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Abstract. One of the most common castings applied in industrial production is aluminum-silicon alloy (ca. 25 % 

Si). Non-modified Al-Si alloy is characterized by coarse-grained structure, responsible for its poor 

physicochemical properties. The mechanical properties of hyper-eutectic silumins can be improved through 

chemical modification as well as traditional or technological processing. Modification improves the mechanical 

properties of alloys through grain refinement. Thermal analysis has been used to characterize the solidification 

processes of Al-Si alloy. The technique has been given a lot of information not only about solidification Al-Si 

alloys, but about microstructure and mechanical properties, too. This study presents the results of modification of 

an AlSi21CuNi alloy with composition aluminium+boron+titanium in different ranges. The experiments were 

conducted following a factor design 2
3
 for 3 independent variables. The influence of the analyzed modifiers on 

the microstructure and mechanical properties of the processed alloy was presented in graphs. The modification 

of a hyper-eutectic AlSi21CuNi alloy improved the alloy’s properties. The results of the tests indicate that the 

mechanical properties of the modified alloy are determined by the components introduced to the alloy.  
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Introduction 

Hyper-eutectic silumins are a popular group of casting alloys owing to their relatively low price, 

low melting temperature, high resistance to corrosion and high strength relative to specific gravity. 

Those attributes have contributed to the wide use of hyper-eutectic silumins in aviation, motor and 

ship building industries, first of all on the pistons for combustion engines.  

The microstructure of unmodified AlSi21CuNi alloys comprises large grain primary beta phase 

and eutectic alpha and beta phase crystals. This composition is responsible for the alloy’s low strength 

parameters, and it limits the extent of practical applications [1; 2].  

The mechanical properties of hype-reutectic silumin can be improved, like that of all casting 

alloys [3; 4], through modification or processing [5-13]. In the majority of cases alloys are modified to 

change the form and size of grains, mostly silicon grains, which reduces the interphase spacing of 

eutectic (α + β) and reducing the size of the primary beta phase [1]. This process causes changes in 

thermal effects of cooling alloy. The results of the study [1; 5; 11-16] indicate that the reaction’s 

thermal effects as a solidification process influences the quality of the modification process, leading to 

changes in the microstructure and mechanical properties of the alloy. 

 There is a shift of the eutectic temperature and the eutectic point due to modification, it is 

known from the literature [17-18]. The differences in modification effectiveness should be attributed 

mainly to the solidification process which can by analyzed also by the thermal effects of the 

modification process.  

In view of the growing popularity of modified alloys i, the aim of this study was to determine the 

mechanical properties of hyper-eutectic silumins AlSi21CuNi modified with fast cooled mixtures of 

aluminum, boron and titanium different range of components. 

Materials and methods 

The experimental material was AlSi21CuNi alloy which was regarded as representative of hyper-

eutectic silumins. The alloy was obtained from industrial piglets. The alloy was melted in an electric 

furnace, and the modification process was carried out with fast cooled AlTiB, Al3TiB and AlTi6B. 

The alloy was modified at a temperature of 800°C for 8 minutes. Cylindrical samples, 8 mm in 

diameter and 75 mm in length, were poured into a dry sand moulds. The cooling curves analysis has 

been performed by means of a CRYSTALDIGRAPH PC-4T2L ver. 4.42 measuring device, but 

Dynamic Scanning Calorymetry measurement by NEITSH DSC204 F1 Phoenix. Casts were removed 

from molds, and specimens were collected for mechanical tests. Hardness was determined by the 

Brinell method by applying a test load of 612.9 N to a ball with a diameter of 2.5 mm. The side 



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 25.-27.05.2016. 

941 

surface of the head of the specimen used in a static tensile test was ground to a depth of 2 mm. Three 

measurements were taken per sample (6 measurements per cast). All measurements were carried out 

according to standard PN-EN ISO 6506-1:2014-12 “Metallic materials. Brinell hardness test. Part 1: 

Testing methodology” in the HPO 250 hardness tester. The tensile stress test was performed on a 

specimen with a length-to-diameter ratio of 5:1 in the ZD-30 universal tensile tester. Ultimate tensile 

strength and percentage elongation were determined. A tensile strength test was performed on two 

samples, ϕ 6 mm, for each melting point, according to standard PN-EN 6892-1: 2010 “Metallic 

materials. Tensile testing. Part 1: Testing methodology at room temperature”. Applying total factoral 

experiment (2
3
) for three independent variables (table 1). The equation (1) was introduced for received 

plan of investigations the figure of equation of regress. 

 
3211233223311321123322110

ˆ xxxbxxbxxbxxbxbxbxbby +++++++= . (1) 

Table 1 

Level of variables 

Variable 
Primary 

level, % 

Range of 

changes, % 

Higher level, 

% 

Lower level, 

% 

AlTiB 2 1 3 1 

Al3TiB 2 1 3 1 

AlTi6B 2 1 3 1 

The results were analyzed mathematically, which enabled to formulate the factor equation for 

three variables, for the parameters studied, at the level of significance α = 0.05. The adequacy of the 

above mathematical equation was verified using the Fischer criterion for p = 0.05. 

