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Abstract: The microstructure evolution and mechanical properties of hypereutectic Al-20Si alloy containing rare earth Yb and 

Al-5Ti-1B refiner were investigated. The microstructures of the samples were characterized by optical microscopy, scanning 

electron microscopy, and electron probe microanalysis. Microstructural analysis demonstrates that the primary Si is significantly 

refined from a coarse polygonal, platelet-like or star-like shape into a fine blocky shape; the eutectic Si structure is modified from a 

coarse platelet-like/needle-like structure into fine particles or a fibrous structure; and the coarse α-Al dendrites are refined into fine 

equiaxed dendrites after addition mass fraction of 0.5% Yb and 0.3% Al-5Ti-1B complex. However, the primary and eutectic Si 

phases become coarser when the content of Al-5Ti-1B refiner reaches 0.4%. The mechanical properties of the Al-20Si alloy with 

different modifiers and different modifier concentrations were investigated by the tensile test. The results show that after combined 

addition of 0.5% Yb and 0.3% Al-5Ti-B the ultimate tensile strength and elongation of the prepared sample increase by 83.7% and 

92.1%, respectively. 
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With high fluidity, good wear and corrosion resistance, 

good thermal conductivity, low thermal expansion coefficient, 

and high strength to weight ratio, aluminum-silicon (Al-Si) 

alloys have been extensively employed in aerospace, auto- 

motive, and general engineering industries

[1-5]

. Recently, with 

increasing demand for light vehicles featuring improved fuel 

efficiency and reduced greenhouse gas emissions, hypereu- 

tectic Al-Si alloys have been widely recognized as attractive 

candidate materials for automotive piston manufacturing 

owing to them being lightweight and having good wear 

resistance

[6,7]

. It is well known that hypereutectic Al-Si alloys 

consist of primary Si phases, α-Al, and eutectic Si. Si is a 

faceted phase; therefore, the primary Si phases are usually of a 

coarse, irregular star-like (five-folded), plate-like, or poly- 

gonal morphology, whereas the eutectic Si phases normally 

grow into coarse acicular/flake morphology during the 

conventional casting process of hypereutectic Al-Si alloys. 

Previous studies have shown that the size, morphology, and 

distribution of primary and eutectic Si phases play an important 

role in determining the mechanical properties and wear 

behaviors of hypereutectic Al-Si alloys

[8,9]

. The coarse primary 

Si and acicular Si act as premature crack initiators that lead to 

weakened mechanical properties and inferior sliding wear 

[10]

. 

Thus, uniformly-distributed primary Si and fine eutectic Si 

phases need to be formed to improve the mechanical and 

tribological properties of hypereutectic Al-Si alloys. 

Considerable efforts have been made to modify the primary 

and eutectic Si phases in hypereutectic Al-Si alloys. Refine- 

ment of Si phases can be achieved by different techniques 

such as chemical modification

[11]

, melt superheating treat- 
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ment

[12]

, outfield treatment

[13]

, rapid solidification

[14]

, and 

spray forming

[15]

. Chemical modification via the addition of 

modifiers or nucleation agents has been widely used during 

the conventional casting process of Al-Si alloys because of its 

high effectiveness and simplicity. Elemental strontium and 

sodium have gained popularity as efficient modifiers in the 

modification of hypereutectic and eutectic Al-Si alloys

[16,17]

, 

and can change the morphology of eutectic Si from a coarse 

needle-like/flake-like structure to a fine coral fibrous structure. 

In addition, it has been reported in published literature

[18-20]

 

that the primary Si crystals could be effectively refined after 

red phosphorous, phosphate salt, Al-P, or Cu-P master alloy 

were added to the hypereutectic Al-Si alloy melt. Researchers 

believe that AlP particles could act as the heterogeneous 

nuclei of primary Si crystals during solidification due to their 

similar crystal structure and lattice parameters to Si

[21]

. 

Moreover, Zuo et al

[22]

 found that the combined addition of P 

and Sr could simultaneously refine and modify primary and 

eutectic Si of hypereutectic Al-30Si alloy at a melting 

temperature of 770 °C. 

