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Abstract  This paper presents the results of fatigue investigations under rotating bending loading 
for the determination of the critical inclusion sizes in different high-strength steels. All fatigue 
cracks initiated at non-metallic inclusions, whose size, form and position were determined and 
subsequently statistically evaluated. A comparison with the determination of the degree of purity 
derived from microscopic evaluation of cross sections – the commonly used method of quality 
assurance in steel production – shows a significant underestimation of the inclusion sizes. Finally, a 
procedure to derive allowable stresses depending on the size of inclusions is shown, based on 
rotating bending tests and using the methods of fracture mechanics. A safety factor is derived, 
taking into account statistical size effect and scatter of internal defects. The methods presented 
facilitate higher utilization of the fatigue strength of high strength steels, as well as an optimized 
quality assurance process, thus minimizing the risk of failure during service life. 
 
Keywords  non-metallic inclusions, rotating bending test, microstructure metallographic specimen, 
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1. Introduction 
 
Non-metallic inclusions or other microstructure discontinuities are often the origin for fatigue 
cracks, particularly in the case of weakly notched components made of high-strength steels. The 
dimension, number, shape and distribution of these discontinuities therefore have a significant 
influence on both local fatigue strength in the region of high cycle fatigue and the scatter of the 
mechanical strength properties. The scatter of the endurance limit is also directly correlated to the 
scatter of the inclusion size [11], [12], [15]. Specifically, this again depends on the kind and size of 
the primary material as well as the position where the non-metallic inclusions were detected. 
Knowledge of the size distribution of non-metallic inclusions in the basic material is of enormous 
importance for the definition of local allowable stresses, in order to produce components with the 
desired, very low failure probability. The influence of internal defects on fatigue strength rises with 
the increasing strength of the material used. In [1], comprehensive investigations of different 
high-strength materials used for the manufacture of vehicle springs showed a systematic correlation 
between local inclusion size and endurance limit. In the following, the terms “endurance limit” and 
“threshold value” will be used without regard to the effects of strength reduction in the range of 
very high cycle fatigue. This influence on the endurance limit shows that the potential of 
high-strength steels only can be fully exploited if it can be guaranteed that a certain size of 
non-metallic inclusions is not exceeded. Fig. 1 illustrates this for passenger car springs. The outlier 
in the Wöhler diagram was caused by a large non-metallic inclusion (Fig. 1, right, exemplarily). In 
the context of this publication, the usual procedures for the detection of non-metallic inclusions and 
the influence of these defects on HCF characteristic values, like the endurance limit, are examined 
and the possibilities for incorporating these findings in the stress analysis of components is 
presented. 
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Figure 1: (Left) Influence of an inclusion on durability; (right) Example of a non-metallic inclusion in an 
SEM micrograph [4] 

 
2. Methods for the detection of microstructure discontinuities 
 
In order to consider existing microstructure discontinuities at the scatter of fatigue limit values, the 
purity of the material has to be known. There are a variety of procedures available for determining 
the size distribution of internal defects. The most common procedures are the microscopic 
evaluation of cross sections and computed tomography (CT) – both investigative methods used in 
materials science – and the rotating bending test for detection of microstructure discontinuities as a 
mechanical procedure. In the following, the above-mentioned procedures are described and briefly 
compared with one another. 
 
2.1. Microscopic evaluation 
 
The very frequent application of photo-optical methods for the determination of the surface portion 
of microstructure characteristics in steel – designated as degree of purity (DIN EN 10247) – is 
ascribed to the historical development of quantitative materialography. The detection limits 
requirements for non-metallic inclusions, formulated in standards like DIN EN 10247, are thus 
based on the resolution potential of optical microscopes. The procedure described below is based on 
the light-microscope evaluation of a cross section surface with given size and constitutes a 
representative determination for the entire material. The cross section surfaces are usually scanned 
fully automatically and the microstructure discontinuities are detected using grey scale value 
analyses on the basis of arising contrast differences [6]. The defects identified are classified using 
standardized methods, e.g. DIN EN 10247 or ASTM-E45, and the statistical distribution of the 
position, kind and size of the defects is determined for the entire material. Given a sufficiently large 
measuring field, it is assumed that under this procedure the surface portion of a microstructure 
characteristic corresponds to the volume fraction. 
 
