieved in the Sc-added

alloy. More importantly, the addition of Sc reduces the sensitivity of the alloy's strength

and ductility to local cooling rates in the castings. The underlying mechanisms on the grain

refinement, modification of AleSi eutectics and strengthening by Sc addition have been

studied. A new phase, DO22 structured (Al, Si)3(Ti, Sc), has been found to form in the liquid

aluminium, acting as high potency nucleation sites of Al grains, which overcomes the Si

poisoning effect on grain refinement for AleTieB grain refiners.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

AleSieMg based foundry alloys, such as A356, A357, are

widely used in automotive, aerospace and other engineering

applications because of their good mechanical properties,

excellent casting properties, high wear resistance and low

cost [1e3]. However, in the casting process, the coarse plate

shaped eutectic Si forming during solidification significantly

reduces the toughness of AleSieMg alloys [4,5]. In order to

improve the toughness of AleSieMg alloys, the size and

morphology of AleSi eutectics have to be modified [6].
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Addition of strontium (Sr) is one of the mostly used methods

to modify the morphology of AleSi eutectics, from coarse

lamellar shaped to fine fibrous structure. The underlying

modification mechanism has been extensively studied in the

last decades. It is found that Sr has the influence of changing

the growthmechanism by enhancing the twinning of eutectic

Si phases, which is so-called impurity-induced twinning (IIT)

mechanism [7]. The IIT mechanism has been realized by the

preferential adsorption of Sr atoms at the twin plane re-

entrant corners of Si particles, poisoning the attachment

sites of Si atoms and hindering the plate growth. Another in-

fluence of Sr is to react with P in the aluminiummelt to reduce
(Y. Li).
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Table 1 e Chemical Compositions of alloys.

Alloy Element (weight percent)

Si Mg Sc Fe Ti Al

AleSieMgeTi 6.8 0.59 0 0.08 0.24 Balance

AleSieMgeTi-Sc 6.9 0.58 0.52 0.07 0.25 Balance
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the potent nucleation sites of Si particles, AlP. As a result,

AleSi eutectics have to nucleate and grow under a larger

undercooling. This effect has been revealed by Mathiesen

et al. [8] by using in-situ synchrotron X-ray radiography study

in an AleSieCu alloy, where the change of the eutectic Si from

needle-like to fibrous morphology by Sr addition is observed.

However, modification by Sr has the disadvantage of causing

serious porosity problem in castings [9,10].

Another important method to improve the mechanical

properties of AleSieMg foundry alloys is to refine the solidifi-

cation grain structure by inoculation. AleTieB master alloys

are widely used for grain refinement [11e14] of aluminium

alloys. However, it is very difficult to effectively refine the grain

size ofAleSi based foundryalloysdue to thepoisoning effect of

Si on the potent nucleation particles. By forming TieSi based

intermetallic phases on the surface of TiB2 particles [15e18],

the potency of the particles in nucleating a-Al grains is signif-

icantly reduced. Addition of Ti alone has also the influence of

grain refinement, however, the minimum addition amount of

Ti needs to be more than 0.2wt% [19,20]. When B element is

added at the same time, the minimum Ti content added is

related to the amount of B. When enough B element is added,

the minimum Ti content needed is 0.02 wt.%, by which a good

grain refinement effect can be achieved [21,22]. The AlSiTi

phase can be avoided when the Ti content is less than

0.1e0.11 wt.% [23].

Sc, as a rare earth element, has been found to have the in-

fluence of both refining a-Al grains and modifying AleSi eu-

tectics in AleSi based foundry alloys [6,24e33]. However, to

reach a sufficient grain refinement effect, the addition level of

Schas to behigher than certainminimum level dependent of Si

contents in the alloys, for example 0.5wt.% inA356 alloy [34]. In

binary AleSc alloys and AleMg-Sc alloy, it is found that the

grain refining effect of Sc on aluminum alloy is mainly due to

the interactionbetweenSc andAl formingAl3Sc particle during

solidification, which can act as potent nucleation sites for Al

grains [35,36]. Al3Schas a cubic L12 crystal structure [35,37], and

its lattice constant is very close to that of a-Al, and the lattice

disregistry betweenAl3Sc and a-Almismatch is less than 1.25%

[38]. Based on the mechanism, Xu et al. [28,39] suggested L12
structured Al3Sc is also responsible for the grain refinement in

AleSieMg foundry alloys. However, such a mechanism may

not be applicable to explain the grain refinement effect inAleSi

based foundry alloys. According to the calculated phase dia-

grams for AleSieMg-Sc system by Lu et al. [6,27], AlSi2Sc2
phase, instead of Al3Sc particles, is the first intermetallic phase

to precipitate in liquid Al when the Sc content is higher than

ternary eutectic points. The authors therefore suggested that

thegrain refinement byScaddition isdue to the increasedgrain

growth restriction factor during solidification.

