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Abstract: The effects of La addition on the microstructure and tensile properties of B-refined and Sr-modified Al−11Si−1.5Cu−0.3Mg cast-
ing alloys were investigated. With a trace addition of La (0.05wt%−0.1wt%), the mutual poisoning effect between B and Sr can be neutral-
ized by the formation of LaB6 rather than SrB6. By employing a La/B weight ratio of 2:1, uniform microstructures, which are characterized 
by well refined α-Al grains and adequately modified eutectic Si particles as well as the incorporation of precipitated strengthening intermetal-
lics, are obtained and lead to appreciable tensile properties with an ultimate tensile strength of 270 MPa and elongation of 5.8%. 
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1. Introduction 

Aluminum-silicon casting alloys have wide applications 
in automotive and power industries because their out-
standing castability and low shrinkage can meet the re-
quirements of high complexity and reliability of massive 
castings [1−3]. Generally, as-cast microstructures of Al−Si 
alloys are mainly composed of aluminum matrix and eutec-
tic silicon phases. The morphologies of Si phases can be 
characterized as acicular needles, block-like plates, or re-
fined fibrous structures, which strongly depend on the con-
dition of chemical modification and the cooling rate of cast-
ings [4−5]. Alternatively, the mechanical properties of 
Al−Si casting alloys can be further promoted by introducing 
trace alloying elements, causing the precipitation of various 
intermetallic phases during solidification. These precipitated 
intermetallic phases play an important role for the im-
provement of tensile properties after heat treatment [6−7]. 
Magnesium (Mg) and copper (Cu) are the most common al-
loying elements in Al−Si casting alloys for strengthening, 
especially with reference to heat treatment [3]. Sjölander 
and Seifeddine [8] found that, after heat treatment, the ten-

sile strengths of Al−Si−Cu−Mg alloys are much higher than 
those of the Al−Si−Cu or Al−Si−Mg ternary alloys due to 
the precipitation of β"-Mg2Si and θ'-Al2Cu phases, or 
Q"-Al5Mg8Si6Cu2 and θ'-Al2Cu phases, all of which are de-
termined by the content of Cu and Mg. Strontium (Sr), an 
effective modifier for Al−Si casting alloys, can change the 
morphology of eutectic silicon phases from acicular to fi-
brous shape, and distinctly increase the quantity of primary 
α-Al grains, and thus, both tensile strength and ductility of 
the alloys can be enhanced [9−10]. Boron (B) has an excel-
lent refining effect on Al−Si casting alloys because the 
formed AlB2 particles can act as heterogeneous nuclei for 
α-Al grains [11−13]. However, Liao and Sun [14] disclosed 
that a mutual poisoning effect between Sr and B hinders the 
efficacy of refinement and modification of the microstruc-
tures of Al−Si alloys.  

Most recently, the influences of rare earth (RE, mainly 
referring to La or Ce) additives on the modification of Al−Si 
casting alloys have been reported [15]. By incorporating a 
proper quantity of RE additives, fine and fibrous eutectic 
silicon phases can be achieved in the as-cast microstructures, 
thereby enhancing the tensile strength and ductility of Al−Si 
alloys. However, the quantity of RE additives required to 
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obtain an appropriate modifying effect should be upwards of 
1.0wt%, and this can result in the formation of various 
RE-containing intermetallics, such as RE−23Al−22Si and 
Al−17RE−12Ti−2Si−2Mg, aggregating at the boundaries of 
grains or phases, which deteriorates the ductility of Al−Si 
alloys [16]. On the other hand, Zhu et al. [17] found that the 
precipitated Al11RE3, Al3RE, and RE-containing intermetal-
lics cannot act as potential heterogeneous nuclei for primary 
α-Al phases, and suggested that RE addition has no notice-
able effect on the refinement of Al−Si alloys. Therefore, the 
practical applications of RE elements in Al−Si casting alloys 
are restrained. 

The purpose of this study is to investigate the effects of 
La on the microstructure and tensile properties of as-cast al-
loys. In the present study, a series of Al−Si alloys containing 
different La additions were prepared. In addition, 0.05wt% 
B and 0.03wt% Sr were added into the alloys to ensure suf-
ficient grain refinement and modification. The intermetallic 
phases derived from the interactions among La, B, and Sr 
elements were also investigated. 

