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Abstract 

It has recently been discovered that micropores on the order of a few micron 

are agglomerated in high density in the sub-surface layer of aluminum alloys that have 

been produced in a high-quality die-casting process. It is known that fatigue behavior is 

dominated by the existence of the micropores. In the present study, geometrical 

parameters defining the relationship between fatigue crack initiation and micropores 

have been investigated using high-resolution X-ray microtomography, combined with 

two kinds of statistical analysis. It has been revealed that consideration of micropore 

pairs is necessary, and a number of parameters for paired micropores that may be 



strongly associated with fatigue crack initiation have been extracted and statistically 

evaluated. It has been concluded that the mean diameter between paired micropores, and 

the mean distance to the casting surface, are predominant in fatigue crack initiation.  
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Introduction 

The casting process inevitably introduces a variety of casting defects and 

defective microstructures detrimental to the mechanical properties of cast aluminum 

alloys. Well-known examples are porosity, intermetallic particles and entrapped oxide 

films. It has been well documented that these defects are especially deleterious to the 

fatigue behavior of cast aluminum alloys. One of the most detrimental defects in such 

alloys is porosity, which is caused by both shrinkage and precipitation of supersaturated 

hydrogen [1]. For example, it has been reported that fatigue cracks are initiated from 

porosity located at or near the specimen surface in 92 ~ 100 % of specimens in Al-Si 

alloys produced through various processes, such as gravity casting [2, 3], low-pressure 

permanent-mold die casting [4], and high-pressure die casting [5]. In addition, Li et al. 

have shown that the formation of fatigue cracks is dominated by the highest local 

stress–strain concentration caused by the presence of a pore adjacent to the free surface 

[6]. It has therefore been assumed that in cast aluminum alloys the time necessary for 

fatigue crack initiation can be substantially ignored, and almost all fatigue life is spent 

in crack propagation, even in the high-cycle-fatigue regime [7] that dominates crack 

initiation in other materials.  



However, it can be readily imagined that this tendency is more or less 

dependent on pore size. For example, McDowell et al. have shown in their model 

analysis that incubation life (i.e., the time for both crack nucleation and propagation 

within the influence of a micro-notch root field) is about 50 ~ 70 % of the total life of 

50 m pores, but only about 20 ~ 30 % of the total life of 200 or 400 m pores in the 

high-cycle-fatigue regime of an A356-T6 alloy [8]. Zhang et al. have examined the 

effects of the cooling rate during solidification on the fatigue life of a cast A356 

aluminum alloy, and have concluded that when pore size is below a critical size of ~ 80 

m, due to a relatively high cooling rate during solidification, fatigue cracks are 

initiated from a near-surface eutectic microconstituent and not from pores [9].  

 Additionally, it has recently been discovered that micropores on the order of a 

few micron are agglomerated in high density in the sub-surface layer (typically within 

20 ~ 30 m from the casting surface) of aluminum alloys that have been produced in a 

high-quality die-casting process [10]. Although the size of such micropores is 

significantly smaller (4 ~ 5 m on average) than the above-mentioned well-known 

casting defects, fatigue behavior was found to be dominated by the existence of the 

micropores. It has been reported that such micron-order-sized micropores are distributed 

in high density (approximately 8,000 pores/mm
3
 in the above-mentioned high-quality 

die-cast aluminum alloy, and ~ 700,000 pores/mm
3
 in standard aluminum alloys), 

except in pure aluminum [1, 10-12]. Since porosity is formed through the precipitation 

of supersaturated hydrogen, which is usually unavoidable due to the hydrogen solubility 

gap at the melting temperature of aluminum, it is physically impossible to completely 

eliminate micropores from aluminum alloys [11, 13]. It is reasonable to assume that a 

dominant fatigue crack is initiated from one or a few detrimental pores. Therefore, if the 



geometrical nature of detrimental micropores can be directly related to fatigue 

crack-initiation behavior, it is expected that fatigue properties may be optimized by 

eliminating such detrimental pores. This technique would offer more effective and 

realistic microstructural control than one based on the evaluation of average pore size 

and/or pore population [14, 15].  