The modification mechanism of Sc on eutectic Si is still

under debate. Based on the twins observed in eutectic Si

modified by Sc，Xu et al. [7,28] proposed that themodification

of eutectic Si by Sc conforms to the IIT mechanism. They have

also shown that the addition of Sc decreases the growth tem-

perature of AleSi eutectics. Lu et al. [6,27] attributed the

refinement of eutectic Si particles by Sc addition to the for-

mation of finer ternary eutectic (Al) þ Si þ AlSi2Sc2 instead of

binary eutectic (Al) þ Si structure. It was also found that

AlSi2Sc2 particles are coherentwith primary/eutectic Al phase.
To reach a sufficient modification effect, the addition level of

Sc was suggested to be higher than the ternary eutectic point

dependent of Si contents in the alloys, for example 0.54wt.% in

A356 alloy [6]. However, the work by Prukkanon et al. [30]

showed that an addition of 0.2 wt.% Sc can lead to a significant

modification effect on eutectic Si particles in Al6Si0.25 Mg

alloy, where the Sc addition level is much lower than the

ternary eutectic point.

It is well known that the grain refinement effect and

modification of AleSi eutectics are largely affected by the

cooling rate during casting. However, how Sc addition in-

fluences the microstructure and properties of AleSieMg

foundry alloys under different cooling rate conditions has not

been well studied. This work is aimed at a further clarification

of the mechanisms for the grain refinement and modification

of eutectic Si in AleSieMg alloy by Sc addition. The effects of

cooling rateson thegrain refinement andeutecticmodification

will alsobe addressedbyusingwedge-shapedcasting samples.
2. Experimental procedures

The experimental alloys were prepared from 99.9wt%

commercially pure aluminum, pure silicon, commercially

pure magnesium, Ti powder and Al-5Sc master alloy. The

alloy was melted in a resistance furnace. The chemical com-

positions of the alloys were determined by emission spec-

trometry and were listed in Table 1.

To study the effect of the cooling rate on themicrostructure

and the mechanical properties, the melt was poured at 700 �C
into thewedge-shapedmetalmold preheated to 300 �C. Before
pouring, argon was used for degassing of the melt for 20 min.

The shape and size of the casting were shown in Fig. 1 (a).

The positions to cut tensile specimens in the casting are

shown in Fig. 1 (b). The shape and dimensions of the tensile

specimen are shown in Fig. 1 (c).

8 tensile specimenswere taken from eachwedge casting of

the Sc-free alloy and Sc-added alloy (from bottom to top) by

wire cut electrical discharge machining, and the tensile test

was carried out on Instron 3382 electronic tensile machine.

The fractures morphology of tensile specimens was observed

by scanning electron microscope (SEM) using an FE-SEM

SU5000 (Hitachi High-Tech Corp.) equipped with energy

dispersive X-ray spectroscope (EDSX; TSL, Digiview). The

transmission electron microscopy (TEM) samples were pre-

pared by ion-beam thinning using Gatan 691 and were

observed using FEI Tecnai G2 F20 operated at 200 kV.

In order to record the local cooling rate at different loca-

tions of the wedge castings during solidification, 4 thermo-

couples of K-typewere placed at 2#, 4#, 6#, 8# tensile specimen

locations in the mold before casting. The cooling curves were

collected by using GRAPHTEC GL840.
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Fig. 1 e Schematic drawings of the casting block obtained by wedge casting: (a) Shape and dimensions of casting block;

(b) Positions of tensile specimens and K-type thermocouples in casting block; (c) Shape and dimensions of the tensile

specimen.
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In order to analyze the solidification grain structure in the

casting block, mechanically polished samples were anodized

by using a DC power of 30V and 0.35A current and a corrosion

solution containing sulfuric acid, phosphoric acid and water

with a volume ratio of 38:43:19. The anodized samples were

observed under the polarizing mode of Zeiss Scope-A1 metal-

lographicmicroscope. The grain size was determined by using

the linear intercept method. To reveal the 3D morphology of

eutectic Si phase, a deep etching of well-polished sample sur-

face by 20% NaOH aqueous solution for 60 min was applied.

