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The paper presents the results of investigations of elasticity modulus of aluminum alloys castings of various silicon 
content. The castings solidified in various thermal conditions. It was found that modulus of elasticity depend on 
microstructure parameters. The results of studies for elasticity modules were presented using different relationships. 
Computations were made for elasticity modulus of α-phase and eutectic determined in different conditions of 
solidification process. The results of calculated modulus of elasticity were compared with that taken from the 
experiment for castings solidify in various conditions. 
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1. INTRODUCTION∗

All materials undergo some deformation during their 
exploitation. One of the criteria of proper material choice 
is its ability to overcome the deformation. Material ability 
to resist the load in the range of elastic deformation, 
achieved in result of the casting process, is determined not 
only by the force of interatomic bonds but also by the 
defects in the structure of crystals, boundaries of the 
grains, and microporosity [1]. Macroelasticity of 
polycrystalline casted materials is an effect of 
microelasticity, grain anisotropy defects, difference 
between the properties of particular grains, and 
microporosity. In the castings made of hypoeutectic Al-Si 
an α-phase and Si+α eutectic occur. Single crystals, for 
example of the α-phase, are characterized by anisotropic 
modulus of elasticity. In the (111) crystallographic 
direction the Young’s modulus E(111) = 77.4 GPa, while in 
the (100) direction E(100) = 64.1 GPa [2]. In a 
polycrystalline material the modulus takes an intermediate 
value. The differentiation of the modulus in the crystal 
indicates that mutual orientation and the slope angle of the 
crystals with respect to the load direction should affect the 
value of the elasticity modulus.  

The work is aimed at determining the dependence of 
modulus of elasticity of the castings solidifying in various 
thermal conditions on microstructure parameters and analysis 
of mathematical relationships found in literature with regard 
to their usefulness for purposes of forecasting the modulus of 
elasticity of the castings made of Al-Si alloys.  

2. METHODS OF THE STUDY  
Moduli of elasticity (in lengthwise and transversal 

directions) were investigated in the castings made of Al 
alloys of varying silicon contents: 0.4 % Si (the contents 
approximating the one of the α-phase, in the castings of  
∅30 mm, solidifying in the moulds of quartz sand), 
6.7 % Si and 12.5 % Si (eutectic contents), solidifying in 
various thermal conditions (the moulds: Kw, Ch, Mi-Cu, 
St). The mould markings: Kw, Ch, Mi – the sands with 
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liquid glass binder on the quartz sand, chromite sand, or 
microspheres (insulation material) respectively. Cu is a 
chill in the microsphere mould. The St mould is made of 
steel, with the cast reproducing surface covered with 
graphite. The castings are made in a 6-cavity mould of the 
design shown in Fig. 1. Dried moulds were poured with a 
refined alloy (the refiners of trade names “degasal T200” 
and “probat fluuss Al224”) of the temperature 720 ±3 °C. 
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various silicon contents are shown in Fig. 2. The 
microstructure is illustrated in Fig. 3 for the castings made 
in a uniform mould – Kw and in the mould with a chill –   
Mi-Cu (the mould of improved heat carrying away in the 
cylinder axis direction).  
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Fig. 2. Dependence of Young’s modulus E and shear modulus G 

on alloy silicon contents in solidifying castings in the 
moulds: 1 – Kw; 2 – Ch; 3 – Mi-Cu; 4 – St  

 
Fig. 3. Microstructure of dendrites of the α-phase: a – Kw, c – 

Mi-Cu; eutectic Si+α:  b – Kw, d – Mi-Cu  

Microstructure parameters: average thickness of 
dendrite branches (dα) and Si precipitations in eutectic (g1) 
of the castings solidifying in the Kw mould are more than 
twice larger as compared to the ones solidifying in Mi-Cu 
moulds, with the degree of mutual dendrite orientation (Zα) 
being about 4 times larger.  

Results of analysis of significance (with multi-regres-
sion method) of the effect of investigated parameters of the 
structure on modules of elasticity of the castings of partial-
ly oriented structure of the AlSi6.7 alloy (0.019 % Fe) 
made under various thermal conditions are presented in 
Table 1. The results indicate that parameters of the 
structure not connected directly to the dimensions of 
crystallites (βα and Zα) also significantly affect elasticity 
modulus of the castings. The studies give evidence that the 

Young modulus depends on bigger number of parameters 
of the crystalline structure than the shear modulus does.  

Table 1. Parameters of crystalline structure of the AlSi6.8 alloy 
castings solidifying under various thermal conditions 
(the moulds Kw, Mi-Och, Ch, St) significantly 
affecting the elasticity constants  

Elasticity  
constants 

Parameters  
of the crystalline structure 

Young’s modulus  E dα,   Zα,   βα,   g1

Shear modulus  G dα,   Zα,    
 

In order to verify whether the modulus of elasticity 
may be determined by a single parameter of the structure 
the Table 2 provides a correlation coefficient (R). Analysis 
of significance of influence of the parameters of structure 
and correlation coefficients indicates that the relationship 
between the modulus of elasticity and structure of the 
casting made of the examined alloy may be defined by a 
single parameter of crystalline structure, i.e. the average 
thickness of dendrite branch of the α-phase dα (Table 1,     
R = –0.96  and  –0.97).  

