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Abstract A356 with scandium (Sc) addition provides

interesting results beyond costs. For the practical use of Sc,

the effects of Sc on castability must be considered. Fluidity

and hot cracking are important factors defining the casta-

bility of aluminum casting alloys. In the present work, the

influence of Sc addition on the castability of A356

hypoeutectic Al–Si alloy was investigated, which was

evaluated through fluidity and hot cracking susceptibility.

The fluidity of the alloys was studied by measuring the

total volume of solidified aluminum in a multi-channel

mold. The hot cracking susceptibility of the alloys was

evaluated by using a constrained-rod casting mold test. The

results of the fluidity and hot cracking susceptibility test

were supported by microstructural analysis. The results

indicate that 0.2 wt% Sc addition significantly increases

the fluidity of A356 alloy, due to the grain refinement and

eutectic Si modification by changing the solidification

mode. However, the fluidity slightly decreases when the Sc

content increases to 0.4 wt% due to the formation of pri-

mary Al2Si2Sc intermetallic phase. The hot cracking of

A356 alloy was completely diminished when Sc was added

to the alloy.

Keywords Aluminum alloy � Castability �
Grain refinement � Modification � Scandium

1 Introduction

The castability of an alloy plays a key role for foundry

industries as it affects the quality and soundness of the

casting products. Two of the important castabilities inclu-

ded in this work are fluidity and hot cracking susceptibility.

The fluidity limits the castability of alloys and their final

properties, e.g., surface finish and minimum wall thickness.

The fluidity is typically defined as the length of the metal

flowing in a channel with a small cross-sectional area while

solidifying [1, 2]. Hot cracking or hot tearing is a common

and severe defect that occurs during solidification in alu-

minum alloy castings. The formation of hot cracking is

normally linked to insufficient melt feeding of solidifica-

tion shrinkage and thermal accumulation induced stresses

during solidification contraction. The hot cracking occurs

when the stress level exceeds the strength of the mushy and

not enough liquid metal is available to fill [1, 3, 4].

Alloying addition is one of the major factors that have

influences on the fluidity and hot cracking of aluminum

alloy castings [1, 5].

Many researchers have investigated the relationship

between grain refinement and fluidity. However, the effect

of grain refinement on fluidity is still unclear. Grain

refinement has often been reported to increase the fluidity

of aluminum alloy. It has been reported that the addition of

Al–5Ti–1B grain refiner into A356 alloy have resulted in

increased fluidity of the alloy [6, 7]. Some authors have

argued that grain refinement with grain refiners containing

Ti reduces the fluidity of aluminum alloy castings [8, 9].

Similarly, there is no consensus on the effect of modifiers

such as Sr and Na elements on fluidity. Kotte [10] reported

that both Sr and Na modifications reduces fluidity. Con-

trary to the abovementioned findings, the addition of Sr

modifier has been reported to increase the fluidity of alloy
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[11]. Moreover, other reports indicated that Sr and Na

modifiers does not significantly change the fluidity [12].

Many investigations have been conducted on the effects

of grain refinement on hot cracking. However, the results

are not consistent and are sometimes confusing. Easton

et al. [13] studied the effect of Ti addition on hot cracking

of aluminum alloy by measuring the load development in

the solidifying test bar. It has been concluded that grain

refinement decreases the hot cracking susceptibility

through changing the grain morphology from columnar to

equiaxed and reducing the grain size. However, Rosenberg

et al. [14] suggested that grain refinement does not have

any effect on hot cracking in their experiment. Further-

more, Warrington et al. [15] found that the alloy can still

have high hot cracking susceptibility even when a grain

refiner is added, depending on the amount of grain refiner

addition.

A356 aluminum alloy is extensively used in many

applications such as wheel rims and automotive engine

parts, aerospace aircraft fittings and control parts, aircraft

pump components. Its attractiveness is due to excellent

castability, high strength-to-weight ratio, and good corro-

sion resistance [16, 17]. The mechanical properties attain-

able in this alloy are controlled by the microstructure of the

alloys.

The well-known positive effects of Sc addition into

aluminum alloys have made it a promising candidate as a

chemical modifier in hypoeutectic Al–Si casting alloys.