To understand the influence of Sc on the solidification

process of the experimental alloys, Thermo-Calc was applied

to calculate corresponding phase diagrams of the alloys, by

using the thermodynamic database TCAl 8.
3. Results

3.1. Influence of Sc addition on the solidification cooling
curve

Fig. 2 shows the local cooling curves of 2#, 4#, 6#, and 8# tensile

specimens in Sc-free alloy and Sc-added alloy. As can be seen,
Fig. 2 e Local cooling curves of alloys during solid
with the decrease of the cross section of casting the initial

cooling rates increases. The measured initial cooling rate

before precipitation of primary a-Al grains are 21.4, 19.4, 13.6,

11.1K/s, respectively, while the average solidification cooling

rates from primary phase to eutectic reaction are 6.8, 3.5, 2.2,

1.8K/s, respectively, in Sc-free alloy. In Sc-added alloy, the

initial cooling rates are 24.5, 20.5, 13.9, 7.6K/s, and the cooling

rates from primary phase to eutectic are 6.9, 6.5, 5.5, 2.4 K/s

respectively.

From the cooling curves, two solidification reactions,

formation of primary a-Al grains in the liquid metal and

eutectic reaction, can be clearly identified. As can be seen

from Fig. 2(a), for the Sc-free alloy, recalescence plateau can

be clearly observed in 6# and 8# sample at about 610.9 and

612.2 �C (corresponding to the lowest cooling rates in the

first derivative curves), indicating the massive precipitation

of a-Al grains. However, in 2# and 4# samples, no reca-

lescence plateau is presented, which should be attributed to

the much higher cooling rates. For the Sc-added alloy, none

of the cooling curves show clear recalescence plateau for

the formation of a-Al grains. As labeled in the figures, at the

same locations in the castings (corresponding to similar

initial cooling rate), the Sc-added alloy always has higher
ification: (a) Sc-free alloy; (b) Sc-added alloy.
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temperatures for massive precipitation of a-Al grains than

the Sc-free alloy, indicating that Sc addition has enhanced

the heterogeneous nucleation of a-Al grains to higher

temperatures.

The temperatures of maximum transformation rate of

eutectic reaction (corresponding to the lowest cooling rate in

first derivative curves) are also labeled in each cooling curves

in Fig. 2. It can be clearly seen that the addition of Sc signifi-

cantly reduces the eutectic growth temperature. It implies the

addition of Sc has the influence of suppressing the nucleation

of AleSi eutectics in the alloy. Another observation is that the
Fig. 3 e Grain morphology at different tensile specimen area
eutectic solidification temperature decreases with increasing

cooling rate, which is the same for both alloys.

3.2. Refinement of a-Al grains by Sc addition

Fig. 3 shows the grain structure of Sc-free alloy. All the sam-

ples have coarse equiaxed grains with well-developed equi-

axed dendrite arms, with grain sizes larger than 240 mm. The

equiaxed grain structure implies that the addition of Ti has

played a role in refining the grain structure, although the grain

refinement effect is rather weak. It can also be seen that with
s in Sc-free alloy: (a) (b) 2#; (c) (d) 4#; (e) (f) 6#; (g) (h) 8#.

https://doi.org/10.1016/j.jmrt.2023.08.227
https://doi.org/10.1016/j.jmrt.2023.08.227


j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 6 : 4 7 8 4e4 7 9 64788
decrease of cooling rate, grain size becomes larger and the

dendrite arms become coarser.