Recently, the effects of rare earth elements on the 

morphology and size of Si phases of Al-Si alloys have been 

investigated. The author found that rare earth Ce or Er had a 

good modification effect on primary and eutectic Si phases 

and improved the mechanical properties of the hypereutectic 

Al-20Si alloy. Chang et al

[23,24] 

showed that mischmetal could 

simultaneously refine the primary and eutectic Si phases of 

hypereutectic Al-21%Si alloy. Fatih Kilicaslan et al

[25]

 stated 

that Sc refined the size of the primary and eutectic Si of 

Al-20Si alloy, but did not significantly change their 

morphologies. In addition, rare earth elements can effectively 

modify eutectic Si in Al-Si alloys, such as Yb

[25]

, La

[26]

, Eu

[27]

, 

Gd

[28]

, and Sm

[29]

. Yu et al

[30]

 reported that the coupling of AlP 

and Al

4

C

3

 particles could remarkably improve the 

modification efficiency of primary Si. Prasada Rao et al

[31]

 

reported that the combined addition of Al-Ti-C and Sr 

significantly refined the α-Al and eutectic Si structure in the 

Al-7Si-0.3Mg alloy. Liao et al

[32]

 stated that the combined 

addition of strontium and boron led to a much greater decrease 

in the eutectic grain size of near-eutectic Al-Si alloys compared 

with that caused by the addition of strontium alone. 

Furthermore, the addition of Al-P-Ti-TiC-Nd refiner not only 

modified eutectic Si but also refined primary Si in hypereutectic 

Al-20Si alloy, and achieved a much finer size of Si phases 

compared with the addition of Al-P-Ti-TiC refiner

[33]

. Recently, 

Liu et al

[34]

 showed that the separate addition of Gd or Zr had 

almost no effect on the modification of eutectic Si, whereas 

the combined addition of Gd and Zr significantly refined the 

eutectic Si and changed its morphology. Thus, the combined 

addition of modifiers has a much better modification effect 

than the separate addition of modifiers. 

Previous studies have discussed the effect of rare earth Yb 

or Al-Ti-B/Al-Ti-C master alloy on eutectic Si and α-Al in 

Al-Si casting alloys. However, the synergistic effect of Yb and 

Al-Ti-B on the microstructure and mechanical properties in 

hypereutectic Al-Si alloy has not been reported to date. In the 

present study, the effects of Yb and Al-Ti-B complex 

modification on the microstructure and mechanical properties 

of Al-20Si alloy were investigated, and the mechanism of 

modification was discussed. 

1  Experiment 

Commercial hypereutectic Al-20%Si (all percentages are 

wt% unless otherwise stated) alloy was melted in a 

clay-bonded graphite crucible in an electrical resistance 

furnace at 750 °C for 30 min. First, 0.5% Yb was added to the 

melt, wrapped in aluminum foil, and stirred for 10 min to 

ensure homogeneity of composition. Next, various contents of 

Al-5Ti-1B master alloys were added to the Al-20Si-0.5Yb 

alloy melt, with a nominal addition mass fraction of 0.1%, 

0.2%, 0.3% and 0.4%. Finally, the melting was degassed using 

a commercial degasser of solid hexachloroethane (C

2

Cl

6

). 

After the melt slag was skimmed, the melt was poured into a 

200 °C preheated permanent steel mold (20 mm inner 

diameter and 100 mm length) and heated to 720 °C. The 

samples were prepared according to standard metallographic 

procedures and then etched using Keller’s reagent (2.5 mL 

HNO

3

, 1.5 mL HCl, 1 mL HF, and 95 mL H

2

O). The micro- 

structures of the samples were characterized using scanning 

electron microscopy (SEM), optical microscopy, and electron 

probe microanalysis (EPMA). Image Pro-Plus software was 

used to measure the average size of the primary Si crystals. To 

reveal the three-dimensional (3D) morphology of the eutectic 

Si structure, Si particles were extracted from the solidified 

samples with the different modifiers. Tensile specimens were 

machined according to the GB/T228-2002 standard with 

dimensions of 25 mm in length and 5 mm in diameter. The 

mechanical properties of the Al-20Si alloy with the separate 

addition of a modifier or the combined addition of multiple 

modifiers were measured at room temperature (25~30 °C) 

with the material test system (AG-10TA). The fracture 

surfaces of the tensile specimens were also examined by SEM 

to evaluate the fracture mechanism. 