 This study reenacted the observation of fatigue crack initiation caused by 

micropores in a cast aluminum alloy, using high-resolution X-ray microtomography, an 

excellent technique that enables three-dimensional (3D) quantitative measurement, 

through in-situ observation, of all the microstructural features in a specimen, together 

with identification of micropores serving as fatigue crack initiators. . 

 

2. Experiments 

An AC4CH alloy, designated in the JIS standard, was employed in the 

experiments. The alloy had a chemical composition of 7.04 Si, 0.35 Mg, 0.115 Ti, 0.09 

Fe, 0.008 Ni, 0.0065 Mn, 0.0025 Cu, and balance Al in mass %. Specimens were 

sampled from automotive components, so that the casting surface was preserved as one 

of the four specimen side surfaces. The components were cast using the New Injection 

(NI) process, and then tempered to a T6 temper condition with a solution heat-treatment 

for 18 ks at 803 K, followed by artificial ageing for 18 ks at 443 K. The NI process a 

low-speed mold-filling die-casting process in which air pressure is used to directly fill 

melting liquid into mold and to give pressure through plunger. Owing to low hydrogen 

content, casting can conduct heat treatment and welding. Two types of fatigue 

specimens were prepared; an ordinary plate specimen of 15 (length: L) × 5 (width: W) × 

2 mm (thickness: B) and a parallelepiped specimen of 0.4 (L) × 0.6 (W) × 0.6 mm (B) in 



gauge section with bonded end tabs for laboratory fatigue tests and in-situ observation 

under synchrotron radiation, respectively. All the specimen surfaces, other than the 

casting surface, were polished using a 1-μm-grade diamond abrasive. 

Tension-to-tension fatigue tests were performed with a 49 N servo-hydraulic 

fatigue-testing machine at room temperature in air. Sinusoidal loading was applied with 

a load ratio, R, of 0.1, and a frequency of 30 Hz. In total, 40 specimens were prepared 

and tested at a maximum constant stress of 160 MPa. The casting surface had been 

removed in seven of the 40 by polishing, in order to investigate the effects of the surface 

condition. All the specimens were classified according to types in origin of the fracture. 

Variations in fatigue life were described using a two-parameter Weibull distribution 

function with mean ranking.  

X-ray tomography was performed at the undulator beamline, BL47XU, of the 

SPring-8. An experimental hutch is located about 49 m from the X-ray source in this 

beam line. A monochromatic X-ray beam with a photon energy of 20 keV was used to 

observe the entire cross-section of the specimen and a region of about 622 µm in height. 

Image slices were reconstructed from a series of projections based on the conventional 

filtered back-projection algorithm. The gray value in each dataset was calibrated, unless 

otherwise noted, so that the linear absorption coefficient of -10 ~ 80 cm
–1

 fell in an 8-bit 

gray-scale range between 0 and 255. Isotropic voxels with 0.503 m edges were 

achieved in the reconstructed slices. The threshold value for obtaining binary images 

was chosen as the median between the linear absorption coefficient peaks of air and the 

aluminum matrix. To suppress inaccuracies originating from image noise, only 

micropores over 23.168 voxels in volume were counted as micropores in the 

quantitative analysis. The other details of the tomography observation are available 



elsewhere [1,11]. 

The in-situ loading stage [16] allowed specimens to be scanned under cyclic 

loading. Fatigue test conditions were identical to the laboratory fatigue tests except for 

the application, in this case, of a maximum constant stress of 130 MPa. In addition, the 

stress amplitude was reduced by about 19 % compared to the laboratory fatigue tests, in 

order not to overlook the instance of fatigue crack initiation. In total, 21 specimens were 

prepared and tested. A first tomographic scan was performed before loading in each 

specimen, and a second scan was performed after fatigue crack initiation was confirmed 

with radiographs. All the scans were performed while the specimens were subjected to a 

mean load under displacement control. To suppress the occurrence of blurring caused 

by the relaxation behavior of the material, the applied displacement was held for 20 min 

for aging before each scan.  

