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Abstract. The use of cast aluminium alloys in automobiles contributes to reductions in weight 

and fuel consumption without impairing the safety for the occupants or the performance of the 

car. Most of the alloys used are heat treatable hypoeutectic Al-Si alloys, which have the 

drawback of exhibiting low wear resistance. So industry relies in wear resistant alloys, such as 

grey iron, for the liners of the combustion chambers in engine blocks, which increase the 

weight of the engine. Therefore, it is of interest to cast high silicon containing alloys into 

engine components that are able to resist wear while maintaining the mechanical properties 

required by the components. This work presents the result of the work carried out in a high 

silicon containing heat treatable aluminium alloy as it is subjected to high cycle fatigue. The 

alloy was prepared and cast in ingots designed to promote one dimensional solidification 

gradient to obtain samples to study the high cycle fatigue. The material was machined into 

hour-glass specimens that were tested at room temperature in a servohydraulic machine under 

load control following the stair case method. The results show that the resistance to fatigue 

depends on the microstructure of the sample, as the fatigue cracks originate in pores close to 

the surface of the sample and propagate through the eutectic aggregate. The results from this 

work are compared with those from previously obtained with hypoeutectic alloys. 

1.  Introduction 

The engine block in automobiles converts chemical into mechanical energy by burning fuel within the 

combustion chambers. Most of the energy produced by the explosion of the air-fuel mixture is 

converted into heat, which has to be extracted through the walls of the chambers to the proper block 

and to the refrigerating fluids. Heat extraction has to be efficient otherwise the engine block may be 

subjected to excessive thermal loads that will modify the mechanical properties of the alloy from 

which the block is made, leading to its catastrophic failure [1,2]. Engine blocks in automobiles have 

been migrating from cast iron to aluminium alloys [3,4] to reduce their weight, improve fuel 

consumption and comply with environmental regulations imposed by governments in different 

countries. Unfortunately, conventional aluminium alloys do not exhibit the resisting capabilities 

required for sustaining the wear caused by the reciprocating movement of the pistons, so most engine 

blocks are manufactured with sleeves or liners made from wear resistant alloys, which will result in 

the increase of around 6 kg in a V8 engine when grey iron liners are used [2,5].  

Hypereutectic Al-Si alloys are used in applications in which resistance to wear is adamant, due to 

the presence of primary silicon crystals, nevertheless these crystals pose a machinability problem for 

engine plants, and may not be able to comply with the rigorous static and dynamic mechanical 

properties demanded by the use in engine blocks [5-10].  
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The defects that are present in cast aluminium alloys affect their resistance to fatigue; the flaws that 

exert the higher influence are pores, either due to shrinkage or gas evolution, hard components of 

eutectic aggregates, intermetallic inclusions and precipitated particles, as cracks nucleate on the 

defects and grow following paths in which other smaller faults are concentrated [11-22]. The 

distribution and size of such defects are modified by augmenting the rate at which the casting 

solidifies; as smaller sizes and finer distribution are obtained by the increased nucleation and reduction 

in the time available for growing [3,4,23,24]. The most common method to assess the degree of 

microstructural refining is by means of the secondary dendrite arm spacing, DAS, which is related to 

the heat transfer rate occurring during solidification [4,23,24]. As fatigue cracks nucleate and grow 

from existing defects, it is of critical importance to determine the type of defects that exert the higher 

influence [11-22]. 

The aim of this work is to present the results of a series of studies carried out to evaluate the fatigue 

resistance of a cast aluminium alloy containing high amounts of silicon, as it is intended for the 

manufacture of automotive components. The study was conducted on heat treated samples that had 

different degrees of microstructural refining as they were obtained from ingots designed for this 

purpose.  

2.  Experimental procedure 

The alloy (13.5 Si, 2.9 Cu, 1.4 Ni, 0.3 Mg, 0.15 Fe, 0.12 Ti, 0.07 Sr, wt.%) was prepared in a gas fired 

furnace of 250 kg of capacity. The liquid was kept at 760°C as it was degassed with nitrogen before 

adding titanium and strontium to refine the grain size and modify the eutectic aggregate; the melt was 

poured into sand moulds that contained a grey iron chilling plate at their bottom to promote directional 

solidification, Fig. 1a. The ingots were cut to obtain prismatic bars that were heat treated to obtain a 

T7 condition. Solution was carried out at 495°C for 5 h, followed by cooling in water at 90°C and 

aged at 240°C for 5 h. Three different levels of microstructural refining were considered. The bars that 

correspond to Level I are 1 to 4, those of Level II are 7 to 13 and for Level III are 18 to 25, Fig. 1b. 

The material was machined into cylindrical bars of 15.0 ± 0.02 mm to produce hour-glass shape 

specimens that had a reduced diameter of 6.0 ± 0.05 mm at their centre, following a radius of 

curvature of 48.0 ± 0.25 mm. Tensile test were carried out the ASTM standards B-557 [25] and E-8 

[26] in specimens of 12.7 mm in diameter by 62.7 mm in gauge length; the values of the yield (σy) and 

tensile (σu) strength, and total elongation (Δl) were recorded. 