Fig. 4 shows the grain structure of Sc-added alloy under

polarized light. In comparison to the grain structure of Sc-free

alloys, the solidification grains are significantly refined by Sc

addition. For the sampleswith lower cooling rates, 6# and 8#, a

large fraction of the grains shows a globular morphology,

where dendrite arms are difficult to distinguish. It means a

significant ripening of dendrite arms has happened during

solidification.
Fig. 4 e Grain morphology at different tensile specimen areas
Fig. 5 summarizes the measured grain size and Dendrite

Arm Spacing (DAS) of Sc-free alloy and Sc-added alloy. It can

be seen from Fig. 5 (a) that the average grain size of both Sc-

free and Sc-added alloy decreases with increasing cooling

rate. The average grain sizes of 8# and 1# samples of Sc-free

alloy are 307.7 mm and 241.6 mm, respectively. In Sc-added

alloy, the average grain sizes of 8# and 1# samples are 177.9

and 115.7 mm, respectively. An impressive grain refinement

has been achieved by addition of Sc. Fig. 5(b) shows the

measured DAS of Sc-free alloy and Sc-added alloy. It can be
in Sc-added alloy: (a) (b) 2#; (c) (d) 4#; (e) (f) 6#; (g) (h) 8#.
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Fig. 5 e Grain size and Dendrite Arm Spacing of Sc-free alloy and Sc-added alloy.
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seen that with increasing of cooling rate, the DAS of Sc-free

alloy decreases from 44.8 mm (8# sample) to 14.0 mm (1# sam-

ple), and the DAS of Sc-added alloy decreases from 34.7 mm (6#

sample) to 15.3 mm (1# sample).

Fig. 6 shows a typical BSE-SEM image for the solidifica-

tion structure of Sc-added alloy sample and corresponding

EDX elemental mapping. In addition to fine AleSi eutectics,

some eutectic Mg2Si and script-like AlSc2Si2 particles can

also be occasionally observed in the interdendritic region.

To reveal the effect of Sc addition on the grain refinement,

the heterogeneous nucleation sites of a-Al grains have been

carefully searched by using backscattered electron (BSE)

SEM images. Plate shaped particles with a light grey

contrast can be frequently observed in the center of equi-

axed a-Al grains (pointed by a yellow arrow), which are

supposed to have acted as the heterogeneous nucleation

sites for Al grains. EDX elemental mapping analyses show

that the particles contain a high fraction of Ti content, in

addition to Sc and Si, implying that a new phase, different

from AlSc2Si2, has formed and acted as the nucleation sites

for Al grains.
Fig. 6 e Backscattered electron (BSE) SEM micrograph and ED
To further study the crystal structure of the (Ti, Sc)-rich

particles and their orientation relationship to the surround-

ing Al grain, Lift-Out technique was used to cut a thin TEM

sample containing both the particle and Al matrix. Fig. 7(a)

shows a low magnification TEM image of the sample. The

TEM-EDS spectra and the measured chemical composition of

the particle measured are shown in Fig. 7 (b1, b2). The un-

marked peak in energy spectrum is caused by copper bracket.

As shown, this particle is enriched with Ti, Sc, and Si, which

confirms the SEM-EDX analyses. the measured chemical

compositions of the particle show that they have about two

times (Tiþ Sc) atomic content as Si content, which is different

from the eutectic AlSc2Si2 phase. Instead, the composition of

the particle is very close to (Al, Si)3(Ti, Sc). The selected area

electron diffraction (SAED) patterns of (Al, Si)3(Ti, Sc) taken

along the [010] zone axis and the [1 10] zone axis are shown in

Fig. 7 (b3) and (b4), respectively. It is determined that particle

has a tetragonal crystal structure with a ¼ 0.38 nm and

c ¼ 0.86 nm, suggesting that the (Al, Si)3(Ti, Sc) phase has the

same crystal structure as D022-Al3Ti (a ¼ 0.3846 nm and

c ¼ 0.8594 nm) and similar lattice constants.
X spectrum of heterogeneous nucleus in Sc-added alloy.

https://doi.org/10.1016/j.jmrt.2023.08.227
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Fig. 7 e TEM images of heterogeneous nucleus in Sc-added alloy: (a) Bright-field image of heterogeneous nucleus (b1) (b2)

EDS analysis (b3) SAED image along [001] (b4) SAED image along [110]; (c) The interface between a-Al and (Al, Si)3(Ti, Sc) (c1)

(c2) HRTEM images.
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Fig. 7 (c1) and (c2) show the HRTEM images of D022-(Al,

Si)3(Ti, Sc) and a-Al taken along <110>Al and <100> Al zone

axes, respectively. Several parallel atomic plane pairs between

the (Al, Si)3(Ti, Sc) phase and a-Al matrix can be found and the

two phases show a strong orientation relationship (OR). The

OR can be written as:

[110] D022//[110] Al (112)D022//(111) Al

This OR is in good agreement with the OR between Al3Ti

phase and Al phase [40]. It is well known that Al3Ti is a potent

heterogeneous nucleation sites for a-Al grains during solidi-

fication. Here the D022-(Al, Si)3(Ti, Sc) particles are suggested

to have played the same role as Al3Ti.