 

3. Experimental results 

3.1 Laboratory fatigue test results 

 The fatigue lives of the 40 specimens varied widely between 1.35×10
5 ~ 

1.00×10
8
 cycles. Note that one specimen had not been fractured, and the fatigue test for 

it was interrupted at 1.00×10
8
 cycles. The mean fatigue lives for the specimens with and 

without casting surface were 5.71×10
6
 and 3.93×10

7
 cycles, respectively. This 

sevenfold difference may be explained in light of the origin-type of the fracture. Two 

fracture origin-types were observed for the specimens with casting surface. Of the 33 

specimens with casting surface, three were fractured with surface scratch (typically 40 ~ 

80 m in depth) as the origin of the fracture, while in the remaining 30 specimens 

fatigue cracks were initiated by subsurface micropores, as shown in Fig. 1 (a). When 



both surface scratch and micropores were identified on the fracture surface, it was 

classified as micropores, since fatigue crack initiation could be visually associated with 

the agglomerated micropores. In addition, the density of micropores was subjectively 

classified into three levels: high-density clustered micropores, high-density isolated 

micropores, and low density micropores (hereinafter HD (Clustered), HD (Isolated) and 

LD). The numbers of the three types were 7, 9 and 14, respectively. On the other hand, 

no distinct fracture origin was identified for the specimens without casting surface, 

which exhibited typical stage I crack growth in the subsurface region, as shown in Fig. 1 

(b).   

 The scatter in fatigue life was statistically analyzed with the Weibull 

distribution function. Significant non-linearity was, however, observed when all the data 

was plotted together, suggesting the effects of multiple failure modes. All the data were 

therefore classified into five types according to the origins of the fracture: HD 

(Clustered), HD (Isolated), LD, surface scratch, and polished surface, as shown in Fig. 2. 

By classifying the data into these five types, the non-linearity in the Weibull plot was 

largely rectified. The value of the Weibull modulus was high when surface scratch 

and/or high-density micropores were observed, while relatively low Weibull moduli 

were obtained in the case of LD and polished surface. It is noteworthy that although 

there is an obvious difference between HD and LD, the effects of micropore 

agglomeration cannot be recognized in Fig. 2.  

 

3.2 In-situ fatigue test results 

 Of the 21 specimens tested, no fatigue crack initiation was observed during 

fatigue loading of 250,000 cycles for 14 specimens. The fatigue tests of the 14 



specimens were interrupted to make the most of a limited beam time for the synchrotron 

experiment. One to four fatigue cracks were observed between 80,000
 
~ 230,000 cycles 

(111,428 cycles on average) in the remaining seven specimens. In total, 19,118 

micropores were observed in the 21 specimens, as shown in Table 1. Only the 

micropores that are closest to the casting surface and not to the other polished surfaces 

were extracted in each specimen and statistically analyzed on fatigue crack initiation. 

The total number of micropores, porosity, and mean and maximum volume-equivalent 

pore diameters for all 21 specimens are listed in Table 1.   

 In specimen A, the initiation of a corner fatigue crack was confirmed at 

230,000 cycles. Fatigue crack initiation and subsequent growth in the cuboidal region in 

specimen A is shown in Fig. 3; here, the four micropores from which the fatigue crack 

was initiated are highlighted in red, while the other micropores are shown in pink. One 

can see that the micropores are agglomerated in high density in the sub-surface layer. 

The air surrounding the specimen has been segmented and shown in gray to indicate the 

location of the casting surface, while the underlying aluminum has been removed in 

order to visualize the fatigue crack. It is interesting to note that the fatigue crack is not 

semicircular or quadrant-shaped, but elongated in parallel to the casting surface, 

suggesting that fatigue crack initiation due to the existence of the micropores occurs 

much more easily than fatigue crack growth.   

 In total, 50 micropores associated with fatigue crack initiation were identified 

in the seven specimens in which fatigue crack initiation was confirmed. The mean 

volume-equivalent pore diameter of the 50 micropores was 6.1 m, which was 74 % 

larger than the overall average throughout the 21 specimens. It is reasonable to assume 

that both micropore size and distance to the casting surface are of crucial importance in 



understanding fatigue crack-initiation behavior. The two parameters were plotted in Fig. 

4 for the two types of micropores, those from which fatigue cracks were initiated, and 

those which remained intact. Although Fig. 4 suggests that fatigue cracks are prone to 

be initiated from relatively large pores, no clear correlation was obtained between 

fatigue crack initiation and the two parameters.  