2  Results and Discussion 

2.1  Analysis of microstructure 

The influence of Yb and Al-5Ti-1B complex modification 

on the microstructural evolution of hypereutectic Al-20Si 

alloy was investigated. Micrographs in Fig.1 show the mor- 

phology and size of the primary and eutectic Si of the 

unmodified Al-20Si alloy. Fig.1a shows that the morphology 

of the primary Si phase is a coarse and irregular platelet, 

polygon or star-like shape, and the average size is approxi- 

mately 158 µm. As illustrated in Fig.1b, the eutectic Si 

crystals are distributed in the metal matrix in the form of 

coarse needles/platelets. Fig.2 indicates the microstructure of 
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Fig.1  Micrographs of unmodified hypereutectic Al-20Si alloy: 

(a) primary Si and (b) eutectic Si 

 

 

 

 

 

 

 

 

 

Fig.2  SEM micrographs of hypereutectic Al-20Si alloy modified 

with 0.5% Yb: (a) primary Si and (b) eutectic Si 

 

Al-20Si modified with 0.5% Yb. Compared with the unmodi- 

fied samples, the coarse star-shaped and plate-like primary Si 

is refined into a fine blocky shape, and the average size of the 

primary Si decreases to 47 µm, as shown in Fig.2a. Moreover, 

Fig.2b clearly shows that the size of the eutectic Si drastically 

decreases and the morphology of the eutectic Si is modified 

into fine branched and granular structures. Fig.3 shows the 

microstructures of the primary Si phases of the Al-20Si alloys 

modified with the Al-5Ti-1B master alloy (the addition 

content is 0.1%, 0.2%, 0.3%, and 0.4%). As shown in 

Fig.3a~3d, the morphologies of the primary Si phases do not 

significantly change, which is different from what was 

observed in the unmodified alloy (Fig.1a); the mean size of 

the primary Si decreases from 158 µm to 97 µm as the addition 

amount of Al-5Ti-1B increases from 0.1% to 0.3%. However, 

the size of the primary Si becomes coarser when the addition 

amount of the Al-5Ti-1B refiner reaches 0.4%. Fig.4 shows the 

microstructures of the eutectic Si phase of Al-20Si alloys 

modified with 0.1%, 0.2%, 0.3% and 0.4% Al-5Ti-1B. The size 

and interflake spacing of the eutectic Si remarkably decrease 

with the increase in addition amount. However, the morphology 

of the eutectic Si structure is still lamellar, as shown in 

Fig.4a~4d. Moreover, the eutectic Si structure does not further 

change when the addition content of Al-5Ti-1B reaches 0.4%. 

To investigate the effect of Yb and Al-5Ti-1B complex 

modification on the morphology and size of primary and 

eutectic Si phases, different concentrations (0.1%, 0.2%, 0.3%, 

and 0.4%) of Al-5Ti-1B were added to the Al-20Si alloy 

containing 0.5% Yb. The SEM images of the primary Si 

phases modified with the different contents of Al-5Ti-1B refiner 

are shown in Fig.5. Comparing the size and distribution of the 

primary Si phases with combined addition and separate addition 

of 0.5% Yb (Fig.2a), it is found the complex modification of 

Yb and Al-5Ti-1B has a greater effect on the size and 

distribution of the primary Si phases (Fig.5). Primary Si 

phases are effectively refined and homogeneously distributed 

in the (α-Al+Si) eutectic matrix as the addition content of the 

Al-5Ti-1B refiner increases from 0.1% to 0.3% (Fig.5a~5c). 

However, the primary Si crystals do not further refine when 

the addition concentration of Al-5Ti-1B reaches 0.4% (Fig.5d). 