3.3. Modification of eutectic Si by Sc

Fig. 8 shows the morphology of eutectic Si in the as-cast sam-

ples after deep etching. In the Sc-free alloy, the eutectic Si

particles show a typical plate-shaped morphology. The size of

eutectic Si in the 2# specimen (Fig. 8(a)) is significantly smaller

than that of 8# specimen (Fig. 8 (b)), showing the strong influ-

ence of cooling rate on the size of eutectic Si particles.

As can be seen from Fig. 8 (c) and Fig. 8 (d), the morphology

of eutectic Si in Sc-added alloy has changed from the plate-
shaped into fibrous morphology, showing a similar modifica-

tion effect as Sr addition. This is in agreement with the ob-

servations by Xu et al. [24,28]. By comparing 2# specimen

(Fig. 8 (c), local cooling rate 6.9 K/s) with 8# specimen (Fig. 8 (d),

local cooling rate 2.4 K/s), one can also see the influence of

solidification cooling rate on the modification effect: the

higher the cooling rates the finer the eutectic Si fibers.

3.4. Mechanical properties

Fig. 9 (a) shows the tensile strain-tensile stress curves of

casting samples of different cooling rates for both Sc-free and

Sc-added alloys, with the measured yield strength presented

in Table 2. The measured ultimate tensile strength (UTS) and

elongation of different specimens as a function of cooling rate

has been summarized in Fig. 9(b) and (c), respectively. As a

general trend, UTS, yield strength and elongation of the Sc-

free alloy increase with increasing solidification cooling rate,

and the Sc-added alloy shows higher UTS and yield strength

than Sc-free alloy at all the experimental solidification cooling

rate conditions. More interestingly, the UTS, yield strength

and elongation of Sc-added alloy show much less sensitivity

to solidification cooling rate than the Sc-free alloy. More

https://doi.org/10.1016/j.jmrt.2023.08.227
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Fig. 8 e Morphology of eutectic Si in Sc-free alloy and Sc-added alloy: (a) 2# specimen (6.8 K/s) of Sc-free alloy; (b) 8#

specimen (1.8 K/s) of Sc-free alloy; (c) 2# specimen (6.9 K/s) of Sc-added alloy; (d) 8# specimen (2.4 K/s) of Sc-added alloy.

Fig. 9 eMechanical properties and elongation of Sc-free alloy and Sc-added alloy: (a) Engineering stressestrain curves of Sc-

free alloy and Sc-added alloy; (b) Ultimate tensile strength; (c) Elongation.

Table 2 e Yield strength of Sc-free alloy and Sc-added alloy.

Samples alloy 1# 2# 3# 4# 5# 6# 7# 8#

Yield strength (MPa) Sc-free 127.1 126.2 116.0 115.5 115.0 114.3 109.7 106.2

Sc-added 137.8 130.5 129.5 129.1 128.9 125.8 130.3 132.8
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specifically, when the local cooling rate is less than 2K/s

(Specimen 7 and 8), the Sc-free alloy shows substantially

lower strength (UTS <163 MPa) and elongation (<2.5%) than

those of high cooling rates (e.g., specimen 1). In contrast,

although the Sc-added alloys show an increase of UTS and

elongation at higher cooling rates, high elongation (~5%) and

high UTS (>185 MPa) can also be achieved in 7# and 8#

specimens.

Fig. 10 shows TEM images of the 8# tensile specimen of Sc-

added alloy. Surprisingly, a high density of nano-sized glob-

ular precipitates with diameter of about 10 nm can be

observed in the a-Al matrix. These small particles are identi-

fied as L12 structured Al3Sc particles by HRTEM image (Fig. 10

b) and fast Fourier transformation (FFT) analysis (Fig. 10 c).

The volume fraction of the Al3Sc precipitates is about 0.44%.