2.2. 3D-x-ray-computed tomography (CT) 
 
CT analysis is based on the principle of x-ray radiographic inspection and is used as a 
non-destructive testing method for the verification of volume defects. The analysis takes place 
indirectly through the intensity attenuation of the penetrating x-ray at internal defects and the 
surrounding material. The measurement results can be resolved three-dimensionally by rotation of 
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the test volume or the radiation source. The intensity attenuations caused by density variations of 
the microstructure discontinuities to the surrounding material are measured by a detector and 
converted into a gray scale picture. The resolution achieved by this method depends on the 
absorption behavior of the examined sample and thus on material thickness and density as well as 
the energy level of the radiation source. Due to the required positioning of the sample in relation to 
the detector, the attainable local resolution is defined to a very large extent by the size of the sample: 
the larger the component, the smaller is the maximum resolution. In the case of a steel cylinder with 
a diameter of 10mm, the maximal attainable resolution amounts to nearly 5µm. However, for a test 
specimen with a thickness of 200mm, the resolution is already reduced to 100µm. Using this 
procedure, microstructure discontinuities of smaller samples can be determined in number, size and 
form and evaluated statistically. 
 
2.3. Rotating bending test 
 
This method is based on the fact that due to the notch effect, internal defects become the starting 
point for fracture. In general, fracture results from microscopic incipient cracks forming at the 
component or sample surface. In order to be able to initiate the crack at defects underneath the 
surface, a failure of the sample due to surface defects must be avoided. Additional strain hardening 
of the surface with shot peening in the skin layer of the samples can be used to achieve a residual 
stress condition, thus preventing initial cracking at the surface. In addition, hardness procedures are 
used to increase the strength of the material as far as possible in order to activate internal defects at 
higher stresses. The execution of the test takes place according to the principle of quarter-point 
flexure. In the volume examined, the applied bending load leads to the initiation of a crack at the 
most effective microstructure discontinuity. This leads to a failure of the sample and to an exposure 
of the defect in the fracture surface. Scanning electron microscopy is used to measure the position 
and size of the defect responsible for the sample failure and determine its chemical composition. 
 
2.4. Comparison of the methods  
 
With the cross section procedure, evaluation of the defect content – and thus the purity of the entire 
material – is based solely on examination of a cut surface of an inclusion under a light microscope . 
Fig. 2 shows this schematically for two spherical, differently sized inclusions. In this cross section 
evaluation both defects appear to have the same inclusion size. Furthermore, inclusions that lie 
outside the cross section level cannot be determined. Thus, in this procedure a statistical evaluation 
of the size of the spherical non-metallic inclusions systematically leads to an underestimation.  
 
Therefore, [3], [7] and [8] suggest procedures for the conversion of the radius distribution of the 
defects in the examined polished sections into the corresponding ball radius distribution. 
 

 
Figure 2: Determination of the cross-section of two inclusions by means of a metallographic specimen 
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The 3D-X-ray computed tomography (µCT) method allows a three-dimensional representation of 
microstructure discontinuities and their distribution. Due to the reduction of resolution during the 
application to large material volumes, this procedure shows considerable weaknesses. Even with 
small samples, microstructure discontinuities with a size smaller than 50 µm can no longer be 
resolved. Moreover, due to the small number of voxels in the grey scale pictures, the type of the 
defect cannot be differentiated, e.g. cavities or inclusions may appear similar. In contrast, when the 
appropriate sample treatment is used, the rotating bending method activates the microstructure 
discontinuity most conducive to crack initiation in the damaged sample volume. Using this 
experimental technique with an appropriate number of samples, a statistically reliable result for the 
size and the position of the inclusions relevant for crack initiation is obtained. Due to the effective 
stresses microstructure discontinuities smaller than 30 µm can be examined. 
 