Results and discussion 

The results of a tensile strength (UTS) of AlSi21CuNi alloy with modifier (Table 1) are shown at 

(2) and Fig. 1, percentage elongation (A) at (3) and Fig. 2 and Brinell hardness (HB) at (4) and Fig. 3. 

Due to difficulties with representing functions for three independent variables, figure drawings for 

the obtained function were developed from the experimental design on the assumption that each of the 

analyzed modifier components was present at a stable higher (3 %) or lower (1 %) level while the 

share of the remaining two components varied. Based on this approach, six graphic forms were 

developed for three modifier components. 

 
3221321 375.5875.3625.10875.3625.7875.184 xxxxxxxUTS −−+++= , (2) 

 
321322131 1375.02125.01375.06625.0875.20625.2ˆ xxxxxxxxxA −−−++= , (3) 

 
3213231213 5.275.175.125.3106 xxxxxxxxxxHB −−+++= , (4) 

 .  

Fig. 1. The ultimate tensile strength (UTS) AlSi21CuNi alloy with:  

a – Al3TiB∈<1, 3> (%) and AlTi6B ∈<1, 3> (%) for AlTiB =1 %;  

b – Al3TiB∈<1, 3> (%) and AlTi6B ∈<1, 3> (%) for AlTiB =3 % 

UTS, MPaUTS, MPaUTS, MPaUTS, MPa 3 2 1 1 2 3 AlAlAlAl3333TiB, wtTiB, wtTiB, wtTiB, wt    %%%% AlTiAlTiAlTiAlTi6666B, wtB, wtB, wtB, wt    %%%% 

a 

UTS, MPaUTS, MPaUTS, MPaUTS, MPa 3 2 1 1 2 3 AlAlAlAl3333TiB, wtTiB, wtTiB, wtTiB, wt    %%%% AlTiAlTiAlTiAlTi6666B, wtB, wtB, wtB, wt    %%%% 

b 
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In an unmodified AlSi21CuNi alloy, ultimate tensile strength UTS was determined at 145 MPa, 

elongation A at 0.1 %, and Brinell hardness at 87 HB. Treatment with 1 % AlTiB + 1 % Al3TiB + 

1 % AlTi6B a little increased ultimate tensile strength to 155 MPa and Brinell hardness to 105 HB. 

Elongation is the same. An increase in the AlTi6B content of the modifier to 3 % increased tensile 

strength by 30 MPa to 185 MPa (Fig. 1a), elongation by 2.9 % to 3.0 % (Fig. 2a) and hardness by 4 

HB to 109 HB (Fig. 3a). An increase in the AlTiB content of the modifier to 3 % increased tensile 

strength by 25 MPa (by 65 MPa comparison to raw alloy) to 210 MPa (Fig. 1b), elongation by 1.3 % 

to 3.5 % (Fig. 2b) and decreased hardness to 108 HB (Fig. 3b). For all modifiers on higher level 

(Table 1) tensile strength is 196 MPa (Fig. 1b), elongation 2.7 % (Fig. 2b) and hardness 109 HB 

(Fig. 3b). 

 .  

Fig. 2. Percentage elongation (A) AlSi21CuNi alloy with: 

 a – Al3TiB∈<1, 3> (%) and AlTi6B ∈<1, 3> (%) for AlTiB =1 %;  

b – Al3TiB∈<1, 3> (%) and AlTi6B ∈<1, 3> (%) for AlTiB =3 % 

 .  

Fig. 3. Brinell hardness (HB) AlSi21CuNi alloy with:  

a – Al3TiB∈<1, 3> (%) and AlTi6B ∈<1, 3> (%) for AlTiB =1 %;  

b – Al3TiB∈<1, 3> (%) and AlTi6B ∈<1, 3> (%) for AlTiB =3 % 

The microstructure of AlSi21CuNi silumin without modifying additives consists of a primary 

solid solution of aluminum in silicone (phase β) and a solid solution of silicone in aluminum (phase α) 

(Fig. 1). Microstructure of AlSi21CuNi alloy with 3 % AlTiB + 1 % Al3TiB + 3 % AlTi6B (the best 

mechanical properties) is presented in Fig. 8. The a little refinement of primary dendrites of β phase 

was observed after all the processing of the AlSi21CuNi alloy in accordance to investigation plane 

(Table 1). The analyzed eutectic had a lamellar structure with a high degree of furcation.  