Table 2. Correlation coefficients of Young’s modulus and shear 
modulus with a single parameter of crystalline 
structure of the AlSi6.8 (0.019 % Fe) alloy castings 
solidifying under various thermal conditions 

Parameters of the crystalline structure 
dα βα Zα g1 I1Elasticity constants 
correlation coefficients with a single 

structural parameter  

Young’s modulus  E –0.95 –0.51 0.39 –0.92 –0.93 
Shear modulus  G –0.96 –0.42 0.32 –0.93 –0.92 

 

The relationship between the moduli of elasticity and 
significant parameters of the structure for the castings of 
solidifying module similar to the one used in the work 
(Mk = 7.5 mm) of the AlSi6.8 (0.019 % Fe) alloy castings 
solidifying under various conditions occurring in casting 
moulds is as follows (the parameters occurring in the 
equations are ordered starting from the most significant 
one):  

– Young’s modulus  
E = 39421.6 Zα – 1151.3 dα + 31496.7 g1 + 748.2 βα,  
R = 0.98  (1) 

– shear modulus  
G = 1506.1 Zα – 452.4 dα ,  
R = 0.97  (2) 

Consideration of the experimental data on modulus of 
elasticity of hypoeutectic α-phase (AlSi0.4) and eutectic 
(AlSi12.5) included in the castings obtained under various 
solidification conditions allows to calculate the modules of 
elasticity by means of additive equations (of the mixtures), 
i.e. so-called Voigt and Reuss model [3]: 

– for equal deformations of α-phase and eutectic 
(upper value of the modulus): 
E|| = Eα (1 – ue) + Ee ⋅ ue ; (3) 

– for equal stress of α-phase and eutectic (lower value 
of the modulus): 
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E⊥ = (Eα ⋅ Ee)/[Eα ⋅ ue + Ee(1 – ue)]  ; (4)  
and, based on the constitutive equation:  
σij = Cijkl ⋅ εkl , (5) 
where  α, e is α-phase or eutectic, respectively, ue is the 
contribution of eutectic, Cij11 is the elasticity tensor, ε11, ..., 
ε13  is the strain tensor. 

The calculation was aimed at verifying whether this 
method allows to determine, with a good accuracy, the 
modulus of elasticity of a casting made of an Al-Si alloy of 
partially oriented structure. First of all, the calculation was 
performed with the method of mixtures, with the help of 
the equation (3). Moduli of elasticity obtained from an 
experiment for the α-phase and eutectic of the castings 
solidifying with various values of intensity of heat carrying 
away to the mould are shown in Table 3. The equation (3) 
determines the upper values of the modulus of elasticity 
(crystallites of parallel orientation with respect to the 
tension direction), while the equation (4) (crystallites of 
perpendicular orientation with respect to the tension 
direction) provides their lower values. 
Table 3. Values of moduli of elasticity: experimental for the 

alloy phases and calculated with the method of 
mixtures (marked with a z-index) for the AlSi6.8 alloy 
castings 

Experimental modules for the phases 

α-phase eutectic 
Solidification 

conditions 
(mould) 

E,  GPa G, GPa Zα E,  GPa Gp, GPa 

Kw  54.9 20.2 0.28 67.8 26.1 
Ch 56.3 20.9 0.25 70.4 26.9 

Mi-Cu 59.2 22.1 0.81 72.6 27.7 
St 60.7 22.9 0.21 74.8 28.5 

AlSi6.8 alloy modules  

calculated (z) experimental  

Kw  60.7 22.7 – 60.8 23.2 
Ch 62.5 23.5 – 62.7 23.9 

Mi-Cu 65.5 24.7 – 67.7 25.4 
St 67.1 25.4 – 68.4 26.1 

Moreover, Young modulus of elasticity was calculated 
from the constitutive stress-strain relationship describing 
an anisotropic material of hexagonal symmetry, for the 
case of model structure is shown in Fig. 4.  

Modulus of elasticity of the material of partially orien-
ted crystalline structure should take the values between 
these levels. Therefore, further calculation of modules of 
elasticity was performed taking into account the relation-
ship of mutual orientation of α-phase dendrites:  
EZ = E⎜⎜c Zα + E⊥ c (1 – Zα) ;  (6) 
GZ = G⎜⎜c Zα + G⊥ c (1 – Zα) ,  (7) 
where E⎜⎜c  , E⊥ c  , G⎜⎜c  , G⊥ c  are the moduli of elasticity 
calculated from the formulus (3) and (4) based on the 
modulus of elasticity of the α-phase and eutectic found for 
predetermined solidification conditions. 