Fig.5e shows the 3D morphology of the primary Si particles 

extracted from the Al-20Si alloy containing 0.5% Yb and 

0.3% Al-5Ti-1B. The primary Si particles are shown to be of a 

regular octahedron shape and no significant hollows appear on 

the surface of the Si particles (Fig.5e). Fig.6 shows the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  SEM micrographs of the primary Si phases of hypereutectic 

Al-20Si alloy modified with 0.1% Al-5Ti-1B (a), 0.2% 

Al-5Ti-1B (b), 0.3% Al-5Ti-1B (c), and 0.4% Al-5Ti-1B (d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Eutectic Si structural characteristics of Al-20Si alloy modified 

with 0.1% Al-5Ti-1B (a), 0.2% Al-5Ti-1B (b), 0.3% 

Al-5Ti-1B (c), and 0.4% Al-5Ti-1B (d) 
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Fig.5  SEM images of the primary Si phases of hypereutectic Al-20Si-0.5Yb modified with 0.1% Al-5Ti-1B (a), 0.2% Al-5Ti-1B (b), 0.3% 

Al-5Ti-1B (c) and 0.4% Al-5Ti-1B (d); 3D morphology of primary Si particles extracted from Fig.5c (e) 

 

modification effect of Al-5Ti-1B on the mean size of the 

primary Si of the Al-20Si-0.5Yb alloy. The average size of the 

primary Si phase gradually decreases from 47 µm to 28 µm 

with the increasing content of the Al-5Ti-1B refiner from 

0.1% to 0.3%. When the content of the Al-5Ti-1B increases to 

0.4%, the average size of the primary Si particles increases to 

34 µm, which is still smaller than that of the Al-20Si-0.5Yb 

alloy modified with 0.2% Al-5Ti-1B (Fig.6). 

The effect of Yb and Al-5Ti-1B complex modification on 

the eutectic Si structure is shown in Fig.7. By comparing 

Fig.2b with Fig.7a~7c, it can be observed that the complex 

modification treatment has a more significant effect on the 

eutectic Si structure than the modification effect by the 

separate addition of the Yb or Al-5Ti-1B master alloy. The 

size of the eutectic Si structure of the Al-20Si-0.5Yb alloy 

dramatically decreases with the increase of the addition 

content of the Al-5Ti-1B refiner. Moreover, the morphology of 

the eutectic Si is mainly present in the form of fine particles 

and fiber (Fig.7a~7c). By comparing Fig.7c with Fig.7d, no 

significant change appears in the size and morphology of the 

eutectic Si structure when the addition content of Al-5Ti-1B 

refiner reaches 0.4%, but it rather remains in granular and 

fibrous form. This result is in agreement with the above 

discussions on the refinement of the primary Si phases. A 

higher level than optimum content results in an over-modified 

structure characterized by a coarse microstructure. A previous 

study showed that the addition quantity of modifiers or 

refiners beyond a certain level would no longer lead to further 

structural refinement although more nucleation agents would 

be provided

[35]

. This is because releasing latent heat produces 

recalescence, thus leading to less undercooling. In addition, 

the aggregation probability of nucleation particles might 

increase with the addition amount of the inoculants. To further 

investigate the morphological evolution, SEM characterization 

was performed to characterize the 3D morphology of the 

eutectic Si structure extracted from the Al-20Si alloy 

containing 0.5% Yb and various contents of Al-5Ti-1B (Fig.8). 

The morphology of eutectic Si changes from a coarse 

platelet-like to a fine coral-like fibrous structure and the size 

remarkably decreases with the increase of the addition amount 

of the Al-5Ti-1B refiner.  

To explain the formation mechanism of the coarse Si 

crystals and the modification mechanism of the Si crystals, the 

twin plane re-entrant angle edge (TPRE) mechanism and the 

impurity induced twinning (IIT) mechanism were proposed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Average size of the primary Si in the Al-20Si-0.5Yb alloy 

after combined addition of Yb and Al-5Ti-1B 
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Fig.7  SEM micrographs of the eutectic Si of hypereutectic Al-20Si-0.5Yb alloy modified with 0.1% Al-5Ti-1B (a), 

0.2% Al-5Ti-1B (b), 0.3% Al-5Ti-1B (c), and 0.4% Al-5Ti-1B (d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  3D morphologies of eutectic Si structure of Al-20Si alloy after the combined addition of Yb and Al-5Ti-1B: (a) without any addition, (b) with 

addition of 0.5% Yb+0.1% Al-5Ti-1B, (c) with addition of 0.5% Yb+0.2% Al-5Ti-1B, (d) with addition of 0.5% Yb+0.3% Al-5Ti-1B, and 

(e) with addition of 0.5% Yb+0.4% Al-5Ti-1B 

 

According to the TPRE mechanism, Si growth occurs more 

readily at the re-entrant edge along the <112>Si growth 

direction of Si

[36]

. According to the IIT mechanism, the atoms 

of the modifier are absorbed on the growing {111}

Si

 steps, 

which causes frequent multiple Si twins. The mechanism 

indicates that the atoms of the modifier are absorbed into the 

growth steps of the Si solid-liquid interface, which alters the 

Si growth mode from facet growth to non-facet growth, 

resulting in the refinement of Si crystals. Lu and Hellawell

[37]

 

proposed that a growth twin would be created at the interface 
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when there was an ideal ratio between the atomic radius of the 

adsorption elements and the radius of silicon close to 1.646. 

