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Abstract 
 

In the present investigation, the influence of addition of the rare earth element samarium (Sm) in different concentrations (0, 0.1, 0.3, 0.5, 

0.7 and 0.9wt.%) on the microstructure and tensile properties of the Al-Si-Cu 319 alloy have been evaluated. Microstructural constituents 

such as SDAS of α-Al and characteristics of eutectic silicon particles were observed by optical microscopy. It was concluded from the 

findings that Sm addition reduces the size of secondary dendrite arm spacings (SDAS) and altered the morphology of the eutectic silicon 

particles from needle-like to lamellar and smaller segments. The tensile properties of the Al-Si-Cu 319 alloy improved with the concentration 

of Sm. It was found that the highest tensile properties were obtained at 0.7wt.% addition of Sm, i.e., 55.5% higher than unmodified 319 

alloy. With the further addition of the Sm above 0.7wt.%, it does not improve the tensile properties of the alloy. This can be attributed to the 

precipitation of the brittle and needle like quaternary Sm-rich intermetallic compounds observed through Scanning electron microscopy. 

 

Keywords: Al-Si-Cu 319 alloy, Samarium, SDAS, Eutectic silicon, Tensile properties 
 

 

 

1. Introduction 
 

Al-Si-Cu casting alloys have found use in a variety of 

automotive applications, including engine blocks, pistons, cylinder 

heads etc. because of their outstanding mechanical properties, 

excellent castability and corrosion resistance. The hypoeutectic Al-

Si-Cu 319 alloy is one of the most widely used casting alloy in 

automotive, aerospace and defence industries from Al-Si-Cu 

family [1-5]. It is well known that microstructural features such as 

grain size of α-Al, morphology of eutectic Silicon and SDAS 

significantly influence the mechanical behaviour of Al-Si 

hypoeutectic casting alloy. Commercial hypoeutectic Al-Si casting 

alloys have a microstructure that resembles flake-like eutectic 

silicon phases and coarse primary-Al dendrites under normal 

cooling conditions. The flake like eutectic silicon phases are brittle 

in nature and act as stress concentrators reducing the mechanical 

properties of alloy [6]. Therefore, it becomes necessary to refine 

the morphological structure of eutectic silicon in order to achieve 

good mechanical properties. Traditionally, chemical modification 

is carried out by the addition of Ca, Na, Sr, etc. to alter the 

morphology from flake like structure of eutectic silicon to fine 

fibrous one [7]. 

In the last two decades, rare earth (RE) elements such as La, 

Ce, Sc, Er, Gd, Eu, etc. have been explored as potential eutectic 

silicon modifiers in Al-Si alloys [8-12]. They have received 

significant attention due to certain advantages over the traditional 

modifiers such as lower diffusivity and lower gas pickup tendency.  

Additionally, because of their lower solid solubility in aluminium 

and higher melting point, they can form intermetallic compounds 

which are stable and acts as a strengthening phase resulting in 

improved mechanical properties of alloys [13-14]. 

http://creativecommons.org/licenses/by/4.0/
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Previously, many studies have been conducted to observe the 

influence of rare earth element Sm on the morphological structure 

of eutectic silicon, the size of the aluminium as well as on the 

mechanical behaviour of Al-Si alloys [15-19]. Zhi et al. studied the 

effect of Sm in different content (0-2.5wt.%) on the microstructural 

characteristics and mechanical behaviour of Al-Si-Cu alloy. It was 

reported that the addition of the Sm refines coarse grains of α-Al 

and it also changed the shape of the harmful iron-rich phase from 

Chinese script like to a slender phase. The highest tensile properties 

were achieved at 1wt.% Sm concentration [15]. Qui et al. analyzed 

the morphology of α-Al grains and eutectic silicon of Sm added 

near eutectic Al-12Si alloy. They observed that the addition of Sm 

in Al-12Si alloy depresses the eutectic temperature. The ultimate 

tensile strength (217MPa) and elongation (1.3%) were obtained at 

the 0.6wt.% Sm addition [16]. Qui et al. developed A356 alloys 

modified with different content (0.3, 0.6 and 0.9wt.%) of the Sm. 