 

4. Statistical analysis of coarsened 3D data sets 

4.1 Data coarsening method 

 In Section 3, it was shown that high-density micropores exert significant 

influence on fatigue crack initiation. The geometrical parameters of individual 

micropores could not, however, be strongly associated with fatigue crack initiation. It is 

reasonable to assume that since a fatigue crack is initiated from a location of 

high-tensile stress concentration in the subsurface layer, a limited number of micropores 

contribute to the fatigue crack initiation. For example, the stress elevation near a 

spherical cavity becomes 1 % at about 9.7 m from a cavity center for the average 

micropore diameter of 3.1 m, using the conventional equation for stress concentration 

[17]. The measured distance between each nearest-micropore pair was 6.8 m on 

average, implying that only relatively near micropores should be taken into account 

when defining the relationship between micropores and fatigue crack initiation. There 

were 6,662 and 3,069 neighboring micropore pairs, with a mutual distance within 9.7 

m, in the 21 specimens and their regions of interest, respectively, as shown in Table 1.  

It is reasonable to assume that since the shape of each micropore is almost 

spherical, as shown in Fig. 3, the geometrical parameters governing fatigue crack 

initiation from micropores would be the mutual distance and azimuth angle between 



neighboring micropores, in addition to the micropore size and distance to the casting 

surface that have been evaluated in Fig. 4. Six parameters have been defined in order to 

express these geometrical features. Parameters x1 and x3 have been defined for each 

single micropore, while parameters x2 and and x4 ~ x6 have been defined for micropore 

pair. Parameters x1 and x2 describe diameter of a single micro pore and mean diameter 

of paired micro pores, respectively. Parameters x3 and x4 describe distance to a casting 

surface for a single micro pore and paired micro pores, respectively. x5 and x6 are the 

distance between paired micro pores and the angle between a line connecting paired 

micro pores and the horizontal axis, respectively. These parameters have been calculated 

for all 21 specimens before statistical analysis, and have thereby been utilized as a form 

of data coarsening in this study. x1 ~ x6 have been normalized in advance to distribute 

between 0 ~ 1, in line with the following normal distribution function: 

 

 



















 


2

c

0
2

1
exp

w

xx
Ayxf                         (1) 

 

where y0, A, xc and w are an offset value, amplitude, median value and full width at half 

maximum, respectively. The upper limit (a 99 % confidence interval) obtained from 

equation (1) was used to define unity (i.e., the maximum value) for each parameter, and 

each parameter was defined such that its value was larger when fatigue crack initiation 

was more apt to occur. For example, x1 is a unity when the diameter of a single 

micropore is the largest, and x5 is a unity when the average distance from two 

neighbouring micropores to the casting surface is the smallest. With respect to 

micropore diameter, since only micropores over 23.168 voxels in volume were treated 



in this study, micropore diameters of less than this value are not inherently meaningful. 

A centering operation is therefore applied by subtracting 23.168 voxels in volume from 

every micropore diameter.  

 

4.2 Test of independency for the geometrical parameters 

The presence of independent variables associated with each other, which is 

called multicollinearity, inevitably causes decreased reliability and stability in multiple 

regression analysis, often leading to incorrect or confused understanding about 

relationships between independent and dependent variables [18]. Table 2 shows the 

correlation between each parameter pair as a form of contributing rate. The dependency 

between x1 and x2, and between x3 and x4, was obvious, whereas the contributing rates 

for the other combinations are one to three orders of magnitude smaller than the former 

two relationships. In such a situation, there are several ways to reduce the number of 

variables. In this study, a partial correlation coefficient, which can detect the marginal or 

partial contribution of a designated variable with the effects of the other variables being 

removed, was first applied, in order to avoid multicollinearity. Partial correlation 

coefficient values were calculated to be 0.0476, 0.1073, 0.0076, 0.0675, 0.0618 and 

0.0711 for x1 ~ x6, respectively. Here, the first variable considered for removal was the 

one with the smallest partial correlation coefficient with respect to the dependent 

variable. In light of this, it was concluded that parameters x1 and x3 should be removed 

from the original six parameters. It is interesting to note that both of the removed 

parameters are associated with a single micropore, and that the four remaining 

parameters express the geometrical features of micropore pairs.   