The result shows that the elements of modification are more 

easily absorbed at ledges on the growing {111}

Si

 surface 

changing the stacking sequence when the atomic radius ration 

is close to 1.65. The atomic radius of Yb is 0.24 nm and that 

of Si element is 0.146 nm; therefore, the r

Yb

/r

Si

 ratio is 1.644, 

which is very close to the ideal ratio of 1.646. As well known, 

rare earth Yb is one type of surface active elements. The 

atoms of Yb can be absorbed onto growth front and effectively 

poison the growth steps inducing the higher twin density, which 

results in the isotropic growth of eutectic Si during the 

solidification. However, it has been reported that the atomic 

radius ration is not only a universal law that the elements can 

induce frequent twinning

[24,38]

. 

Fig.9 shows the optical micrographs of hypereutectic 

Al-20Si alloy modified with 0.5% Yb and various concen- 

trations of Al-5Ti-1B refiner. The α-Al phases are the typical 

dendrites. It can be seen from circles in Fig.9a that the α-Al 

phases in the unmodified Al-20Si alloy are coarse dendrites, 

and the size is about 600 µm. In addition, it is difficult to 

differentiate grain boundary of α-Al dendrites and there is no 

apparent the secondary dendrite arm (SDA). However, the 

boundaries between the α-Al dendrites and eutectic Si are 

clear and the size of the α-Al dendrites significantly decrease 

when 0.5% Yb is added to the Al-20Si alloy (Fig.9b). 

Fig.9c~9e show a significant refinement of α-Al dendrites in 

the Al-20Si-0.5Yb alloy as the addition content of Al-5Ti-1B 

increases from 0.1% to 0.4%. The coarse α-Al dendrites turn 

into fine equiaxed dendrites in the red circles of Fig.9e, and 

the size is about 100 µm. Besides, the secondary dendrite arm 

spacing (SDAS) significantly decreases with the increasing of 

addition concentration of Al-5Ti-1B master alloy, as shown in 

Fig.9. The result shows that the Al-5Ti-1B refiner can not only 

effectively refine wrought aluminum alloys, but also 

significantly refine the α-Al dendrites of the Al-20Si alloy. 

Fig.10 shows the typical results of the EPMA analysis of 

the Al-20Si-0.5Yb alloy with the addition of 0.3% Al-5Ti-1B 

refiner. The compositional distribution is illustrated by the 

X-ray mapping of elements Al, Si, Yb, Ti, and B of the 

Al-20Si alloy with the combined addition of Yb and 

Al-5Ti-1B. Fig.11 shows the element distribution along line 

A-B. During the solidification process, part of Yb is rejected 

to the front of the advancing solid-liquid interface and the 

Yb-containing phase forms because Yb has a very limited 

solubility in Al and Si. Fig.10 and Fig.11a show that the 

Yb-contained phase consists of elements Al, Yb, and Si. Li et 

al

[39]

 observed the formation of the Al

2

Si

2

Yb phase when  

0.1% Yb was added to the Al-5Si alloy, which resulted in an 

intensive constitutional undercooling in the front of the 

solid-liquid interface. In addition, the previous literature

[24]

 has 

pointed that the undercooling increases because of reduction 

of nucleation with increasing the Yb concentration in Al-7Si 

alloy. Hence, the Si phases could be significantly refined due 

to restricting the growth of the Si phases. A minor addition of 

Ti (0.3% Al-5Ti-1B) could lead to the formation of AlTiSi 

particles distributed in the core of the primary Si and in α-Al 

matrix (Fig.10 and Fig.11b). Moreover, Ghomashchi

[40]