There have been recent studies indicating that the addition

of 0.2–0.4 wt% Sc in hypoeutectic Al–Si casting alloy

have many benefits, i.e., refinement of a-Al dendrite grain

and secondary dendrite arm spacing (SDAS) [18–21],

modification of eutectic Si from a coarse plate-like struc-

ture to a fibrous structure [22, 23], and changing of iron-

rich intermetallic phase from needle-like (b-phase) into

Chinese script-like (a-phase), which reduces the harmful

effects of b-phase [24]. Additionally, from a previous work

[25], it has been found that Sc additions into A356 alloys

have resulted in decreased sizes and more dispersed

porosities across the samples.

Prior to the practical implementation of Sc as an

alloying element for aluminum alloy casting, there are

many factors that need to be studied, especially the casta-

bility. In a previous work [25], the effect of Sc on the

porosity formation of A356 alloy, i.e., one of the castability

phenomena, has been investigated. Prukkanon et al. [26]

presented the results of the effect of Sc on the fluidity of

A356 alloy by using a vacuum test. However, the fluidity

test by using a vacuum did not resemble the practical

casting. Moreover, we have not found any work on the

influence of Sc on hot cracking susceptibility. Thus, the

objective of the present study is to investigate the influence

of Sc additions on the castability, i.e., fluidity, by using a

multi-channel mold and hot cracking susceptibility of

hypoeutectic Al–Si alloys.

2 Experimental Procedure

2.1 Alloying and Casting

The A356 aluminum ingots with the approximate dimen-

sions of 60 9 630 9 35 mm3 used in this work were made

from primary aluminum to minimize any possible con-

tamination effects by trace elements. Individual ingot

weight was about 4 kg. These ingots were also prepared

from the same batch to minimize any undesired variations.

A master alloy of Al–2 wt% Sc was used to add minor Sc

to obtain various chemical compositions. The A356 based

alloy was melted in a silicon carbide crucible in a 12-kW

induction furnace. The melt was heated up to 800 �C
before the addition of Al–2 wt% Sc master alloy to obtain

the target compositions in each batch. Each molten alloy

taken from crucible was cast in a copper mold to obtain a

disk-shaped sample for chemical analysis by a spark

emission spectrometer. The chemical compositions are

shown in Table 1 (along with the alloy designations). After

the adjustment of chemical compositions, covering and

cleaning flux were used by approximately 0.5 wt% of the

alloy. The melt was degassed by purging argon through a

stainless-steel tube (6-mm inside diameter) with a flow rate

of 4 L/min at a pressure of 0.2 MPa for approximately

1 min in each experiment. The melt was then carefully

skimmed to remove dross and other impurities.

2.2 Fluidity Test

The fluidity test was done by using a multi-channel mold,

as illustrated in Fig. 1a. The mold design with multi-

channel difference in thickness was successfully used in

previous works [27, 28]. The mold was made from steel

with five channels of different thicknesses. The cross sec-

tion of the channel was rectangular. Each channel was

295 mm long and 15 mm wide, and the thickness of the

channel was either 2, 3, 5, 7, or 9 mm. The multi-channel

mold was pre-heated to 300 �C using a heater rod with

digital temperature controller. In addition, for better control

of the pouring height and pouring rate, a specially designed

mechanism was installed for the steel pouring cup and a

plug, which was preheated in a separate resistance furnace

at 650 �C. Approximately 695 g of molten aluminum was

poured into the pouring cup. The temperature of the melt

was measured using a K-type thermocouple to ensure that

the pouring temperature was stable at 750 �C for all

experiments. The experimental set up of the fluidity test is

shown in Fig. 2a. The fluidity was obtained by measuring
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the total volume of the solidified sample. The total volume

in the five channels has been calculated as follows [27]:

V ¼
X5

i¼1

Ai � Li ð1Þ

In Eq. 1, V is the total volume, Ai is the cross-sectional

area, and Li is the length of each strip. The total volume of

the solidified sample was measured from five tests for each

set of alloys. The results were averaged, and the standard

deviations were calculated.