The general increase of yield strength and UTS of the

AleSieMg alloy at different cooling rate conditions by Sc-

addition should be partially attributed to the dispersion

strengthening effect by Al3Sc precipitates. It has been sug-

gested by many researchers that Al3Sc particles could act as

heterogeneous nucleation sites for Al grains during solidifi-

cation. However, such nano-sized Al3Sc particles are too small

to act nucleation sites for a-Al grains, as the free growth

undercooling for grain nucleation on these grains will be too

high to achieve during normal casting process. Instead, these

Al3Sc particles should have precipitated fromAlmatrix during

cooling process. Since the metal mold was pre-heated to

300 �C before casting, the wedge samples could stay for a
Fig. 10 e TEM observation of Al3Sc particles: (a) TEM image of A

(c) diffraction spot images; (d) interaction between Al3Sc and di
relatively long time at temperatures higher than 350 �C [41],

which was determined by experimental cooling curves to be

about 585 s. With the decrease of cooling rate, the time that

samples stayed at temperature higher than 350 �C gradually

increase. In other word, the decrease of cooling rate led that

samples have longer time to form more Al3Sc precipitates.

However, the decrease in cooling rate did not result in a sig-

nificant increase in grain size that is 20 mm and DAS (4 mm).

These are why the UTS and elongation decrease with the

increasing cooling rate for Sc-added alloy when cooling rate is

lower than 6 K/s.

Fig. 10(d) shows a bright-field TEM image including some

Al3Sc precipitates and dislocations. It can be seen that the

dislocations showed in Fig. 10(d) bypass rather than cross the

Al3Sc precipitates. Therefore, the strengthening mechanism

of Al3Sc belong to Orowan strengthening. The inability to be

sheared of Al3Sc and the strongly coherent between Al3Sc

and a-Al determine the excellent properties of Sc-added alloy

[42].

Fig. 11 shows two representative SEM images of fracture

morphology of 8# tensile specimens of both alloys. As can see,

both specimens show quasi-cleavage fracture topograph. The

cleavage facets are due to the brittle crack propagating along

AleSi eutectic structures. As a comparison, the cleavage facets

of Sc-added alloy are much smaller than those of Sc-free

sample, due to the refined eutectic Si crystals. Also, there

are more and deeper dimples in the Sc-added alloy, showing

that Sc addition has improved the ductility of the alloy.
l3Sc particles; (b) high-resolution image of Al3Sc;

slocation.
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Fig. 11 e Fractographs of the tensile specimen from as-cast: (a) 1# tensile specimen of Sc-free alloy; (b) 8# tensile specimen of

Sc-free alloy.
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4. Discussion

4.1. Grain refinement

The experimental results in the present work confirm the

strong grain refinement effect of Sc addition in AleSieMg

based foundry alloys. As a general trend, the grain refinement

effect increases with increasing cooling rate. It has to be

mentioned that the as-cast Sc-free reference alloy also shows

an equiaxed grain structure, though coarse. This should be

attributed to the high Ti content in the alloy, over the peri-

tectic content, 0.15 wt.%. As a result, the peritectic Al3Ti par-

ticles could form during solidification and act as nucleation

sites for Al grains. The coarse grain structure should be due to

the relatively low grain refinement potentials of Al3Ti parti-

cles. It has been shown by Liu et al. that even with an addition

of 1.5 wt.% Ti, as-cast A356 alloys still show a rather coarse

equiaxed grain structure [43].

It has been a topic of debate on the grain refinement

mechanism by Sc addition in AleSi based foundry alloys. In

AleSc binary alloys, it was shown that the Sc content has to be

higher than the eutectic point, 0.55 wt.%, in order to form L12
structured primary Al3Sc particles during solidification and