 

 
Figure 1. Photograph of one of the ingots into which the melt was cast, a; identification of the bars 

that were sectioned and treated to obtain the three levels of microstructural refining, b. 
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Figure 2. Microstructures of the samples at different magnification at the three different levels. 

 
Figure 3. Sizes of the eutectic cell and biggest pore, and that of the porosity detected in the samples. 

 

Fatigue tests were fully reversible (R = -1) and were conducted at 70 Hz at room temperature in a 

±25 kN servohydraulic testing machine; chucks commonly in lathes for turning operations were used 

as grips to avoid the mechanical inertia caused by the hydraulic grips normally use in fatigue tests. 

These chucks had the limitation of not being able to sustain loads higher than 4.5 kN. Fatigue testing 

followed a reduced staircase schedule [27]; the specimens were tested up to failure or until a number 

of 10
7
 cycles was achieved; the reversible stress was computed from the original cross-section of the 

specimen. The trials started at values of stress that did not surpassed the yield point and these values 

were then reduced by 10 MPa in the following test upon failure; this procedure was modified to reduce 

or increase the stress in 5 MPa steps once the sample resisted the 10
7
 cycles. The samples that resisted 

10
7
 cycles were then subjected to fatigue at a stress level 10% higher to promote their failure and 

measure the size of the defect on which the crack was nucleated. All results are referred to the 

reversing cyclic stress or Δσ/2. 
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Figure 4. Dependence of the mechanical properties in tension as a function of the square root of 

the dendritic cell 

 
Figure 5. Staircases conducted on samples from the three different levels. 

 

Failure and metallographic analyses were conducted on fractured specimens by scanning electron 

microscopy (SEM) and optical microscopy (OM). The size and type of defect that originated the 

failure by fatigue, as well as the distance and area of propagation of the crack was recorded by 

observation by SEM. This information was used to calculate design parameters that included fracture 

toughness (KIC), maximum stress intensity factor (ΔKmax), as well as relationship between these 

parameters and the total number of cycles and maximum stress amplitude that a particular specimen 

was able to endure [28-30]. 

3.  Results 

The microstructures of the samples heat treated to the T7 condition are shown in Fig. 2, in which some 

dendrites can be distinguished, although the alloy does not solidify following the traditional dendritic 

growth characteristic of hypoeutectic Al-Si alloys. The dominant microstructural parameter in this 

alloy is the eutectic cell (Ce), which is affected by the solidification rate. Fig. 3 shows the values that 

this parameter, as well as the size of the biggest pore and the amount of porosity encountered at the 

different levels being considered. It was found that the mechanical properties depend on the inverse of 

the square root of the dendritic cell, Fig. 4. Table 1 shows the values of the microstructural features 

and those of the mechanical properties recorded in tensile tests and deduced from the fatigue tests.  



5

1234567890

6th International Conference on Fracture Fatigue and Wear  IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 843 (2017) 012027  doi :10.1088/1742-6596/843/1/012027

 

 

 

 

 

 

Table 1. Properties and characteristics of the material at different levels. 

Level 
σy 

(MPa) 

σu 

(MPa) 

Δl 

(%) 

σf 

(MPa) 

KIC 

(MPa·m
0.5

) 

Ce 

(µm) 

BP* 

(µm) 

Porosity 

(%) 

I 262 313 1.01 81.4 32.7 387 128 0.18 

II 234 236 0.17 52.5 29.2 635 396 1.02 

III 203 203 0.09 48.2 22.3 1250 656 1.35 

* Biggest pore 

 

 
Figure 6. Pore that originated the crack, a, and distance and surface that the crack propagated in 

fatigue, b, before causing the failure of the sample. 

 
Figure 7. Area and distance that the crack propagated as a function of the nominal applied stress. 
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Figure 8. S-N plots for the three different levels. 

 
Figure 9. KIC for the specimens that failed before reaching 10

7
 cycles. 

 

Fig. 5 shows the staircase schedules for the tests conducted, the specimens that failed before 

reaching the 10
7
 cycles, or that resisted this number are identified by either full or empty symbols; the 

stress applied to a given specimen was reduced when the previous one failed, or increased, when the 

full number of cycles was achieved. The samples that survived the 10
7
 cycles were then fatigued at a 

stress level 10% higher to promote their failure and measure the size of the defect on which the crack 

was nucleated. 

The fracture surface of the samples was observed by SEM to detect the origin of the failure and 

measure its size and the area and distance that the fracture was able to propagate in fatigue before 

causing the failure of the sample. An example of the measurements carried out on every sample is 

shown in Fig. 6. It was found that the distance and area that the cracks propagated are related to the 

cycles to failure and to the nominal stress applied, Fig. 7 shows the relationship between these 

parameters and the nominal applied stress. 