2. Experimental 

The chemical compositions of Al−11Si−1.5Cu−0.3Mg 
alloys with La additions (wt%) of 0, 0.05, 0.1, and 0.2 are 
listed in Table 1. Commercial pure Al, pure Mg, A413.0 
alloy, and Al−8wt%Cu, Al−3wt%B, Al−10wt%Sr, and 
Al−10wt%La master alloys were used to prepare the de-
signed alloys. The typical procedures employed are as fol-
lows. Firstly, pure Al, A413.0 alloy, and Al−8wt%Cu mas-
ter alloy were melted at (760 ± 5)°C in an electric resistance 
furnace, and then degassed for 12–15 min by C2Cl6. Sec-
ondly, pure Mg, Al−3wt%B, and Al−10wt%La master al-
loys were separately added into the melt at (720 ± 5)°C with 
slight stirring, and then degassed again. After holding for 15 
min, Al−10wt%Sr master alloy was added at (700 ± 5)°C to 
depress the melting loss. Finally, as the temperature was 
raised to (720 ± 5)°C, the melt was poured into an ASTM 
B−108 type permanent mold preheated to (250 ± 5)°C to 
produce tensile test bars.  

Metallographic specimens were sectioned from one of 
the tensile test bars prior to tensile testing, and an optical 
microscope (OM, Olympus BX−60M) and scanning elec-
tron microscope (SEM, Philips XL30) were employed to 
analyze the microstructure. The specimens designated for 
analysis by OM were etched in a 0.5vol% HF reagent for 15 
s. Identification of precipitates in the alloys was performed 
by energy dispersive X-ray spectroscopy (EDS). Tensile test-
ing, implemented according to ASTM standard B557−2002, 

was carried out at room temperature using an electronic 
universal testing machine (CMT5105, SANS). 

Table 1.  Nominal chemical compositions of the experimental 
alloys                   wt% 

Alloy code Si Cu Mg Fe B Sr La Al 

AL0 11 1.5 0.3 0.4 0.05 0.03 — Bal.

AL1 11 1.5 0.3 0.4 0.05 0.03 0.05 Bal.

AL2 11 1.5 0.3 0.4 0.05 0.03 0.10 Bal.

AL3 11 1.5 0.3 0.4 0.05 0.03 0.20 Bal.

3. Results and discussion 

3.1. Microstructural characterization 

The morphologies of α-Al grains and eutectic Si particles 
in the as-cast AL0, AL1, AL2, and AL3 alloys are shown in 
Figs. 1(a, b), 1(c, d), 1(e, f), and 1(g, h), respectively. For 
the AL0 alloy, the combinative addition of B and Sr ele-
ments leads to the presence of well refined equiaxed α-Al 
grains and fibrous eutectic Si structures (Figs. 1(a) and 1(b)), 
which is consistent with the results of Ref. [14]. In com-
parison with the AL0 alloy, an obvious refining effect on 
α-Al grains and eutectic Si particles can be observed in the 
AL1 and AL2 alloys with increasing La addition from 
0.05wt% to 0.1wt% (Figs. 1(c)−1(f)). However, when the 
La addition increases to 0.2wt% in the AL3 alloy, both α-Al 
grains and eutectic Si particles become coarser than those in 
the AL2 alloy (Figs. 1(g) and 1(h)). The characteristics of 
α-Al grains observed in the alloys investigated, including 
aspect and average length, are summarized in Table 2. A to-
tal of 10 fields on a cross-section of each specimen were in-
cluded in the measurements, of which the average values 
were incorporated into the quantified parameters. Evidently, 
for α-Al grains, the average size and aspect decrease from 
62 μm and 1.8 for the AL0 alloy to 43 μm and 1.4 for the 
AL2 alloy, whereas both parameters increase to 47 μm and 
1.5 for the AL3 alloy, respectively. 