They found that samarium had a good effect on the eutectic silicon. 

The excellent combination of the elongation (3.3%) and ultimate 

tensile strength (215MPa) was obtained at 0.6wt.% of Sm due to 

complete modification of the eutectic silicon phase with fibrous 

structure [17]. Rao et al. observed the morphologies of eutectic 

silicon and iron rich β-Al5FeSi phase in 0, 0.5, 1 and 1.5wt.% Sm 

containing A384 (ADC 12) alloys. They found that 1wt.% addition 

of Sm decreases the size of the harmful β-Al5FeSi phase. Acicular 

eutectic silicon phases converted into small particles when Sm 

addition was 1-1.5wt.% [18]. Li et al. studied the influence of 

different concentrations (0.2, 0.4, 0.6 and 0.8) of Sm in Al-20%Si 

alloy. They noticed the morphology of the primary silicon altered 

from the coarse polygonal like shape to a fine blocky shape with 

smooth corners and edges when the Sm addition increased from 0.2 

to 0.6wt.%. Eutectic silicon particles were completely modified 

into fine particles with the addition of 0.6wt.% Sm. Because of the 

modified primary and eutectic silicon phases, UTS and elongation 

increased by 48.5% and 68.8%, respectively as compared to base 

alloy [19]. 

It is also well known that rare earth elements are classified into 

light and heavy rare earth elements. Most of the previous research 

work has been carried out on the influence of the light rare earth 

elements in Al-Si casting alloys such as Ce and La. The addition of 

the 0.5wt.%Ce in A380 alloy effectively reduces the size of eutectic 

silicon and the size of β-Al5FeSi intermetallic phases. The addition 

of La in A356 alloy decreases eutectic growth temperature and 

eutectic nucleation. The combined addition of the Ce and La 

significantly reduces (60%) the grain size as compared to the base 

alloy and reduces the nucleation temperature of the α-Al [20-21]. 

Meanwhile, as per the earlier reported study, the positive 

influence of other light rare earth element Sm has been observed in 

Al-Si-Mg A356 alloy and Al-Si-Cu A384 alloy. An Al-Si-Cu 319 

alloy is very popular in the manufacturing of the automobile 

components. There is a possibility to further increase in mechanical 

properties by addition of rare earth element Sm also there is a need 

to evaluate the effect of other light rare earth elements in 

hypoeutectic Al-Si-Cu 319 alloy. Therefore, the main goal of this 

study is to assess the influence of Sm on the microstructure and 

tensile properties of Al-Si-Cu 319 alloy. 

 

 

 

 

2. Materials and Methods 
 

In the current study, hypoeutectic Al-Si-Cu 319 alloy was 

selected as base alloy. Chemical compositions of the 319 alloy and 

with various concentrations of Sm were analyzed by inductively 

coupled plasma optical emission spectroscopy (ICP-OES) and are 

presented in Table 1.  

Various alloys with different concentrations (0.1, 0.3, 0.5, 0.7, 

and 0.9wt.%). of Sm were developed by using an appropriate 

amount of Al-20wt.%Sm master alloy.  Initially, ingots of 319 

alloys were melted in the electrical resistance furnace. 

 

Table 1.  

Chemical composition of the developed 319 alloys (wt.%) 

Alloy designation Si Cu Fe Sm  Al 

Unmodified 319 alloy 5.98 3.75 0.75 - Bal. 

319 alloy+0.1% Sm 5.84 3.64 0.72 0.09 Bal. 

319 alloy+0.3% Sm 5.72 3.57 0.56 0.26 Bal. 

319 alloy+0.5% Sm  5.77 3.46 0.64 0.44 Bal. 

319 alloy+0.7% Sm 5.83 3.53 0.56 0.68 Bal. 

319 alloy+0.9%Sm 5.67 3.56 0.68 0.81 Bal. 

 

After melting the alloy, Sm was introduced into melt using Al-

20wt.%Sm master alloy which was wrapped in aluminium foil. In 

order to obtain complete dissolution of the Sm, melt was held 

isothermally at 750ºC for 30 minutes. Subsequently, the melt was 

degassed by purging pure argon gas for three minutes while 

maintaining a gas flow rate of 2L/min. Metal mold was preheated 

in electric resistance furnace after being coated with graphite 

suspension. The furnace temperature was kept at 450ºC while 

preheating the metal mold. Afterwards, a pouring was done at 

720ºC into the cast iron mold as indicated in figure 1. 