The elasticity moduli calculated for the AlSi6.8 alloy 
castings (Ez and Gz) based on proposed equations (6) and 
(7) as well as experimental data are shown in Tables 3 and 

4 (eutectic contribution to the casting structure was found 
in transversally polished specimens ue = 0.48). 

 
Fig. 4. Model of crystalline structure of a hypoeutectic Al-Si  

alloy casting  

In case of hexagonal arrangement of the structure 
phases the elastic tensor Cijkl (equation 5) has five indepen-
dent variables (C1111, C1122, C1133, C3333, C3131). Appropriate 
constitutive stress-strain relationships are derived in the 
paper [4]. They have the following form: 

33113322112211111111 εεεσ CCC ++=   (8) 

33113322111111112222 εεεσ CCC ++=  (9) 

( ) 3333332211113333 εεεσ CC ++=  (10) 

32313132 2 εσ C=  (11) 

13313113 2 εσ C=  (12) 

( ) 211122111121 εσ ⋅−= CC   (13) 

Young’s modulus of elasticity for tension along the 
cylinder axis of the model structure (Fig. 4) is given by the 
formula [4]: 
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A = (λe + µe)(λα + µα + µe);    B = (3λα – 3λe + 2(µα – µe)) , 
where ue = 1 – (a/b)2 is the eutectic surface fraction, 
µ = G = = E/[2(1 + ν)], λ = ν ⋅ E/(1 + ν)(1 – 2ν) is the 
Lame constant,   (α – phase α, e – eutectic), ν = [(E/2G) – 
1] is the Poisson ratio. 

The data obtained from the experiment and calculated 
from the formulas, used for purposes of calculation of 
Young’s modulus by means of the constitutive equation, 
together with the moduli obtained this way, are shown in 
Table 4.  

Table 4. Values of Young’s modulus (EK) of the AlSi6,8 alloy 
castings calculated from the constitutive equation.  

Lame constant,  GPa 

α-phase eutectic 
Solidification 

conditions 
(mould) 

µα λα µα λα
Kw  20.2 43.6 26.1 39.2 
Ch 20.9 46.1 26.9 43.8 

Mi-Cu 22.1 46.9 27.7 45.2 
St 22.9 40.9 28.5 46.6 

Modules of elasticity,  GPa  

C1111+C1122 C3333 C1133 EK

Kw  133.3 91.1 44.7 61.4 
Ch 138.2 92.5 45.0 63.2 

Mi-Cu 141.7 95.7 46.1 65.7 
St 137.8 94.7 43.5 67.2 

Comparison of Young’s modulus calculated with the 
method of mixtures by means of the equation (3), the 
proposed equation (6), and the constitutive equation (14) 
with the experimental modules of Table 5 shows that the 
equations well describe the Young’s moduli (considering 
the contribution of surface phases of the structure and 
elasticity modules of α-phase and eutectic for predeter-
mined solidification conditions).  

Table 5. Specification of Young’s elasticity modulus of AlSi6.8 
(0.019 % Fe) alloy castings, calculated from various 
equations and experimental data  

 

The simulation performed for actual and hypothetical 
values of elasticity moduli (Young’s and shear modules) of 
the α-phase and eutectic has shown that the Young 
modulus obtained for the alloy with the method of 
mixtures (equation 3) and the constitutive equation (14) 
approximate each  other when  (να /νe) > 1.032  (where: 
να , νe − Poisson  ratios of the α-phase and eutectic, 
respectively). On the other hand, Young’s modulus 
calculated for the alloy (Table 5) with the use of the 
constitutive equation for      (να /νe) = 1 is by 9 % smaller 
as compared to the one calculated with the method of 
mixtures (3), while for (να /νe) = = 0.92 is even by 15 % 
smaller.  

The equation of mixtures (3) gives proper results for 
the modulus of elasticity for the upper elastic limit E|| and 
with the use of the elasticity modulus of the α-phase and 
eutectic defined for predetermined solidification 
conditions. The use of a complicated constitutive 
relationship is then not required. Moreover, application of 
(6) and (7) formulas, including the degree of mutual 
orientation of α-phase dendrites is also useless. The 
formulas (6) and (7) may be used when only the value of  
Zα varies, with the phases (dα , g1) remaining nearly 
constant.  

4. CONCLUSIONS  
1. Moduli of elasticity of the Al-Si alloy castings 

depend on several geometric parameters of their 
microstructure (dendrite branch thickness, the degree of 
mutual orientation, the angle of slope of the α-phase 
dendrites with respect to the load direction, and the 
thickness of Si-precipitation in the eutectic).  

2. The values of modulus of elasticity of hypoeutectic 
Al-Si alloys of partially oriented structure may be 
calculated with the method of mixtures (3) based on the 
moduli of elasticity of the α-phase and eutectic under 
similar solidification conditions. Calculation results well 
approximate the experimental data.  
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