The phase compositions identified by XRD patterns and 
the morphology of precipitated phases in the as-cast micro-
structures of the Al−11Si−1.5Cu−0.3Mg alloy (AL0) are 
shown in Figs. 2 and 3, respectively. The Al2Cu phases are 
presented as blocky θ-Al2Cu particles, and the 
Q-Al5Mg8Si6Cu2 phases form a complex eutectic morphol-
ogy in the microstructures, being consistent with the obser-
vations of Sjölander and Seifeddine [18]. In addition, 
Fe-containing phases are observed only in the form of 
β-Al5FeSi plates (Fig. 3(d)), owing to the relatively high 
content of Fe (0.4wt.%) in the alloys. Fig. 4 depicts the 
morphology of intermetallic phases formed in the alloys 
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with different La additions. It can be observed that Sr−B 
compounds are agglomerated in the La-free AL0 alloy (Fig. 
4(a)), which is not evident in the La-doped alloys. The trace 
addition of La in the AL2 alloy causes the presence of fine 

La−B compounds, rather than Sr−B compounds, in the cen-
ter of α-Al grains (Fig. 4(b)). On the other hand, the exces-
sive La addition in the AL3 alloy also causes the pre-
cipitation of Al−Si−Sr−La intermetallic phases (Fig. 4(c)). 

 
Fig. 1.  Microstructures of B-refined and Sr-modified Al−11Si−1.5Cu−0.3Mg alloys with La additions of 0wt% (AL0; a and b), 
0.05wt% (AL1; c and d), 0.1wt% (AL2; e and f), and 0.2wt% (AL3; g and h).  

Table 2.  Characteristics of α-Al grains in the alloys investi-
gated. 

Alloy 
code 

Aspect 
Length of major 

axis, L1 / μm 
Length of minor 

axis, L2 / μm 

Average size,

1 2L L× / μm

AL0 1.82 77.47 49.52 61.94 

AL1 1.75 67.92 47.27 56.67 

AL2 1.46 49.49 38.27 43.51 

AL3 1.54 55.39 40.30 47.24 

3.2. Tensile properties 

Fig. 5 shows the variations in ultimate tensile strength 
(UTS) and elongation of B-refined and Sr-modified 
Al−11Si−1.5Cu−0.3Mg alloys as a function of La content. 
From the figure, an increasing trend in the tensile strength 
with increasing La addition from 0 to 0.1wt% is apparent, 
whereas the UTS value decreases for a La addition of 
0.2wt%. An equivalent trend in elongation is also observed 
from Fig. 5. However, it is worth emphasizing that, for the 
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AL0 and AL1 alloys, 0.05wt% La addition has no notice-
able effect on the elongation. Alternatively, for the AL2 al-
loy, an appreciable reduction in the size of both α-Al grains 
and eutectic Si particles leads to the highest UTS value of 
270 MPa and elongation of about 5.8% with 0.1wt% La ad-
dition.  

 
Fig. 2.  XRD pattern of the Al−11Si−1.5Cu−0.3Mg alloy 
(AL0). 

3.3. Effects of La addition 

In general, the practice of both refinement and modifica-
tion is believed to achieve superior mechanical properties 
for Al−Si castings because the finer grain size reduces the 

size of defects such as microporosity and second-phase par-
ticles [19]. Although the Al−3wt%B master alloy, which 
produces AlB2 heterogeneous nuclei in the melt, can effec-
tively refine the α-Al grains of Al−Si alloys, particularly if 
the Si content is above 4wt% [20], the refining efficacy of B 
has been proven to be hindered by the presence of Sr due to 
the formation of SrB6 in Sr-modified Al−Si alloys [21]. 
Therefore, for the La-free AL0 alloy, the effective quantities 
of both B and Sr are reduced. This results in the presence of 
coarser α-Al grains and eutectic Si particles, and lowers the 
tensile properties relative to the other alloys. A trace addi-
tion of La trends to neutralize the mutual poisoning effect 
between B and Sr by inhibiting the formation of SrB6 
through the formation of LaB6. This tends to impart a finer 
grain size and more uniform microstructure for both the 
AL1 and AL2 alloys by preserving an effective quantity of 
Sr to ensure a sufficient modification of the eutectic Si par-
ticles. Moreover, Li et al. [22] has reported that LaB6 com-
pounds can act as effective and stable heterogeneous nuclei 
for α-Al grains due to their crystallographic similarities. 
Therefore, the formation of LaB6, rather than AlB2, ensures 
a greater refining effect resulting in finer equiaxed α-Al 
grains. However, for the AL3 alloy, excessive LA addition 
precipitates Al−Si−Sr−La intermetallic phases that reduce 
the effective quantity of Sr, and thereby impairs the practical 
effect of the modification of Sr on eutectic Si particles. The  

 
Fig. 3.  Morphology (a) and EDS spectra of the θ-Al2Cu (b), Q-Al5Mg8Si6Cu2 (c), and β-Al5FeSi (d) intermetallics for the 
Al−11Si−1.5Cu−0.3Mg alloy (AL0). 