Table 1 Chemical composition of the samples, as determined by emission spectrometry

Composition Element (wt%)

Si Mg Fe Sc Al

Unmodified A356 7.32 0.31 0.15 Nil Balance

A356 ? 0.2 wt% Sc 7.03 0.28 0.13 0.19 Balance

A356 ? 0.4 wt% Sc 7.25 0.21 0.13 0.36 Balance

Fig. 1 Illustrations of a the fluidity test mold, and b the hot cracking susceptibility test mold

Fig. 2 Experimental setups for a the fluidity test, and b the hot cracking susceptibility test
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2.3 Hot Cracking Test

The hot cracking was done by using a constrained-rod

casting (CRC) mold test developed by Pekguleryuz et al.

[29], as shown in Fig. 1b. The mold consisted of four rods

all with a diameter of 9.5 mm and with varying lengths of

51, 89, 127, and 165 mm. The rods were constrained at one

end by the sprue and were contained at the other end with a

ball of 19 mm diameter that acted as an anchor to restrain

the rod from free contraction during casting. The CRC

mold was preheated to 200 �C, and then approximately

500 g of the molten aluminum was poured into the pouring

cup. The temperatures of the melt were measured using a

K-type thermocouple to ensure that the pouring tempera-

tures were stable at either 750, 775 or 800 �C. The

experimental set up of the hot cracking susceptibility test is

shown in Fig. 2b. The hot cracking susceptibility (HCS) is

defined as follows [30]:

HCS ¼
X

wcrack � flength � flocation ð2Þ

In Eq. 2, wcrack is the maximum crack width measured

in mm, flength is the value of the rod length factor, which is

4 for the longest rod, 8 for the second longest rod, 16 for

the third longest rod, and 32 for the shortest rod, and

flocation is the value of the crack location factor, which is 1

for cracking at the sprue end, 2 at the ball end and 3 in the

middle of the rod. The determinations of the rod length

factor and the crack location factor are shown in Fig. 3.

2.4 Microstructural Observation

All optical/SEM/BSE micrographs were analyzed on

samples taken from the areas near an ingate of 9-mm thick

channel of the fluidity test mold, which have a large

enough area and complete availability for all sample

preparations. The obtained samples were subsequently

prepared by standard metallographic procedures with a

final polishing by a 0.05 lm colloidal silica suspension.

The samples were then etched with 0.5% HF-water solu-

tion. The microstructures from all samples were observed

using an optical microscope (OM) and scanning electron

microscope (SEM) equipped with an energy-dispersive

X-ray spectroscopy (EDS) detector and equipped with

EDAX_TSL EBSD hardware, together with the OIM_TSL

Collection 5.3 software for automated recognition and

indexing of electron backscatter diffraction analysis

(EBSD). Moreover, the samples were etched in Tucker’s

reagent (45 ml HCl, 15 ml HNO3, 15 ml HF, 25 ml H2O)

to highlight the grain boundaries, and then grain sizes were

measured by the linear intercept method with iSolution DT

image analysis software.

3 Results

A comparison of the average total volume of the various

alloys is shown in Fig. 4. It can be observed in Fig. 4 that

the first addition of 0.2 wt% Sc significantly improves the

average total volume of the solidified alloy compared to the

A356 based alloy, and that further increase in the Sc

content (0.4 wt%) slightly deteriorates the total fluidity

length and total volume of the solidified alloy. The best

fluidity is 90,216 mm3 (0.2 wt% Sc) where the average

total volume improves by 8.66% compared with the A356

base alloy.

Optical macrographs taken from the cross section of the

fluidity samples of A356 alloys without and with Sc

additions are shown in Fig. 5. Sc addition can significantly

reduce grain size in Al–Si alloys [21, 26]. In this study, we

have also found that the addition of 0.2 and 0.4 wt% Sc

reduces the grain size from 823 to 447 lm and to 490 lm,

respectively, as shown in Fig. 5a–c. Optical micrographs at

low magnification of the A356 based alloy (Fig. 5d) con-

tains coarse a-Al dendrite structures. The addition of Sc

changes this coarse a-Al dendrite structure to a finer den-

drites structure and more equiaxed structure as shown in

Fig. 5e, f. At high magnification, the A356 based alloy

(Fig. 5g) exhibits coarse plate-like eutectic Si morphology.

