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Abstract

The fatigue strength of the casted aluminum alloy AlSi7Cu0.5Mg T6W is investigated, whereat different eutectic modifiers, Sr
and Na, are used for the two fatigue testing series. The tested specimens are extracted from three different locations of casted
cylinder heads. The high-cycle fatigue testing is executed with cylindrical specimens at a load ratio of R = -1. The investigations
are supported by CT-scans of the specimens and a comprehensive fractographic analysis. The obtained micro pore sizes from
CT-scans are compared with thus of the fractography. It is shown that the maximum micro pore sizes near the surface of both
examinations are comparable. The database is statistically evaluated using extremal distribution based functions. To assess the
fatigue strength of the imperfected specimen, the simplified crack propagation based approach according to Tiryakioglu is
applied. The cumulative distribution function matches well to the experimental results. This methodology features the
incorporation of extremal micro pore sizes into finite life fatigue strength.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the University of Oviedo

Keywords: casted aluminum, fatigue life, micro pore size, CT- scans,

* Corresponding author. Tel.: +43 3842 402-1411; fax: +43 3842 402-1402.
E-mail address: christian.garb@unileoben.ac.at

1877-7058 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the University of Oviedo

doi:10.1016/j.proeng.2016.08.862


https://core.ac.uk/display/82336219?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1016/j.proeng.2016.08.862&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.proeng.2016.08.862&domain=pdf

54

C. Garb et al. / Procedia Engineering 160 (2016) 53 — 60

1. Introduction

The automotive industry is continuously tending to improve the efficiency of lightweight drive train components.
Especially in highly-stressed fatigue-critical regions, an increasing knowledge of local material properties under
working conditions is elementary. One of the most commonly applied materials in lightweight design are aluminum
alloys, whereby the microstructure acts as a key influence on the local material properties. Main factors are the
micro pore size, dendrite arms spacing (DAS), grain size, oxide films and AlFeSi- phases. Former works [1-5]
investigated the dependency of DAS and fatigue life. In addition, numerous researches [6,7] suggest that the DAS as
a fatigue factor is insufficient to represent the fatigue strength of the material, rather a correlation between DAS,
cooling rate and porosity is more relevant [2]. Herein, the micro pore size and not the porosity as percentage acts as
an important influence factor. As long as the micro pore size is larger than other microstructure characteristics it is
the determining effect on the fatigue life of aluminum alloys [2,8—10]. For example Wang et al. [3] investigate the
influence of casting defects on a A356-T6 aluminum alloy and mentioned the existents of a critical defect size for
fatigue crack initiation. For this material the critical defect size is about 25 pum. When the defect size falls below this
critical value, the cracks are caused by other initiators, such as slip bands or eutectic particles. Buffiere et al. [10]
analyzed the fatigue properties of AlSi7Mg0.3, in connection with casting defects. Micro pores with an equivalent
size lower than 50 um did not lead to crack initiation. In this work, it also distinguished between micro shrinkage
and gas pores, which differ mostly in shape. However, the presence of any pores lead to an increase in the
possibility of crack initiation. One reason for a higher occurrence of micro pores is based on a modification process
of aluminum alloys [11-13]. One of the commonly used modifiers are Strontium (Sr) and Sodium (Na).

The aim of this work is investigate the fatigue strength of the aluminum casting alloy AlSi7Cu0.5Mg T6W by
two testing series with different modifiers, Sr and Na. Additional CT-scans of several specimens enable an improved
understanding of the micro pore sizes in the different specimen locations. Common distribution functions from
literature are applied to the fatigue data to examine potential correlations between the analyzed defect sizes and the
fatigue life of the different alloy variations and specimen locations.