T. Lu et al., Effects of La addition on the microstructure and tensile properties of Al−Si−Cu−Mg casting alloys 409 

 

 
Fig. 4.  Morphology and EDS spectra of Sr-B compounds (AL0; a), La-B compounds (AL2; b), and Al−Si−Sr−La compounds (AL3; c). 

 
Fig. 5.  Ultimate tensile strength (UTS) and elongation of 
Al−11Si−1.5Cu−0.3Mg alloys with different La additions. 

analysis also indicates that an optimized La/B weight ratio 
(about 2:1 for the AL2 alloy), which favors the formation of 

LaB6, can effectively refine the as-cast microstructure. 
Therefore, controlling the interactions among B, Sr, and La 
and their effects on microstructure is responsible for the ap-
preciable tensile properties, especially for the promoted 
elongation, of the AL2 alloy. 

4. Conclusions 

The influences of La addition on the microstructural 
characteristics and tensile properties of B-refined and 
Sr-modified Al−11Si−1.5Cu−0.3Mg alloys have been sys-
tematically investigated. The following conclusions can be 
drawn. 

(1) For the La-free AL0 alloy, the practical effects on the 
refinement of α-Al grains and modification of eutectic Si 
particles can be hindered by the mutual poisoning effect 
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between B and Sr because the precipitation of SrB6 reduces 
the effective quantities of both elements. 

(2) A trace addition of La tends to neutralize the mutual 
poisoning effect because the presence of LaB6 not only acts 
as heterogeneous nuclei for α-Al grains, but also ensures the 
effective quantity of Sr to obtain sufficient modification of 
eutectic Si particles. 

(3) The optimized La/B weight ratio of 2:1 in the AL2 
alloy contributed to the appreciable ultimate tensile strength 
of 270 MPa, and, in particular, to the promoted elongation 
of 5.8%. Optimized La addition produced more uniform 
microstructures composed of well refined α-Al grains and 
adequately modified eutectic Si particles, and precipitated 
strengthening intermetallic phases. 

Acknowledgements 

This research was supported by the Industry, Education, 
and Research Prospective Project of Jiangsu Province, 
China (No. BY2012191) and the Open Research of Jiangsu 
Key Laboratory of Advanced Metallic Materials (No. 
AMM201202). 

References 

[1]  M. Zeren, E. Karakulak, and S. GÜMÜŞ, Influence of Cu 
addition on microstructure and hardness of near-eutectic 
Al−Si−xCu−alloys, Trans. Nonferrous Met. Soc. China, 
21(2011), No. 8, p. 1698.  

[2]  K.R. Ravi, S. Manivannan, G. Phanikumar, B.S. Murty, and 
S. Sundarraj, Influence of Mg on grain refinement of near 
eutectic Al−Si alloys, Metall. Mater. Trans. A, 42(2011), No. 
7, p. 2028.  

[3]  H.R. Ammar, C. Moreau, A.M. Samuel, F.H. Samuel, and 
H.W. Doty, Influences of alloying elements, solution treat-
ment time and quenching media on quality indices of 
413-type Al−Si casting alloys, Mater. Sci. Eng. A, 489(2008), 
No. 1-2, p. 426. 

[4]  Z. Asghar and G. Requena, Three dimensional post-mortem 
study of damage after compression of cast Al−Si alloys, Ma-
ter. Sci. Eng. A, 591(2014), p. 136.  

[5]  S. Hegde and K.N. Prabhu, Modification of eutectic silicon in 
Al–Si alloys, J. Mater. Sci., 43(2008), No. 9, p. 3009. 

[6]  F. Stadler, H. Antrekowitsch, W. Fragner, H. Kaufmann, E.R. 
Pinatel, and P.J. Uggowitzer, The effect of main alloying 
elements on the physical properties of Al−Si foundry alloys, 
Mater. Sci. Eng. A, 560(2013), p. 481. 