The fatigue stress limit (σf) was computed following the procedure for evaluating castings [27]: 

















2




N

ni i

of

 
where σo corresponds to the lowest value of stress that was tested, δσ is the step size in the final part of 

the staircase schedule (5 MPa), ni is the number of pieces that resisted 10
7
 cycles at each i stress 

interval, N is the total number of samples that resisted all the cycles.  

(1) 



7

1234567890

6th International Conference on Fracture Fatigue and Wear  IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 843 (2017) 012027  doi :10.1088/1742-6596/843/1/012027

 

 

 

 

 

 

  
Figure 10. Metallographic observation of samples fatigued at different levels. 

 
Figure 11. Cycles to failure as a function of the size of defect that originated the crack. 

 
Figure 12. Kmax for the material tested. The specimens that resisted 10

7
 cycles were then fatigued at a 

10% stress to obtain the size of the pore that originated the crack. 

4.  Discussion 

The S-N curves of the material are shown in Fig. 8. The fatigue limits shown in the figure and in Table 

1 were calculated from the reduced staircases. The values of the mechanical properties and for the 

limit of fatigue for the samples from level I are comparable to those reported for a hypoeutectic alloy 

used in the manufacture of automotive blocks [21,22]. The toughness of the material obtained at 

different levels, KIC, is calculated by [30]: 

cmxTIC aKK   (2) 
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where α is a parameter that takes the value of 1.12 and represents the edge factor, KT represents the 

concentration of stress due to the geometry of the defects and takes the value of 3 as it is considered 

that the crack follows a circular shape, mx is the stress that promoted the fracture and ac corresponds 

to the size of the crack, which corresponds to the propagated distance in Fig. 6. Fig. 9 shows the 

relationship between the value of KIC and the number of cycles to fracture; the average values of KIC 

for the specimens that did not resist the full 10
7
 cycles are shown in Table 1. 

Figure 10 shows a series of samples that were prepared for their metallographic observation after 

failing the fatigue test. The crack originated in all cases in a pore located at the upper left corner in 

each sample. The presence of massive silicon particles can be appreciated close to the origin of the 

fracture in the sample from level I which may be indicative that the pores are the predominant defect 

in which the cracks are formed. Such observation is confirmed in Fig. 11 in which the number of 

cycles to failure is plotted as a function of the size of the defect on which the crack initiated; it is 

worth noticing how the data can be segregated in regions for each level, as the size of the pores in 

level III samples are bigger than in the other two conditions. It is also clear from this figure that the 

samples from level I fail at a higher reversing stress. 

Murakami et al. [28,29] showed that the maximum value for the stress intensity factor (Kmax) 

depends on the area of the defect and its location, rather than on its shape; with this assumption, the 

threshold for R = -1 can be calculated by: 

dAK   max
 

where β is a parameter that takes the value of 0.65 for cracks originated at pores close to the surface 

and 0.50 for cracks that originated in internal pores. The area of the defect that originated the crack, 

Ad, and its location was evaluated by SEM. For fully reversed fatigue cycling (R = -1)  = mx-mn; 

since mn = -mx, then  = 2mx. The values for Kmax computed from the fractographic analyses and 

the experimental data are shown in Fig. 12. The full symbols represent samples that failed before the 

10
7
 cycles were achieved, the open symbols correspond to samples that resisted such level of cycles, 

but were broken at a 10% higher stress. A problem that was encountered in this type of alloy is the 

overlapping of the values corresponding for Kmax for samples that resisted the test and those that did 

not, contrary that is found in hypoeutectic alloys [21,22]. A reason for this behaviour may be the way 

in which the crack propagates. Low silicon containing alloys are made of a dendritic aluminium matrix 

with the eutectic aggregate around them; in contrary, the high silicon containing alloy is made of 

eutectic cells with aluminium dendrites or primary silicon particles, Figs. 2 and 10. In the hypoeutectic 

case, the aluminium dendrites are ductile enough and are able to resist the propagation of the crack, 

whereas in the present case, the crack is able to propagate rapidly following the silicon particles that 

form part of the eutectic cell, as can be seen by observing the contour of the cracks shown in Fig. 13. 

5.  Conclusions 

An aluminium alloy containing high levels of silicon and other elements was tested to study its 

behaviour a high cycle fatigue. The alloy was cast in ingots designed to produce a solidification 

gradient to vary the microstructure of the samples intended to study. 

It was found that the mechanical properties and the limit of fatigue depended on the degree of 

microstructural refining, as the cracks that cause the failure in fatigue are nucleated in pores generated 

during casting. The mechanical properties of the alloy were found to be comparable to those 

characteristic of a hypoeutectic alloy used in the manufacture of engine blocks. 

The toughness of the material was calculated by means of the size of the defect that originated the 

crack and that of the area that the crack propagated in fatigue before failure. It was not possible to 

assess the stress intensity factor as the crack propagates following the boundaries of the eutectic cells.  
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Figure 13. Contour of cracks that follow the eutectic cells and were observed in samples from 

different levels. 
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