2. Experimental
2.1. Material

The utilized specimens were extracted from cylinder heads of an AISi7Cu0.5Mg aluminum alloy. A T6 heat
treatment was performed at all specimens to optimize their mechanical properties. Different modification elements
are utilized for the two testing series. For one testing series the aluminum alloy was modified by Sr and for the other
Na was used. Both elements are commonly applied as an eutectic modifier in the casting industry today [12]. The
silicon morphology in the alloy is modified, which leads to an improvement of the mechanical properties. Side
effects of this treatment may be an increasing porosity, which reduces the material strength again [14]. At the
beginning of the investigations tensile tests were executed and the DAS of each specimen location from the cylinder
heads were determined, see Table 1. The three specimen locations distinguish in the microstructural properties, such
as DAS and micro pore sizes.

Table 1. Resulting DAS and ultimate strength

AlSi7Cu0.5Mg Sr AlSi7Cu0.5Mg Na
Position DAS (um) Rm (MPa) DAS (um) Rm (MPa)
1 28 3339 30 314.8
2 56 3175 56 228.9

3 67 2234 60 219.9
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2.2. Fatigue tests

The high-cycle fatigue tests were performed with specimens from three different locations within a cylinder head.
The specimen locations were selected for the purpose of differences in the microstructure, DAS and micro pore size,
and subsequently also variations in static and cyclic material properties. The specimens are cylindrical with a testing
diameter of 6 mm and a length of 80 mm. The tests were performed on a resonant testing machine at a load ratio of
R = -1 under tension- compression load.
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Fig 1. High-cycle fatigue test results for AlSi7Cu0.5Mg Sr Fig 2. High-cycle fatigue test results for AlSi7Cu0.5Mg Na

The results from the high-cycle fatigue test are shown in Fig 1 and Fig 2 for the different specimen locations and
eutectic modifiers. A comparison of the different alloys shows a clear disparity for each specimen location from Sr
to Na. The fatigue strength is higher for each location applying the Sr-modified alloy. Generally, the fatigue strength
within the testing series decreases from Position 1 to 3, but only for the Na-modified alloy the slope k; in the finite
life regime of the stress curve is getting smaller from Position 1 to 3. The statistically evaluated results of the SN
curves are summarized in Table 2.

Table 2. SN-curve data
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AlSi7Cu0.5Mg Sr AlSi7Cu0.5Mg Na
Position k; Np on-10.7 (MPa) k; Np on-10e7 (MPa)
1 5.85 911,389 113.7 3.80 1,490,740 71.4
2 3.52 1,055,438 86.3 3.39 4,038,166 40.8
3 5.07 3,820,000 68.9 2.60 1,182,288 47.2

2.3. Fractography

For the determination of the failure mechanism, every specimen was fractographically analyzed by SEM. When a
micro pore was the cause of failure it's size was measured. The main crack initiation sources were shrinkage pores
(Fig 3), gas pores (Fig 4) and slip planes (Fig 5). Slip planes often occur in presence of micro pores so the failure
mechanism may be combined. In general, the crack initiation sources were located near the specimen surface. The
results from the evaluated defect sizes are represented in Table 3.
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Fig 3. Shrinkage pore Fig 4. Gas pore Fig 5. Slip planes

The fatigue test results in combination with the knowledge from the fractography shows that the gas porosity in
AlSi7Cu0.5Mg Na is quite high. One reason may be the increased hydrogen content due to the casting process
leading to enhanced gas porosity.

2.4. Computed tomography

High resolution computed-tomography analyses were executed on both alloy modifications Sr and Na, see Fig 6.
The CT-scans enable the detection of micro pores (Fig 7) in a relative wide size range. To provide a statistically
assured evaluation of micro pores in a certain volume, two scan resolutions were defined for the different specimen
locations.