It can be seen that Sc alters the coarse plate-like mor-

phology to a fine fibrous eutectic Si morphology, as shown

in Fig. 5h, i. Thus, Sc refines the a-Al grain structure and

modifies the eutectic Si.
Fig. 3 Determining crack sensitivity from widths of cracks in CRC:

rod length factor and crack location factor
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BSE micrographs of the fluidity samples of A356 alloy

with 0.2 and 0.4 wt% Sc addition are shown in Fig. 6a, b,

respectively. It can be seen from Fig. 6a that the addition of

0.2 wt% Sc contributes to the formation of an intermetallic

phase in the eutectic region. The addition of 0.4 wt% Sc

further increases the amount of intermetallic phase

(Fig. 6b). Figure 7 shows SEM analysis of a eutectic

region in the 0.4 wt% Sc sample. The SE image in Fig. 7a

shows that the eutectic structure contains the intermetallic

phase. To identify the intermetallic phase, EDS mapping

and EDS point analysis have been performed on the

intermetallic particle, as shown in Fig. 7b–e. As shown in

the EDS analysis, the intermetallic particle contains Al, Si,

and Sc. Note that this intermetallic phase is a phase in the

Al–Si–Sc system [31, 32]. Figure 8 shows the optical

micrograph of the 0.4 wt% Sc sample. The micrograph

shows that the intermetallic phase is on the aluminum

dendrite. EBSD analysis has been carried out to confirm the

EDS results and to identify the Sc-containing intermetallic

phase in the Sc added samples, which is shown in Fig. 9.

Figure 9a is the Kikuchi pattern of the Sc-containing

intermetallic phase. Figure 9b is the pattern indexed as

tetragonal AlSi2Sc2 with the tP10-Si2U3-type structure

determined by Tyvanchuk et al. [33]. By combining the

EDS and EBSD results, it can be confirmed that the Sc-

containing phase is AlSi2Sc2 (s phase).

The hot cracking susceptibility indexes of A356 based

alloys with pouring temperatures of 750, 775, and 800 �C

are 12.46, 12.70, and 12.71, respectively. The hot cracking

does not occur at all in the A356 alloys with Sc additions.

The macrograph and SEM micrograph of the hot cracking

surfaces of the A356 based alloy are shown in Fig. 10a, b,

respectively. The SEM micrograph exhibits that the hot

cracking of the A356 alloy apparently propagates through

the dendrite structure.

4 Discussion

4.1 Fluidity

Grain refinement is one of the major factors influencing the

fluidity of an alloy. Many studies have reported the rela-

tionship between fluidity and grain size. Dahle et al. [7]

observed a variation in fluidity with Al–5Ti–1B addition in

A356 alloy. They found that the fluidity was reduced with

Ti addition below 0.12 wt%, while the fluidity was

increased with Ti additions above 0.12 wt%. Kwon et al.

[6] reported that the addition of Ti and Al–5Ti–1B sig-

nificantly increased the fluidity of A356 alloy.

The results in Fig. 4 show that the addition of 0.2 wt%

Sc increases the fluidity of the A356 alloy, due to the a-Al
grain refinement, as shown in Fig. 5. The results are similar

to a previous work by Prukkanon et al. [26]. It is also found

that the addition of Sc to hypoeutectic Al–Si alloy signif-

icantly reduces the a-Al grain size and increases the

Fig. 4 Total volume of fluidity samples
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fluidity in the vacuum fluidity test. In this study, with the

addition of 0.2 wt% Sc in A356 alloy, the grains are

remarkably refined. Therefore, it can be concluded that the

significant improvement of fluidity is closely related to the

refinement of grains.

There are general explanations for the relationship

between fluidity and grain refinement in terms of dendrite

coherency point. The dendrite coherency point is referred

to as the point where individual dendrites first impinge

upon their neighbors in the solidification process of the

Fig. 5 Optical macrographs and micrographs taken from the cross-section of the fluidity samples of A356 alloys without and with Sc additions.

Macrographs of a A356, b 0.2 wt% Sc, and c 0.4 wt% Sc. Micrographs at low magnification d A356, e 0.2 wt% Sc, and f 0.4 wt% Sc.

Micrographs at high magnification g A356, h 0.2 wt% Sc, and i 0.4 wt% Sc

Fig. 6 BSE micrographs of a 0.2 wt% Sc alloy, and b 0.4 wt% Sc alloy with the presence of s phase
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alloy [34]. Malekan et al. [35] reported that the addition of

Al–5Ti–1B grain refiner can increase the temperature

interval of coherency, coherency fraction solid, and

coherency time. Grain refinement postpones the dendrite

coherency, so dendrites become coherent later. Thus, late

dendrite coherency allows more time for fluid flow and

hence increases the fluidity. However, the effect of grain

refinement on the fluidity of Al-based alloys depends on

many factors, i.e., type and amount of grain refiner, alloy

compositions, holding time and temperature in the furnace

[5, 36, 37].