Crystallization of hyper-eutectic AlSi21CuNi alloy with 3 % AlTiB + 1 % Al3TiB + 3 % AlTi6B 

by cooling curve and its time derivative are shown in Fig. 6. The derivative cooling curves provide 

more information about dynamic processes changes on the cooling curve. Its showed generation of 

energy for phase formation. The crystallization process consists of the formation of primary β-Si phase 

and next eutectic formation of Al-Si (α + β) eutectic during the last stage. The maximum thermal 

effect of β phase crystallization occurs at the B point, and eutectic (α + β) at the E point. Analysing the 

registered course of the cooling curve and its first derivative dT/dt the following points can be 

determined crystallization range: A-C for primary β phase and C-D eutectic (α + β). The time of holds 

of β phase and eutectic (α + β) are determine about dispersion of alloy, and then about its mechanical 

properties. If the holds time decreased, then size of phases decreased, too. Then the alloy has higher 

mechanical properties. The cooling curves and its first derivative is recorded in crystallizing alloys to 

the real times and scale, therefore represents the changes of energy on a macroscopic scale. 

3 2 1 1 2 3 AlAlAlAl3333TiB, wtTiB, wtTiB, wtTiB, wt    %%%% AlTiAlTiAlTiAlTi6666B, wtB, wtB, wtB, wt    %%%% 

A,A,A,A,    % % % % a 

3 2 1 1 2 3 AlAlAlAl3333TiB, wtTiB, wtTiB, wtTiB, wt    %%%% AlTiAlTiAlTiAlTi6666B, wtB, wtB, wtB, wt    %%%% 

A,A,A,A,    % % % % b 

3 2 1 1 2 3 AlAlAlAl3333TiB, wtTiB, wtTiB, wtTiB, wt    %%%% AlTiAlTiAlTiAlTi6666B, wtB, wtB, wtB, wt    %%%% 

HHHHa 

3 2 1 1 2 3 AlAlAlAl3333TiB, wtTiB, wtTiB, wtTiB, wt    %%%% AlTiAlTiAlTiAlTi6666B, wtB, wtB, wtB, wt    %%%% 

HHHHb 
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Fig. 4. Microstructure of the raw AlSi21CuNi 

alloy, eatch. Mi8Al 

Fig. 5. Microstructure of AlSi21CuNi alloy 

with 3 % AlTiB + 1 % Al3TiB + 3 % AlTi6B, 

eatch. Mi8Al 

 

Fig. 6. Cooling curves of AlSi21CuNi alloy with 3 % AlTiB + 1 % Al3TiB + 3 % AlTi6B:  

A – occurring of the first nuclei of the β phase, B – maximum thermal effect of β phase crystalization,  

C – occurring of the end nuclei of the β phase and occurring of the first nuclei of the eutectic (α + β),  

D – occurring of the end nuclei of the eutectic (α + β), E – maximum thermal effect of eutectic (α + β) 

Dynamic Scanning Calorimetry curves of heating measurement the AlSi21CuNi alloy with 

3 % AlTiB + 1 % Al3TiB + 3 % AlTi6B for heating rate 5 K·min
-1

, as an example is presented in 

Fig. 7, and for cooling rate also 5 K·min
-1

 is presented in Fig. 8. DSC analysis gives a lot of 

thermodynamic information showed in Fig. 7 and 8, but applies to small amount of research alloys 

B E 
A C D 

Time, s 

dT, K·s
-1

 T, ºC 
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(typical measurement samples weight – 10 mg). Measurements can be performed on samples after all 

treatments, but not in real time of crystallization heats produced in an industrial plant.  

 

Fig. 7. DSC and DDSC curves of heating measurement the AlSi21CuNi alloy with  

3 % AlTiB + 1 % Al3TiB + 3 % AlTi6B. Heating rate 5 K·min
-1

 

 

Fig. 8. DSC and DDSC curve of cooling measurement the AlSi21CuNi alloy with 3 %  

AlTiB + 1 % Al3TiB + 3 % AlTi6B. Cooling rate 5 K·min
-1

 

Conclusions 

1. An analysis of changes in Rm, A and HB values in alloys with a different share of modifiers 

indicates that the tested chemical additives were characterized by different intensity. The most 

effective compound was AlTi6B (firs of all with AlTiB), followed by AlTiB and Al3TiB. The 

tested compounds’ effectiveness was correlated with contents elements of modifier who can be 

modifiers hyper-eutectic Al-Si alloy.  
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2. The best results were recorded for a modifying with 3 % AlTiB + 1 % Al3TiB + 3 % AlTi6B, 

which enabled to achieve the highest values of all analising parameters (in this experimental 

design). 

3. DSC measurement is not recommended for determination of modification of alloys produced in 

an industrial plant.  

4. These results suggest the possibility of application of cooling curve and its time derivative curve 

to determine the modification of alloys. 

5. Differential Scanning Calorimetry and conducted experiments that were better understand the 

relationship between thermodynamic properties, microstructure and mechanical properties of 

alloys. 
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