Fig 6. CT-scan of high-cycle fatigue specimen Fig 7. Shrinkage pore

After some test scans, for all specimen locations of AlSi7Cu0.5Mg Sr and Position 1 from AlSi7Cu0.5Mg Na, a
resolution of 3 um voxel size was selected. For Position 2 and 3 of AlSi7Cu0.5Mg Na, the resolution was set to
8 um voxel size. The possible scan volume for 3 um voxel size is about 0.2 cm® and for 8 pm voxel size about
0.55 cm’. Five specimens from each position were analyzed by CT. For further investigations the scans enable a
detailed analysis of the pore size distribution. In this work, the focus is laid on the largest micro pores per volume.
The fractography shows that most of the critical defects appear near the surface. Assessing the micro pore sizes from
the CT-scans, at first sight, the evaluated micro pore sizes are significantly larger than the micro pore sizes through
fractographic analysis. On contrary extracting only the micro pores near the surface from the CT-scans, the obtained
micro pore sizes are within the scatter range of the fractographic results, see Table 3.
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Table 3. Micro pore sizes from fractographic analysis and maximum micro pore sizes from CT-scans

AlSi7Cu0.5Mg Sr AlSi7Cu0.5Mg Na
Position  Fractography CT whole Volume CT surface layer Fractography CT whole Volume CT surface layer
(um) (um) (um) (um) (um) .
1 48.8+26.6 132.6+16.1 52.4430.6 180.0+102.1 335.2+146.4 299.6+143.0
2 72.6+25.1 232.7423.5 130.3+34.9 352.8+88.0 449.4+114.2 321.7+130.4
3 170.1+46.7 385.4+51.4 307.6+93.3 434.9+136.5 903.4+374.7 648.4+153.3

3. Fatigue life assessment
3.1. Model

The distribution function adopted in this work was developed by Tiryakioglu [15] and combines the size
distribution of fatigue-initiating defects with a fatigue life model. Thereby, the distribution of the crack-initiating
defects follows a Gumbel distribution [16] as an extreme value distribution, see equation (1). Thereby deq, the
equivalent pore diameter, is related to A and 9, location and scale parameters from the Gumbel distribution. The
derivation of the distribution starts with the Paris-Erdogan law [17] and the effective stress intensity factor range.

deq = A+ 6 - (—In(—1n(P))) (D

Further on, the author derives an equation (2) which combines A, the area of the defect on the fracture surface,
with the fatigue strength o, and lifetime Ny. Herein, the factor m comes from the Paris-Erdogan law and the factor B
is introduced by the author.

2—-m

4

The derivation leads to a new distribution function (3) from [15], which combines the defect size distribution and
fatigue characteristics.

log(Nf) = log(B) — m -log(a,) + -log(4;) 2)

P(Nf)=1—exp —exp E—m m

3)

Firstly Nj, the number of cycles to initiate a fatigue crack, can be taken as zero for aluminium casting. This
assumption may not be valid in case of a relatively high casting quality leading to comparable small and smoothly
shaped defects. In addition, the assumption also loses its validity when the stress level is so low that it takes
numerous load cycles to initiate a fatigue crack. However the distribution function is well applicable on the finite
life regime.

3.2. Results and Discussion

Two alloy variations from AlSi7Cu0.5Mg modified by Sr and Na, each with three different specimen locations,
are compared in regard to fatigue test data and defect sizes. The distribution function from [15] is applied on the
data sets. At first, a relation between Nrand A; (area of the measured defect) cannot be regarded, as seen in Fig 8. It
is a first indication if the fatigue life of the data set correlates with the defect size. Subsequently, the parameters for
the Gumbel distribution are estimated by the aid of a probability estimator taking the evaluated defect sizes into
account. Finally, equation (3) is executed on the data set and the cumulative probability plot is fitted, see Fig 9. For
the assessment of the statistical fits a Kolmogorov-Smirnov test (KS-test) [18] is applied on the estimated data.
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Although the KS-test is inferior in the estimation of normal distributed data compared to the Anderson-Darling test
[19] used by [15], it enables the general testing of the similarity for a data set with a supposed distribution function.
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Fig 8. Regression of lifetime Ny against defect area A; of Position 1 Fig 9. Cumulative probability plot of the Position 1 from
from AlISi7Cu0.5Mg Na AlSi7Cu0.5Mg Na opposed with the testing data

In Table 4 the results of the statistic testing are presented and the valuation parameters, such as the p Value and
the test statistic factor, are calculated. The distribution function from [15] and the lognormal distribution are applied
on the testing data. The p Value should be above a specific factor, in the literature commonly defined as 0.05 [15],
on the contrary, the test statistic factor should tend towards zero. Otherwise, the hypothesis that the data follow the
supposed distribution must reject.