Dahle et al. [38] reported that the addition of Sr to

hypoeutectic Al–Si alloy for eutectic Si modification

delays coherency to higher solid fraction. Çolak et al. [28]

also found that Sr modification increases the fluidity of

A356 alloy. In contrast, it has been found that the addition

of both Sr and Na modifies the eutectic Si and reduces

fluidity [10, 39]. In this work, the addition of Sc in Al–Si

hypoeutectic alloys can achieve modification of eutectic Si

from coarse plate-like morphology to fine fibrous mor-

phology, as shown in Fig. 5d–f. We have found that Sc

addition affects the fluidity of the A356 alloys. Both Sc

additions at 0.2 and 0.4 wt% improve the fluidity of A356

alloys (Fig. 4).

Pandee et al. [40] reported that the addition of Sc

changes the eutectic solidification mode from growth of

numerous Si particles near primary Al dendrite tips dis-

tributed throughout the sample to growth of a well-defined

eutectic front growing from the mold walls opposite to the

thermal gradient. High fluidity is generally found to be

related to the solidification mechanism, wherein solidifi-

cation occurs by the plane interface from the mold wall [5].

The solidification of eutectic Si from the mold wall may

lead to the higher fluidity length, due to a possible delay in

the formation of a coherent network of eutectic.

The Sc added into hypoeutectic Al–Si alloys alter the

binary eutectic L ? Al ? Si reaction to a ternary eutectic

L ? Al ? AlSi2Sc2 ? Si reaction [40], as shown in

Fig. 6. The Al-rich corner side of the Al–Si–Sc ternary

phase diagram is shown in Fig. 11 [32, 40]. The addition of

0.4 wt% Sc leads to more Sc-containing intermetallic

phase formation. Moreover, at 0.4 wt% Sc, the Sc-con-

taining intermetallic phase formed in the alloys is AlSi2Sc2

Fig. 7 SE micrographs and EDS analysis of the AlSi2Sc2 phase in eutectic region: a SE image, EDS mapping, b Al, c Si, and d Sc and e EDS
point

Fig. 8 Optical micrograph of 0.4 wt% Sc sample
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which grow in the Al–AlSi2Sc eutectic prior to the main Si-

containing eutectic, as shown in Fig. 8. The fluidity of

0.4 wt% Sc alloys slightly decreases, as shown in Fig. 4. It

should be noted that further increasing the Sc addition (at

0.4 wt% Sc) dramatically increases the amount of high

melting point AlSi2Sc intermetallic compounds (Figs. 6, 7,

8). These solid particles are believed to increase the vis-

cosity of the melt and thus decrease the flowability and

feeding ability of liquid aluminum. Moreover, AlSi2Sc2
intermetallics, which grow in the Al–AlSi2Sc eutectic,

restrict liquid feeding; therefore, the decrease of fluidity in

0.4 wt% Sc alloys is attributed to the presence of large

AlSi2Sc2 intermetallics.

Figure 12 is a schematic representation of microstruc-

ture formation in A356 alloys with and without Sc addi-

tions in the fluidity test. During solidification of A356

based alloy, the large dendrites formed in earlier coherency

and the numerous Al–Si eutectic grains grow throughout

the sample (Fig. 12a); this can lead to problems in the

filling of thin sections. In the alloy with 0.2 wt% Sc

addition (Fig. 12b), the smaller dendrites formed in later

Fig. 9 EBSD patterns: a indexed Kikuchi pattern of the AlSi2Sc2 phase, and b identification of Kikuchi lines

Fig. 10 Hot cracking surfaces of A356 based alloy: a macrograph, and b SEM micrograph

Fig. 11 The Al corner of the Al–Si–Sc phase diagram.Reproduced

with permission from Pandee et al. [40]
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coherency and the eutectic silicon grow from the mold

walls toward the center of the samples. This can improve

the fluidity of the alloy; however, the addition of a high

level of Sc leads to the formation of large AlSi2Sc2 inter-

metallics (Fig. 12c), which can then restrict liquid feeding,

thus reducing the fluidity of the alloy.