 

 
Fig 1. Cast iron metal mold 

 

Later samples were prepared for mechanical testing and 

metallographic observation. A total of 6 pourings were carried out 

corresponding to the unmodified 319 alloy and alloys having 

different wt.% (0.1, 0.3, 0.5, 0.7 and 0.9) of Sm. 

 

 

2.1. Microstructural examination and phase 

identification 
 

In order to observe microstructure of the developed modified 

alloys, samples were prepared according to ASTM E3 standard. 
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The samples were then etched by 0.5 vol% HF acid with slight nital 

wipe. After preparation of samples, optical microscopy (OM) was 

used to observe the morphology of the cast alloys using a carl zeiss 

inverted metallurgical microscope. Quantitative metallography 

was performed by the imageJ image analysis software. The 

measurement of SDAS and eutectic Si characteristics such as mean 

area, aspect ratio and length were carried out. An average value of 

30 measurements was reported. In order to determine the 

intermetallic compounds and their elemental composition, 

scanning electron microscopy (SEM) and EDS point analysis were 

performed using JSM 7600F. The presence of phases in unmodified 

and modified alloys was detected by x-ray diffraction (XRD, D2 

phaser, BRUKER) scanning from 20° to 80° with copper kα 

radiation. 

 

 

2.2. Mechanical Characterization 
 

Cylindrical tensile testing specimens were prepared according 

to ASTM E8 standard for analysis of tensile properties as shown in 

figure 2. The tests were conducted using a universal testing 

machine to measure ultimate tensile strength (UTS) and elongation 

(EL). Tensile testing was performed at a rate of 5mm/min for the 

best three specimens chosen for each alloy. 

 

 
Fig. 2. Dimensions of the cylindrical tensile test specimen  

(Unit: mm) 

 

 

3. Results and Discussion  
 

 

3.1. Effect of Sm on SDAS of primary α-Al   
 

Microstructure of the different Sm contained alloys evaluated 

in terms of SDAS and size of eutectic silicon characteristics. It is 

well established that the presence of inoculants/solute atoms in the 

melt is the main cause of refinement of α-Al dendrites in aluminium 

casting alloys [22]. The presence of several particles such as TiAl3, 

AlB2 and TiB2 in the melt can serve as heterogeneous nucleation 

sites for the refinement of primary α-Al grains [23-25]. Figure 3. 

presents the SDAS of the cast alloys with different content of the 

Sm. It is observed from figure 3. that the size of SDAS is decreasing 

as the content of Sm increases up to 0.7wt.%. 

The SDAS of the unmodified Al-Si-Cu 319 alloy is 42.04 µm. The 

SDAS value of 0.1, 0.3 and 0.5 wt.% Sm containing alloys is 33.68, 

25.32 and 22.7µm, respectively. In the present study, 0.7wt.% Sm 

modified alloy has the lowest SDAS. The value of SDAS of 

0.7wt.% Sm containing alloy is 20.26µm. The reduction in SDAS 

of Sm modified alloys may be attributed to the enrichment of the 

Sm at the solid/liquid interface due to lower diffusion coefficient 

and limited solid solubility of the Sm in aluminium. The 

aggregation of Sm ahead of solid/liquid interface forms high 

melting point intermetallic particles restricting the growth of α-Al. 

Additionally, the formation of the Sm containing intermetallic 

phases having a higher melting point at the solid/liquid interface 

also retard the growth of α-Al grains [26]. 