thus achieve significant grain refinement effect [35,36,44]. It

was also shown that an addition of Ti to AleSc alloy can

improve the nucleation efficiency by forming Al3(Sc, Ti) parti-

cles [44]. BothAl3Sc andAl3(Sc, Ti) primary particles showcube

shapes at low solidification cooling rates. In the present Sc-

added AleSieMgeTi alloy, the plate shaped Sc-containing

particles frequently observed in the center of Al grains are

determined to have a constitution close to (Al, Si)3(Sc, Ti) par-

ticles, which are suggested to have formed as the heteroge-

neous nucleation sites for Al grains. Their morphologies are

obviously different from those reported Al3(Sc, Ti) or Al3Sc

particle forming through the over eutectic reaction. It implies

that the formation of (Al, Si)3(Sc, Ti) particles is not due to the

sameover eutectic reaction. InAleSi based foundry alloys, due

to the high content of Si, the solidification path of Sc-added

A356 alloy is largely different from the AleSc or Al-Sc-Ti al-

loys. Basedon theAleSieMg-xScphasediagramscalculatedby

using CALPHADmethod, Lu et al. [6,27] suggested that AlSc2Si2
particles will form as a eutectic phase through a ternary

eutectic reaction or as a primary phase when the Sc content is
larger than the ternary eutectic point. However, this ternary

eutectic temperature is quite low, at about 570 �C. Evenat 1.0wt

% Sc content, the formation temperature of primaryAlSc2Si2 is

about 604 �C, which is much lower than the detected nucle-

ation temperature of Al grains in the present alloy, 611e614 �C.
It implies that AlSc2Si2 can not act as the nucleation site of Al

grains, although it was shown to have a coherent interface

with Al phase [27]. The different solidification and grain

refinement behavior in the present Sc-added alloy than the

previous Sc added A356 alloys may be due to the Ti content.

To understand the solidification path of the present alloy, a

phase diagram of Al-6.9Si-0.6Mg-0.25Ti-xSc has been calcu-

lated by Thermo-Calc, using TCAl8 data base. As can be seen

from Fig. 12, for the Sc-added experimental alloy, the primary

phase forming during solidification is Al3Ti phase at temper-

atures above the formation temperature of Al grains. At 595 �C,
AlSi3Ti2 could form in the liquid, after which AlSc2Si2 phase

will form as a product of hypereutectic reaction. Since AlSc2Si2
phase form at much lower temperatures than primary Al

phase, AlSc2Si2 particles should distribute within interden-

dritic regions of Al grains. The result is in agreement with

experiment result shown in Fig. 12. Instead, the heterogeneous

nucleation sites should be peritectic Al3Ti based phase, where

part of Ti atomsare replacedbyScatomswhilepart ofAl atoms

are substituted by Si atoms. According to the results of first-

principles calculation [45e47], Si atoms tend to substitute Al

sites in Al3Sc forming (Al, Si)3Sc due to the atomic radius of Si

atom is similar to that of Al atom. Similar phenomenon may

also occur in Al3Ti. Unfortunately, such (Al, Si)3(Ti, Sc) phase is

not included in the thermodynamic database. From the phase

diagram, we can also see that AlSi3Ti2 always form at tem-

peratures lower than Al phase, which explains why the

poisoning effect by Si on grain refinement effect could be

avoided in thepresentAleSieMgeTi alloys andSc-addedalloy.

4.2. Modification

In unmodified commercial AleSi foundry alloys, the eutectic

Si phase tends to form as coarse flake-shaped particles during

solidification. This can be attributed to the unavoidable im-

purity alloying element P in cast aluminium alloys. It has been

shown, even with a concentration of several ppm, P can

interact with Al forming AlP particles [48], which act as

nucleation sites for Si particles. As a consequence, Si phase
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Fig. 12 e The phase diagram of Al-6.9Si-0.6Mg-0.25Ti-xSc calculated by Thermo-Calc.

Fig. 13 e Yield strength vs. inverse square root of DAS

obtained from the tensile test of Sc-free alloy and Sc-added

alloy.
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will be the leading phase of AleSi eutectic growth. With a fast

faceted growth kinetics, the eutectic Si will grow into coarse

plates. This is exactly the case of the Sc-free alloy in the pre-

sent work. In the Sc-added alloy, the thermal analyses show

clearly that the Sc addition significantly reduces the eutectic

growth temperature. It can be safely suggested that Sc can

also react with P in the liquid, suppressing the formation of

AlP particles [49]. It has been found that Ca-addition has the

same effect in reducing the AleSi eutectic growth temperature

[50], However, different from Ca-addition which has only the

effect of refining the eutectic plates, Sc addition also changes

the eutectic Si into fibrous structure. It implies that Sc may

have the effect of enhancing the twinning of Si crystals,

similar to Sr modification. To verify this hypothesis, some

high-resolution TEM study on the eutectic Si particles is

necessary in the future work. It is worth of mentioning, the

modification effect by Sc addition in this work is different

from that reported in Al-xSi-xSc alloy by Lu et al. [6,27], where

the refinement of eutectic Si phase is attributed to the ternary

eutectic reaction. In thiswork, only limited amount of AlSc2Si2
phase could be detected.