Before the statistical analysis, principal component analysis was employed to 



assess the validity of the partial correlation coefficient analysis. Principal component 

analysis is a procedure for grouping variables so that each newly set group is mutually 

uncorrelated, by rotating original axes to new orientations that are orthogonal to each 

other [19]. The results of the principal component analysis are summarized in Fig. 5. 

The numbers represent the values of the projections of the original values of the 

parameters on the first two components. The arrows represent the eigenvectors of the 

covariance of the original variables, relating each parameter to each principal 

component. It can be clearly confirmed that parameters x1 and x2 and parameters x3 and 

x4 are respectively close in orientation, as has been concluded in the partial correlation 

coefficient analysis. The small angle between the vectors representing x1 and x2 implies 

that both parameters are highly correlated. The same may be said for the vectors 

representing x3 and x4, On the other hand, the opposite angles between x5 and x6 show 

the possibility of a negative correlation. Also, the almost parallel orientation of these 

last two parameters with respect to the vertical axis shows that x5 and x6 have high 

contributions to the second principal component. These assertions are notably stronger 

in regards to the correlation between x1 and x2, and between x3 and x4, because the 

equally long length of these vectors shows that the parameters are adequately 

represented by the first two principal components. 

Classification and regression tree (CART) analysis was performed to 

investigate the importance of the parameters. CART is a non-parametric classification 

technique that is widely used for developing decision rules. The result of the CART 

analysis is shown in Fig. 6. The first three top nodes in the diagram corroborate the 

results of the principal component analysis. In other words, it would be possible to 

conclude the presence of fatigue crack parameters by at least knowing the values of x2, 



x4, and x5. 

 

4.3 Results of the micropore-pair analysis 

 The parameters defined and selected in the preceding sections have been used 

to statistically describe the fatigue crack initiation behavior. Simple multi-regression 

analysis has been applied in the present study. Since no physical model has been 

proposed to date to describe the relationship between the geometrical features of 

micropore pairs and fatigue crack initiation, a simple multiple linear regression has been 

applied in order to estimate the predominant geometrical parameters: 
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where a0 is an intercept, and a1 ~ a6 are partial regression coefficients. The dependent 

parameter is y = 1 when a micropore of interest causes fatigue crack initiation, and y = 0 

when it is not associated with fatigue crack initiation. Multiple linear regression solves 

the latter function so that the squared deviations of the dependent variables from y are 

minimized. The partial regression coefficients have been estimated by means of the least 

squares estimation.  

a2, a4, a5 and a6 were calculated for the selected four parameters to be 0.0580, 

0.0567, 0.0221 and 0.0214, respectively. As has been discussed, the analysis based on 

the selected four parameters provided higher partial regression coefficients than that 

based on the six parameters (e.g., a2 = 0.0455 and a4 = 0.0510 in the six-parameter 

analysis). The partial regression coefficient for the mean diameter between paired 

micropores (a2) is the highest, but not significantly different from that for the mean 



distance from the paired micropores to the casting surface (a4). On the other hand, the 

partial regression coefficients for the remaining two parameters, which express 3D 

alignment properties of the two micropores (a5 and a6), are roughly 40 % of those for 

the predominant parameters. The order of contribution to fatigue crack initiation is 

consistent with the results of the CART analysis.  

 

4.4 Validation of the multiple regression analysis 

 This study has shown that the geometrical parameters predominant in fatigue 

crack initiation from micropores are micropore size and distance to the casting surface. 

For example, the importance of mean diameter may be visually confirmed in Fig. 7, 

where the predicted value, dependent variable and parameter x2 of micropore size are 

plotted in 3D. It can be seen that both the predicted value and x2 are relatively high for 

the micropores from which fatigue cracks were initiated, compared to those which 

remained intact. The predicted value increases with x2, showing a strong correlation.  