 

 
Fig. 3. SDAS of alloys with various concentrations of Sm 

 

 
Fig 4. XRD spectra of unmodified and Sm modified alloys 

 

XRD analysis of the Al-Si-Cu 319 alloy and various Sm 

containing alloys is shown in figure 4. It presents the presence of 

the α-Al, Si along with Al2Si2Sm intermetallic phase in 0.3 to 

0.9wt.% Sm containing alloys. The formation of the Al2Si2Sm 

intermetallic compound in the interdendritic region restricted grain 

growth [27]. On the other hand, increasing the content of Sm above 

0.7wt% it does not further refine SDAS. The value of 0.9wt.% Sm 

modified alloy is 21.18µm, the addition of the Sm at higher wt.% 

precipitates larger intermetallic compounds which cannot serve as 

heterogeneous nucleation sites for retarding the growth of α-Al. 
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3.2. Effect of Sm on eutectic silicon 
 

There are mainly two theories which explain the alteration of 

the eutectic silicon phase in Al-Si casting alloy named as: “twine 

plane re-entrant edge” (TPRE) and “impurity induced twinning” 

(IIT). From these two mechanisms, IIT mechanism is widely 

accepted. Eutectic silicon characteristics of the unmodified and Sm 

modified Al-Si-Cu 319 alloys are presented in figure 5. Figure 6. 

shows the optical micrographs captured at 500X. It presents the 

morphology of the eutectic silicon phase of 319 alloys with 

different concentrations of the Sm.  

 

 
Fig 5. Characteristics of eutectic silicon of various Sm 

concentrated alloys 

 

The mean area and aspect ratio of eutectic silicon decrease up 

to 0.7wt.% Sm addition and slightly increase above 0.7wt.% Sm 

addition. As shown in figure 6(a), the microstructure of the 

unmodified Al-Si-Cu 319 alloy consists of flake like eutectic 

silicon phases along with the primary α-Al grains. In the 

unmodified alloy, the length of eutectic Si is 18.03 µm. The length 

of the eutectic silicon particle decreases when the content of Sm 

increases refer to figure 5. It has been observed from figure 6(b-d) 

that the morphology of the eutectic silicon phase changed from 

needle like to lamellar structure up to 0.5wt.% addition of Sm. 

Above 0.5wt.% addition of Sm, eutectic silicon phases altered from 

lamellar to smaller fragments. When the Sm concentration is 

increased from 0.1 to 0.5 wt.%, the eutectic silicon length reduces 

from 13.82 to 9.20 µm.  

As per the IIT mechanism, the atoms of modifier/impurity 

adsorbed at the growth stage of the eutectic silicon during the 

solidification resulting in the formation of multiple twins. These 

twin defects retard the fast growth of silicon and provide multiple 

growth directions and causing the transformation of long flake like 

silicon into smaller globular particles. The ideal radius ratio i.e., the 

ratio of the modifier element's atomic radius to that of silicon 

should be 1.646 to encourage impurity induced twinning [28]. The 

rare earth Sm has atomic radius ratio of 1.53 very near to the 

optimal value and therefore, Sm is predicted as a good modifier for 

modification of the eutectic silicon phase. 

Based on the Hume-Rothery rule [29] of solid solution, limited 

solid solution can form in the alloy system when the difference of 

atomic radius of solute and solvent is more than 15%. The atomic 

radius difference between Al and Sm is 29%, therefore, solid 

solubility of Sm in aluminium is very less. In the current study, 

changes in the morphology of the eutectic silicon phases can be 

attributed to the accumulation of the Sm at the solid/liquid interface 

during solidification. This aggregation of Sm will retard the growth 

of silicon and thus, refinement of the eutectic silicon phases 

occurred. It is also revealed from fig 6(e, f) that further addition of 

the Sm from 0.7 to 0.9wt.% has not altered the morphology of 

eutectic silicon.   

 

 

3.3. Tensile properties of modified alloys   
 

It is well known that the microstructural constituents (size and 

shape of α-Al grains and characteristics of eutectic Si) have a 

significant influence on the mechanical performance of Al-Si 

casting alloys. Figure 7. indicates the ultimate tensile strength 

(UTS) and elongation of Sm modified alloys. It can be observed 

from the figure that the unmodified 319 alloy has UTS of 135 MPa 

and elongation of 1.9%. It is also revealed that the addition of the 

Sm from 0.1 to 0.5wt.% enhanced the UTS from 152 to 182 MPa. 

of the alloy i.e., 12.59 and 34.81% higher than unmodified alloy 

and elongation increases from 2.1 to 3.1%. The highest UTS 

(210MPa) and elongation (3.7%) were obtained at addition of 

0.7wt.% Sm. 