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Optical micrographs of hypereutectic Al-20%Si alloy after the combined addition of Yb and Al-5Ti-1B: (a) without any addition, (b) with 

addition of 0.5% Yb+0.1% Al-5Ti-1B, (c) with addition of 0.5% Yb+0.2% Al-5Ti-1B, (d) with addition of 0.5% Yb+0.3% Al-5Ti-1B, and 

(e) with addition of 0.5% Yb+0.4% Al-5Ti-1B 
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Fig.10  Backscattered electron image (a) and mapping analysis of Al-20Si-0.5Yb alloy with the addition of 0.3% Al-5Ti-1B by EPMA: (b) Al,  

(c) Ti, (d) Si, (e) B, and (f) Yb 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  Line scanning of elements along the A-B line in Yb and Ti mapping image: (a) across Yb-containing particles and (b) across Ti-containing particle 

 

reported that Ti-added A356 alloy formed AlTiSi particles, 

particularly when the Ti concentration was less than 0.15%, 

and presented two possible orientation relationships between 

AlTiSi particles and Al, as shown below: 

(002)Al//(020)AlTiSi, [001]Al//[010]AlTiSi 

(111)Al//(211)AlTiSi, [111]Al//[112]AlTiSi 

Wang et al

[41]

 reported Al-5Ti-1B master alloy is the most 

widely-used grain refiner for wrought Al alloys, since it can react 

with Al to form TiAl

3

 and TiB

2

 particles which can act as 

heterogeneous nucleation sites of α-Al. However, it is failed to 

refine Al-Si casting alloys when the Si content is higher than 5%. 

This is because Si tends to react with Ti to form Ti-rich silicides, 

such as TiSi

2

 or TiAlSi phases

[42]

. According to Ref. [33], the 

precipitation of complex Ti-Al-Si intermetallic may be adsorbed 

upon the growth steps of silicon crystal and furthermore prevent 

the growth of primary silicon. Moreover, it has been obviously 

found that the precipitation Ti-rich (AlTiSi) particle is 

surrounded in the core of primary Si in the Al-20Si alloy, as 

shown in Fig.11b. The result shows that the fine AlTiSi particle 

can act as potential nucleating site. On the other hand, the 

amount of AlTiSi particles may decrease since the forming is 

restricted after the combined addition of rare earth Yb and 

Al-5Ti-1B master alloy. Hence, the combined addition of 

modifiers has a much better modification effect on the 

a 

AlTiSi 

b 

c 

d 

e f 

45 µm 

A 

B 

B 

Al 

a 

Yb 

Si 

Ti 

A 

B 

B 

Al 

Si 

Ti 

Yb 

b 



1922                           Li Qinglin et al. / Rare Metal Materials and Engineering, 2020, 49(6): 1915-1924 

microstructure including α-Al, eutectic Si and primary Si phases. 

2.2  Analyses of mechanical properties 

Fig.12 shows the typical ultimate tensile strength (UTS) and 

elongation (El) of the unmodified Al-20Si alloy, Al-20Si alloy 

with separate addition of 0.3% Al-5Ti-1B or 0.5% Yb, as well as 

Al-20Si alloys with the combined addition of Yb and Al-5Ti-1B. 

The separate addition of Yb, the combined addition of Yb and 

Al-5Ti-1B both significantly improve the mechanical properties 

of all tested samples (Fig.12). The UTS of Al-20Si alloy, Al- 

20Si-0.3(Al-5Ti-1B) alloy, Al-20Si-0.5Yb alloy, Al-20Si-0.5Yb- 

0.1(Al-5Ti-1B) alloy, Al-20Si-0.5Yb-0.2(Al-5Ti-1B) alloy, Al- 

20Si-0.5Yb-0.3(Al-5Ti-1B) and Al-20Si- 0.5Yb-0.4(Al-5Ti-1B) 

alloy are 92, 109, 151, 154, 162, 169, and 166 MPa, respectively. 