 In order to verify the results of the multiple regression analysis of the 

substantive fatigue crack-initiation behavior, one specimen was picked up, and all the 

micropores in the vicinity of a fatigue crack were examined. Fig. 8 shows part of 

specimen B (40 m (L) × 50 m (W) × 155 m (B)), in which micropores are 

agglomerated in relatively high density in a sub-surface layer, and a fatigue crack was 

confirmed just after initiation at 80,000 cycles. Forty micropores and 31 micropore pairs 

are located within the region shown in Fig. 8. Ten micropore pairs, which are 

highlighted in red, have been identified as fatigue crack initiators. The mean micropore 

size, and mean distance to the casting surface, of all the micropores shown in Fig. 8, 

which have been selected in the multiple regression analysis, are plotted in Fig. 9. The 



statistically maximum micropore size and minimum distance to the casting surface for 

micropore pairs, which have been defined by the upper limit of 99 % confidence 

interval, are 5.4 m and 1.8 m on average, respectively. Five micropore pairs (P1 ~ P5), 

which are located in the middle of the fatigue crack, are larger than 5.4 m in average 

diameter. All five micropore pairs served as fatigue crack initiators. When less than 5.4 

m on average, the distance to the casting surface for micropore pairs defines a border 

between fatigue crack initiation and no initiation. The boundary is located between 1.2 ~ 

1.6 m, which is close to the above minimum distance to the casting surface. 

 

4.5 Interpretation of the multiple regression analysis 

 It has been well documented that there are significant surface effects on stress 

concentrations around a spherical cavity located in the vicinity of an object surface [20]. 

Given a micropore or micropore pair of 6.1 m in diameter, located at 3.0m from the 

casting surface, and a mutual distance between the two pores of 3.0 m (all of these 

being average values listed in Table 1), the maximum stress appears at pole A, and 

reaches about 2.2 times an applied stress [20], as shown schematically in Fig. 10. This 

multiplying factor increases rapidly with a decrease in the distance to the casting surface 

or an increase in micropore size. For example, when the distance to the casting surface 

decreases from 3.0 m to 1.0 m, the multiplying factor increases to about 2.7. It may 

be understood from Fig. 10 that when crack length, 2a, is 8 m, the fatigue crack has 

almost passed through the stress field of the micropore in the case of the single 

micropore; while the majority of the crack front line is still being affected by the stress 

field of the two micropores in the case of the micropore pair, and it lasts until over 2a of 

16 m.  



   

5. Summary 

The fatigue life of an aluminum alloy produced in a high-quality die-casting 

process varies widely. High density micropores have recently been observed in the 

sub-surface layer of such an aluminum alloy. The statistical analysis of the scatter in 

fatigue life has revealed that the major fatigue crack initiator is micropores, and that the 

spatial distribution and density of the micropores are of crucial importance.  

The observation of fatigue crack initiation from micropores has also been 

reenacted using high-resolution X-ray microtomography. In order to analyze the 

enormous quantity of volume data, six geometrical parameters have been used to extract 

geometrical information on the spatial distribution and density of micropores. Both 

single and paired micropores have been considered in the analysis. The presence of 

multicollinearity has been tested by investigating both partial correlation coefficients 

and principal components. Four parameters have been extracted in this way. The 

parameter extraction resulted in the removal of all the parameters for single micropores, 

while all the parameters for paired micropores remained. The results of the multiple 

regression analysis revealed that the mean diameter between paired micropores and the 

mean distance to the casting surface are predominant in fatigue crack initiation. It has 

been concluded that relatively proximate micropores should be especially taken into 

account, in order to better define relationships between micropores and fatigue crack 

initiation.  
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Caption list  

Fig. 1 SEM micrographs of fracture surface. Fracture surfaces have been classified into 

four types according to fatigue crack initiation sites. High density micropores are 

observed in (a), while no obvious defects are observed in the crack initiation site in (b).  

Fig. 2 Weibull plots of fatigue lives tested at 160 MPa. Forty specimens have been 

tested in total, which have been classified into five types, according to the kind and 

level of the fatigue crack initiation site. The Weibull modulus is shown for each type in 

the figure.   



Fig. 3 3D views of the fatigue crack initiation from micropores in the rectangular cuboid 

in specimen A. Note that one crack was initiated in the field of view. Micropores from 

which the fatigue crack has been initiated are highlighted in red. The air surrounding the 

specimen has been segmented and shown in gray, while the underlying aluminum has 

been removed in order to visualize the fatigue cracks. 

Fig. 4 Relationship between the diameter of micropores and the distance to the casting 

surface. All the micropores contained in the 21 in-situ fatigue specimens are shown. 