Table 4. Results from the Kolmogorov-Smirnov test for the Tiryakioglu distribution and lognormal distribution

AlSi7Cu0.5Mg Sr AlSi7Cu0.5Mg Na
Tiryakioglu distribution Lognormal Tiryakioglu distribution Lognormal
Position Test statistic p Value Test statistic ~ p Value Test statistic p Value Test statistic ~ p Value
1 0.495 0.025 0.197 0.972 0.379 0.125 0.135 1.000
2 0.354 0.176 0.194 0.978 0.872 0.000 0.253 0.858
3 0.402 0.131 0.282 0.715 0.391 0.066 0.256 0.816

The lognormal distribution is accepted for all investigated data from the KS-test with high p Values. The low test
statistic factors suggest an acceptable fitting of the distribution function. The distribution function by Tiryakioglu is
only rejecting for two data sets. On the one hand, for Position 1 from the AlSi7Cu0.5Mg Sr, which exhibits
comparable small micro pore sizes, and on the other hand, for Position 2 from the AlSi7Cu0.5Mg Na, which is
rejecting maybe caused by an undersized specimen lot.

Table 5. Comparison of the fatigue life Nsqy, on equivalent fatigue stress levels for each specimen location

AlSi7Cu0.5Mg Sr AlSi7Cu0.5Mg Na
Position Fatigue test Tiryakioglu Fatigue test Tiryakioglu
distribution distribution
1 392,548 364,428 503,240 383,327
2 651,794 575,344 612,270 464,920
3 1,371,082 1,141,998 462,061 364,036

In common, the Tiryakioglu distribution is slightly less suitable to the testing data, but achieves the requirement
to describe the fatigue life distribution. Comparing the expected fatigue life on equivalent fatigue stress levels with
the fatigue life of the SN curve by 50 % survival probability, the Tiryakioglu distribution is slightly conservative.
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The major benefit by applying this specific distribution is the consideration of the defect size in the fatigue strength
assessment of casted Al-alloys.

4. Conclusion

High-cycle fatigue specimen tests, representing the material properties of a cylinder head made of casted
aluminum alloy AlISi7Cu0.5Mg T6W were performed. Different eutectic modifiers, Sr and Na, were utilized for the
two testing series and in each series three specimen locations from the cylinder head were tested. The fatigue
strength of Sr-modified alloy is generally higher than Na-modified alloy for each specimen location. Previous CT-
scans of selected specimens were executed to analyze the micro pore size distribution and the occurred maximum
pore size. Furthermore, fractographic analysis supported the identification of the failure mechanisms. The micro
pore sizes of each specimen location of Sr-modified alloy are lower than those of Na-modified alloy, which is
consistent with the distinction in the fatigue strength values. The detected micro pore sizes from the CT-scans
concur with those from fractographic analysis, considering only the micro pores near the specimen surface.

Distribution function from Tiryakioglu was applied on the fatigue data sets comparing with lognormal
distribution. The evaluation of the statistic fits were conducted with a Kolmogorov-Smirnov test. The lognormal
distribution fit is suitable for all data sets, but does not regard the defect size. Except for two specimen locations, the
distribution presented by Tiryakioglu describes the testing data sufficiently accurate, due considering the benefit of
defect size dependence.

5. Outlook

Future investigations will focus on the crack propagation behavior of the investigated material and a fracture
mechanical fatigue strength assessment based on a Kitagawa model [20], which also considers the defect size.
Furthermore, comprehensive researches of the micro pore size distributions of specimen with different
microstructure will be performed, majorly supported by CT-data.
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