4.2 Hot Cracking

Hot cracking normally occurs at hot spot areas of castings

where the strain resulting from solidification contraction is

concentrated and the contraction of a solidifying casting is

restrained by the mold. The influencing factors on hot

cracking are very complex and many mechanisms have

been proposed [4, 41]. Generally, grain refining is a major

practice for reducing the hot crack susceptibility. The grain

refinement reduces segregation, and thus decreases the

effective freezing temperature range and the hot cracking

tendency [42]. It is well accepted that the coherency tem-

perature range between the dendrite coherency point and

the end of solidification is closely related to hot tearing,

i.e., a small coherency temperature range reduces hot

cracking susceptibility [4]. In this work, we have found that

the addition of Sc results in a remarkable refinement of

grains, especially the occurrence of columnar equiaxed

transition. The finer grain structure reduces the effective

freezing range, and postpones the grain coherency and

consequently enhances the feeding ability of the melt,

which are the key for controlling hot cracking. Thus, hot

cracking is not found in the samples with Sc addition.

Sr modifier has been reported to increase the HCS of

aluminum alloy, due to the formation of strontium oxide

particles, which may act as hot cracking crack initiators

[43]. Knuutinen et al. [44] reported that the addition of Ca

modifier reduces the hot cracking of Al–Si casting alloy.

Nogita et al. [45] suggested that the modification of

eutectic Si with Ca causes the solidification of eutectic to

evolve from the surface of the casting towards the center of

the sample. Such an eutectic solidification mode is

expected to reduce the hot cracking of the alloy. The

solidification of eutectic with Ca addition has a very similar

behavior to that of Sc addition. Sc modifies the eutectic Si

by changing the solidification mode from numerous Si

particles near primary Al dendrite tips to growth from the

mold walls, which improves the feeding ability of the alloy

resulting in reduced hot cracking susceptibility of the alloy.

Figure 13 is a schematic representation of microstruc-

ture formation in A356 alloys with and without Sc addi-

tions in CRC mold. During solidification of A356 based

alloy, the numerous Al–Si eutectic grains grow throughout

the sample (Fig. 13a). In alloy with Sc addition (Fig. 13b),

the eutectic silicon grows from the mold walls toward the

center of the samples, which may reduce the hot cracking

of the A356 alloy.

The results show that hot cracking susceptibility indexes

of A356 slightly increases with increasing pouring

Fig. 12 Schematic illustrations of fluidity at the stage of eutectic solidification: a unmodified, b 0.2 wt% Sc modified, and c 0.4 wt% Sc

modified
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temperature. The effect of pouring temperature or super-

heat temperature on hot cracking has been previously

reported. Li et al. [46] showed that the hot cracking in Al–

Cu alloy increases with increasing pouring temperature.

The similar results in Mg alloys are also observed [47].

Two mechanisms may be used to explain the increasing hot

cracking with increased pouring temperature [46, 47]. First,

the melt solidifies with a lower cooling rate; then the grain

size becomes larger at an increasing pouring temperature.

Subsequently, large grains cause the stress concentration

built up. The other possible mechanism is that, the

increasing pouring temperature increases the liquid film

thickness between grains and thus weakens the coherence

among grains, which later leads to higher possibility for hot

cracking.

5 Conclusions

The castability of A356 alloys with Sc additions was

investigated. The a-Al grain refinement and the modifica-

tion of eutectic Si morphology from coarse plate-like to

fine fibrous by the Sc addition also possibly increased the

fluidity. The total volume improved approximately 8.66%

at 0.2 wt% Sc modification compared with A356 base

alloy. However, there was a slight decrease in the fluidity

of alloy with 0.4 wt% Sc addition, which was probably due

to the formation of a large amount of AlSi2Sc2 inter-

metallic in the Al–AlSi2Sc2 eutectic and AlSi2Sc2 inter-

metallic in the Al–AlSi2Sc2–Si eutectic. The hot cracking

of the A356 alloy was completely diminished when Sc was

added to the alloy. It was suggested that a combined effect

of grain refinement and changing of eutectic solidification

mode was responsible for the reduction of hot cracking

susceptibility.
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