Micropores from which fatigue cracks were initiated are shown in red. 

Table 1 Results of the 3D image analysis of micropores contained in the 21 in-situ 

fatigue specimens. Micropores from which cracks were initiated have been analyzed 

separately. 

Table 2 Summary of contribution rates, R
2
, between each independent variable pair. 

Fig. 5 Principal component score distribution of principal components 1 and 2. The 

arrows indicate eigenvectors.  

Fig. 6 Schematic illustration of the tree-based model obtained using CART. 

Fig. 7 Relationship between predicted value, Y4, dependent variable, y, and independent 

variable, x2.  

Fig. 8 3D views of magnified fatigue crack initiation behavior in specimen B. Note that 

the fatigue crack has been initiated from the large micropore pairs located in the 

sub-surface region. The white lines indicate micropore pairs that have dp larger than the 

statistical maximum value defined at 99 %.  

Fig. 9 Relationship between the mean diameter of paired micropores, dp and the mean 

distance to the casting surface, ℓp, for the micropores shown in Fig. 8. Micropore pairs 

from which the fatigue crack was initiated are shown in red. 



Fig. 10 Schematic illustration of fatigue crack initiation from (a) a single pore, and (b) a 

micropore pair. Three different stages of fatigue crack growth (i.e., surface crack length, 

2a, of 0, 8 and 16 m) are drawn. 



Fig. 1 SEM micrographs of fracture surface. Fracture 

surfaces have been classified into four types 

according to fatigue crack initiation sites. High 

density micropores are observed in (a), while no 

obvious defects are observed in the crack initiation 

site in (b).  
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Fig. 2 Weibull plots of fatigue lives tested at 160 

MPa. Forty specimens have been tested in total, 

which have been classified into five types, according 

to the kind and level of the fatigue crack initiation 

site. The Weibull modulus is shown for each type in 

the figure.    
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Fig. 3 3D views of the fatigue crack initiation from 

micropores in the rectangular cuboid in specimen A. 

Note that one crack was initiated in the field of view. 

Micropores from which the fatigue crack has been 

initiated are highlighted in red. The air surrounding 

the specimen has been segmented and shown in gray, 

while the underlying aluminum has been removed in 

order to visualize the fatigue cracks. 
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Fig. 4 Relationship between the diameter of 

micropores and the distance to the casting surface. 

All the micropores contained in the 21 in-situ fatigue 

specimens are shown. Micropores from which fatigue 

cracks were initiated are shown in red. 
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Table 1  Results of the 3D image analysis of micropores contained in the 21 in-situ fatigue specimens. Micropores 

from which cracks were initiated have been analyzed separately. 
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** Micropore pairs defined as < 9.7 mm between gravity centers 

21 

8140 

3069 

6.8 

0.035 

3.5 

24.3 

6.5 

6.9 

Whole region 
The region of 

interest analyzed* 

7 

50 

22 

0.1 

0.003 

6.1 

12.5 

3.0 

6.6 

Micro pores from 

which cracks 

are initiated 

max 



Table 2 Summary of contribution rates, R2, between each independent variable pair. 
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Fig. 5 Principal component score distribution 

of principal components 1 and 2. The arrows 

indicate eigenvectors.  
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Fig. 6 Schematic illustration of the tree-based model 

obtained using CART. 



Fig. 7 Relationship between predicted value, Y4, 

dependent variable, y, and independent variable, x2.  
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Fig. 8 3D views of magnified fatigue crack initiation 

behavior in specimen B. Note that the fatigue crack 

has been initiated from the large micropore pairs 

located in the sub-surface region. The white lines 

indicate micropore pairs that have dp larger than the 

statistical maximum value defined at 99 %.  
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Fig. 9 Relationships between the mean diameter of 

paired micro pores, dp and the mean distance to the 

casting surface, ℓp for the micro pores shown in Fig. 8. 

Micropore pairs from which the fatigue crack was 

initiated are shown in red. 
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Surface 

Fig. 10 Schematic illustration of fatigue crack initiation from (a) a single pore, and 

(b) a micro pore pair. Three different stages of fatigue crack growth (i.e., surface 

crack length, 2a, of  0, 8 and 16 mm) are drawn. 
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