[7]  F. Stadler, H. Antrekowitsch, W. Fragner, H. Kaufmann, and 
P.J. Uggowitzer, Effect of main alloying elements on strength 
of Al−Si foundry alloys at elevated temperatures, Int. J. Cast 

Met. Res., 25(2012), No. 4, p. 215. 
[8]  E. Sjölander and S. Seifeddine, The heat treatment of 

Al–Si–Cu–Mg casting alloys, J. Mater. Process. Technol., 
210(2010), No. 10, p. 1249.  

[9]  A.M. Samuel, H.W. Doty, S. Valtierra, and F.H. Samuel, Ef-
fect of grain refining and Sr-modification interactions on the 
impact toughness of Al−Si−Mg cast alloys, Mater. Des., 
56(2014),. 264.  

[10]  D.G. Mallapur, S.A. Kori, and K.R. Udupa, Influence of Ti, 
B and Sr on the microstructure and mechanical properties of 
A356 alloy, J. Mater. Sci., 46(2011), No. 6, p. 1622.  

[11]  G.K. Sigworth, The grain refining of aluminum and phase 
relationships in the Al−Ti−B system, Metall. Trans. A, 
15(1984), No. 2, p. 277.  

[12]  Y. Birol, AlB3 master alloy to grain refine AlSi10Mg and 
AlSi12Cu aluminium foundry alloys, J. Alloys Compd., 
513(2012), p. 150. 

[13]  Y. Birol, Performance of AlTi5B1, AlTi3B3 and AlB3 mas-
ter alloys in refining grain structure of aluminium foundry al-
loys, Mater. Sci. Technol., 28(2012), No. 4, p. 481. 

[14]  H.C. Liao and G.X. Sun, Mutual poisoning effect between Sr 
and B in Al–Si casting alloys, Scripta Mater, 48(2003), No. 8, 
p. 1035. 

[15]  O. Elsebaie, F.H. Samuel, and S. Al Kahtani, Intermetallic 
phases observed in non-modified and Sr modified Al−Si cast 
alloys containing mischmetal, Int. J. Cast Met. Res., 26(2013), 
No. 1, p. 1.  

[16]  Y.C. Tsai, S.L. Lee, and C.K. Lin, Effect of trace Ce addition 
on the microstructures and mechanical properties of A356 
(AL−7SI−0.35 Mg) aluminum alloys, J. Chin. Inst. Eng., 
34(2011), No. 5, p. 609. 

[17]  M. Zhu, Z.Y. Jian, L.J. Yao, C.X. Liu, G.C. Yang, and Y.H. 
Zhou, Effect of mischmetal modification treatment on the 
microstructure, tensile properties, and fracture behavior of 
Al−7.0%Si−0.3%Mg foundry aluminum alloys, J. Mater. Sci., 
46(2011), No. 8, p. 2685.  

[18]  E. Sjölander and S. Seifeddine, Optimization of solution 
treatment of cast Al−7Si−0.3Mg and Al−8Si−3Cu−0.5Mg 
alloys, Metall. Mater. Trans. A, 45(2014), No. 4, p. 1916. 

[19]  Y. Han, A.M. Samuel, H.W. Doty, S. Valtierra, and F.H. 
Samuel, Optimizing the tensile properties of Al−Si−Cu−Mg 
319-type alloys: role of solution heat treatment, Mater. Des., 
58(2014), p. 426.  

[20]  Y. Birol, Effect of silicon content in grain refining hypoeu-
tectic Al−Si foundry alloys with boron and titanium additions, 
Mater. Sci. Technol., 28(2012), No. 4, p. 385.  

[21]  E. Samuel, B. Golbahar, A.M. Samuel, H.W. Doty, S. 
Valtierra, and F.H. Samuel, Effect of grain refiner on the ten-
sile and impact properties of Al−Si−Mg cast alloys, Mater. 
Des., 56(2014), p. 468.  

[22]  P.T. Li, W.J. Tian, D. Wang, and X.F. Liu, Grain refining 
potency of LaB6 on aluminum alloy, J. Rare Earths, 30(2012), 
No.11, p.1172. 

 