4.3. Mechanical properties

Fig. 13 clearly shows that Sc-addition significantly improves

both the yield strength and UTS of AleSieMgeTi alloy in the

as-cast state. The yield strength increase can be attributed to

the precipitation of nano-sized Al3Sc particles, which provide

a dispersion hardening effect. Since Al3Sc precipitates could

precipitate in the as-cast state, it means that a relatively high

super-saturation of Sc in solid solution could be achieved in

the alloy during solidification. This is important for the cast-

ings which are supposed to be used in the as-cast state.
The almost linear increase of elongation of Sc-free alloy

with cooling rate could be attributed to the decrease of

dendrite arm spacing (DAS) of Al grains with increasing so-

lidification cooling rate. It is well known that the size and

morphology of AleSi eutectics have a strong influence on the

ductility of AleSi base foundry alloys. At higher solidification

cooling rate, finer eutectic Si plates and smaller lamellar

spacing can be achieved. At the same time, the size of eutectic

cells also decreases with decreasing with DAS due to the

constrain of Al dendrite arms. In contrast, the elongation of

Sc-added alloy does not show the monotonic decrease with

decreasing initial solidification cooling rate. Although due to

the strong ripening of dendrite arms at low solidification
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cooling rates the grains of 7# and 8# samples show relatively

large DAS, the two samples have a relatively high elongation

~4.9%. This should be attributed to the modification effect of

Sc on the eutectic Si particles.

According to HallePetch equation, the yield strength (s) of

alloys has a linear relationship to the inverse square root of

the grain size d, which has been well validated by many

different metallic materials. However, for AleSi based

foundry alloys the strength is more dependent of DAS than

grain size because there is a large fraction of eutectic Si

particles and intermetallic particles distributing in the

interdendritic regions. This has been proved by several

experimental studies [27,51,52] which showed that the yield

strength of hypoeutectic AleSi alloys is more relevant with

DAS than grain size according to HallePetch equation. So, we

have used the DAS instead of grain size for the d value in the

following equation, where s0 is yield strength of single

crystal and k a constant:

s¼s0 þ k
ffiffiffi

d2
p

Fig. 13 shows the relationship between DAS and yield

strength of Sc-free alloy and Sc-added alloy. As can be seen,

both alloys show linear relationship between the yield

strength and square root of DAS. However, the fitted s0 value

of Sc-added alloy (98 MPa) is obviously higher than that of Sc-

free alloy (83 MPa), which confirms the dispersion hardening

effect of nano-sized Al3Sc in the Sc-added alloy.
5. Conclusions

The effects of Sc on the as-cast microstructures and me-

chanical properties of Ale7Si-0.6Mg-0.25Ti alloy at different

cooling rates have been studied based on the wedge-shaped

casting test. The following conclusions can be drawn.

(1) A significant grain refinement effect has been achieved

in Ale7Si-0.6Mg-0.25Ti alloy by Sc addition. It is found

that the plate-shaped (Al, Si)3(Ti, Sc) particles that

formed as a peritectic reaction product have acted as

heterogeneous nucleation sites for a-Al grains during

solidification.

(2) The addition of Sc has a strong modification effect on

AleSi eutectics, changing the eutectic Si from plate

shape into fibrous morphology. The reason can be

attributed to the significantly reduced AleSi eutectic

growth temperature by Sc addition.

(3) The addition of Sc has shownstrong effects in improving

the strength and elongation of the alloy at all the exper-

imental solidification cooling rate conditions. More

importantly, Sc addition has significantly reduced the

strong sensitivity of the strength and ductility AleSieMg

foundry alloys to solidification cooling rate. Especially at

all the experimental cooling rates, the elongation of Sc-

added AleSieMg alloy is higher than 4.9%.

(4) Precipitation of high-density nano-sized Al3Sc pre-

cipitates has been observed in the Sc-added alloy in the

as-cast state, which contributes to the strength

improvement of the alloy.
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