 

 
Fig 7. UTS and elongation of Sm modified alloys 
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Fig 6. Optical micrographs presenting morphologies of eutectic silicon (a) 0wt.%Sm (b) 0.1wt%Sm (c) 0.3wt.%Sm (d) 0.5wt.%Sm (e) 

0.7wt.%Sm (f) 0.9wt.%Sm 

 

The addition of the Sm has a great effect on the tensile 

properties of the 319 alloy. Sm modified alloys possess the highest 

tensile strength due to refinement of SDAS and eutectic Si phases. 

Apart from the refined aluminium grains and eutectic silicon phase, 

smaller size of the iron-rich phases has also a good impact on the 

mechanical properties of the Al-Si alloy. Refined grains retard the 

movement of dislocations which also improves the mechanical 

properties of alloy. On the other hand, UTS and elongation of the 

0.9wt.% Sm modified alloy is slightly decreased. 

As indicated in Figure 8 (a,b) that Sm-rich intermetallic phases 

possess needle like structures in 0.9wt% Sm modified alloy. EDS 

point analysis of the location marked in SEM images reveals the 

presence of Al-Si-Cu-Sm quaternary intermetallic compounds. 

Reduction in tensile properties of 0.9wt.% Sm modified alloy can 
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be attributed to precipitation of the Sm rich intermetallic 

compounds having brittle nature and needle like morphology.

 
 

 
 

Fig. 8(a,b). SEM images with EDS analysis of Sm rich intermetallic compound in 319 alloy with 0.9wt.% Sm Concentration 

 

 

3.4 Analysis of fractured surface 
 

Figure 9. illustrates the fractured morphology of the 

unmodified alloy and different Sm modified alloys. It has been 

clearly observed from the figure 9 (a-c) that the fractured surface 

of the unmodified alloy and alloy having lower concentrations 

(0.1 and 0.3wt.%) of Sm is mainly covered by the irregular 

cleavage plane. It indicates the brittle type of fracture leading to 

lower strength of the alloy. Figure 9 (d, e) shows that as the 

addition of the Sm increases from 0.5 to 0.7wt.%, fractured 

surface of the alloy covered by the dimples along with cleavage 

planes indicating the mixed mode of ductile and brittle failure. 

Fractured surface of the 0.9wt.% Sm modified alloys as shown in 

figure 9 (f) is covered with the more numbers  dimples indicating 

ductile type of fracture. 
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Fig 9. Fractured surfaces with various contents of Sm (a) 0 wt% Sm (b) 0.1wt% Sm (c) 0.3 wt% Sm (d) 0.5 wt% Sm (e) 0.7 wt% Sm (f) 

0.9 wt% Sm 

 

 

4. Conclusions 
 

The influence of rare earth element Sm on microstructural 

features and tensile properties of hypoeutectic Al-Si-Cu 319 alloy 

was evaluated. The following findings have been derived from this 

study. 

- Addition of the Sm refines SDAS of primary α-Al grains as 

well as modifies the morphology of eutectic silicon phase 

from flake like to smaller particles. 



32  A R C H I V E S  o f  F O U N D R Y  E N G I N E E R I N G  V o l u m e  2 3 ,  I s s u e  1 / 2 0 2 3 ,  2 5 - 3 3  

- The SDAS decreased up to 51.8% with addition of Sm up to 

0.7wt.% in the Al-Si-Cu 319 alloy. The addition of 0.9wt.% 

Sm does not further refine SDAS of primary α-Al grains. 

- Eutectic Silicon length decreased by 48.9% with the addition 

of 0.5wt.% Sm in the Al-Si-Cu 319 alloy. 

- Tensile properties of Sm modified alloys enhanced up to 

0.7wt.% due to refinement of primary α-Al grains and 

eutectic silicon phases. The highest tensile strength was 

obtained at the 0.7wt.% Sm addition i.e., 55.5% higher than 

unmodified alloy. Above 0.7wt.% Sm, both UTS and 

elongation decrease. It can be attributed to the precipitation 

of the Sm-rich quaternary brittle intermetallic phases. 
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