The El of the alloys are 0.38%, 0.42%, 0.66%, 0.69%, 0.71%, 

0.73% and 0.72%, respectively. The UTS enhances by 83.7% 

from 92 MPa to 169 MPa, and El increases by 92.1% from 

0.38% to 0.73% after the combined addition of 0.5% Yb and 

0.3% Al-5Ti-1B. The Al-20Si alloy modified with 0.5% Yb and 

0.3% Al-5Ti-1B has the largest UTS and El. These results are 

consistent with the microstructural evolution mentioned 

previously. It is well known that the mechanical properties of 

hypereutectic Al-20Si alloy mainly depend on the morphology, 

size, and distribution of primary and eutectic Si crystals. Hence, 

both UTS and El can be significantly improved when primary 

and eutectic Si phases are refined or modified by Yb and 

Al-5Ti-1B complex modification. This is because the fine 

primary and eutectic Si can eliminate the initiation of premature 

cracks in tension environments. 

Fig.13 shows the fracture surfaces of the various modified 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12  Mechanical properties of hypereutectic Al-20Si alloy with 

different modifications 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13  Fractographs of the tensile samples of hypereutectic Al-20Si alloy with different modifications: (a) without inoculation, (b) 0.3% Al-5Ti-1B, 

(c) 0.5% Yb, (d) 0.5% Yb+0.1% Al-5Ti-1B, (e) 0.5% Yb+0.2% Al-5Ti-1B, (f) 0.5% Yb+0.3% Al-5Ti-1B, and (g) 0.5% Yb+0.4% Al-5Ti-1B 
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alloys after tensile testing. For unmodified alloy and alloy 

modified with separate addition of 0.5% Yb or 0.3% 

Al-5Ti-1B, the fracture surfaces are completely covered by 

cleavage plane (Fig.13a~13c). The fracture surface shows 

typical brittle fracture as intergranular failure is caused by the 

coarse primary Si phases. In addition, the fracture surfaces are 

composed of smaller cleavage planes and tearing ridges as 

rare earth Yb and Al-5Ti-1B are simultaneously added into the 

Al-20Si alloy (Fig.13d~13g). It has been reported that the 

fracture mechanism of Al-Si alloys is mainly attributed to 

three factors 

[43]

: (a) the size and distribution of the silicon 

crystals, (b) the bonding strength between the silicon crystals 

and the matrix and (c) the ease with which the Si crystals 

crack. Griffith equation

[44]

 gives the relation between the 

intrinsic fracture stress (σ

f

) on the primary silicon and the 

internal defects length (C): 

1

2

f

2

π

E

C

 

=

 

 

γ

σ

                                  (1) 

where γ is the fracture surface energy; E is the Young’s 

modules of the particles. According to the Griffith equation, 

the internal defects of coarse primary Si crystals are much 

longer than those of fine Si crystals, which lowers the intrinsic 

fracture stress (σ

f

). On the other hand, coarse irregular 

primary Si and flake-like eutectic Si present sharp edges or 

ends, which are stress concentration sites and preferred cracks 

initiation. Therefore, refinement of primary Si crystals and 

modification of eutectic Si structure can evidently enhance 

tensile strength. In addition, according to classical Hall-Petch 

equation

[45]

: 

σ

s

=σ

0

+kd

-0.5

                                    (2) 

where σ

0

 represents the grain interior resistant to deformation, 

k is the strengthening coefficient and d is the diameter of the 

grain. The equation shows the finer the size of α-Al grains is, 

the higher the strength and ductility is. Hence, the combined 

effect of modifying Si phases and refining α-Al dendrites is 

more beneficial to enhancement of mechanical properties 

(UTS and El) than in unmodified Al-20Si alloy.  

3  Conclusions 

1) The separate addition of 0.5% Yb effectively modifies 

the primary and eutectic Si crystals. However, the separate 

addition of Al-5Ti-1B only decreases the size of the primary 

and eutectic Si, rather than changing the morphology of the Si 

phases. 

2) The combined addition of 0.5% Yb and Al-5Ti-1B 

significantly refines the primary Si crystals, making the 

morphology of Si crystals change into fine block, the 

morphology of eutectic Si phases changes into fine particles 

and fibrous structure when the addition of Al-5Ti-1B reaches 

0.3%.  

3) The combined addition of 0.5% Yb and Al-5Ti-1B can 

significantly refine the α-Al dendrites from coarse dendrites to 

small equiaxed dendrites. 

4) The UTS and El significantly improve owing to the 

refinement and modification of Si crystals and α-Al dendrites. 

After combined addition of 0.5% Yb and 0.3% Al-5Ti-1B, the 

UTS increases by 83.7% and the El increases by 92.1%. 
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