Direct comparison of the cross section procedure with the rotating bending and CT methods reveals 
a substantial difference in the size distribution and absolute magnitude of the determined defects 
identified. Additionally, with the application of the conversion procedures presented in [3], [7] and 
[8], the results for the cross section method strongly underestimate the maximum sizes of the 
defects which can be expected. The assumptions about fatigue strength characteristics derived from 
the cross section procedure thus can be strongly non-conservative [9]. Therefore, the ASTM E 45 
standard states that the application of this method may not be used as a condition of acceptance for 
relevant steel qualities. The investigation by means of CT provides a realistic size distribution, but 
due to the low resolution for large specimens [10], the investigation of larger sample volumes is not 
possible. 
 
3. Evaluation of the results for fracture mechanics 
 
In [4], extensive investigations were conducted to determine the influence of internal defects on the 
fatigue strength of eleven high-strength spring and ball bearing steels. The method used for the 
determination of the defects relevant for crack initiation was the rotating bending test described in 
the preceding chapter. Fig. 3 shows the distribution of the inclusion sizes in the probability net for 
the examined materials. The defect sizes were described by an area equivalent diameter 2a in the 
sense of fracture mechanics. The standardized characteristics were evaluated for a total of 175 
inclusions and each illustrated in a probability net. 
 

 

Figure 3: Size distribution of internal defects in different high-strength steels (A-K) 
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The inclusion sizes determined and extrapolated using the cross section procedure for the same 
samples were up to an order of magnitude smaller than the results achieved with the rotating 
bending test. Therefore from the point of view of the authors, the cross section procedure is not 
suitable for reliable detection of inclusions. 
 
In a further step for the purposes of comparative statistical evaluation, the diameters of the crack 
initiating defects determined at different depth have to be converted into a diameter with equal 
stress intensity at a reference depth. In order to take account of the statistical size effect it was also 
necessary to effect a conversion of the diameters to a standardized reference volume, depending on 
the critically stressed volume of the respective sample (see also [13]). In Fig. 3 a very large range in 
the diameter of the arising inclusions can be seen. 
 
The illustration of the converted test results in a Wöhler diagram (Fig. 4, left) shows no correlation 
between the applied nominal stress and the number of load cycles until fracture for the cracks 
arising from internal defects. 
 

 

Figure 4: Durability of samples with internal defects, in terms of fracture mechanics 
 

This can be attributed to the fact that in different samples with the same nominal stress amplitude, 
the local effective load in the vicinity of the defects responsible for crack initiation is different, 
depending on the location of the respective inclusion. Again, the load depends on the size of the 
inclusion and the local stresses at the inclusion. This suggests a description of the stress condition in 
terms of the stress intensity factor in the sense of fracture mechanics. Publications by Heckel [11] 
and El Haddad, Smith, Topper [14] describe this unification of Wöhler concept and fracture 
mechanics. In these concepts, the crack origin is approximated by a fictitious crack describable by 
the means of fracture mechanics. With the conversion of the nominal stress amplitudes into the 
stress intensities at the inclusion, all results can be described in the Wöhler diagram (Fig. 4, right) 

and a threshold value of ∆K଴ ൌ 220	Nmmିయ
మ can be determined within the endurance limit range. 

This threshold value appears to be independent of the steel grade and can be used to evaluate the 
fatigue strength if the defect distribution is well known. This result is confirmed by further 
investigations in [15] and [16]. 
 
Based on the equation for the stress intensity factor [17] and using the local stresses, the correlation 
between maximum inclusion size and allowable local stress (2) can be determined: 
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 ∆K ൌ 2 ∙ σୟ,୪ ∙ √π ∙ a ∙
ଶ

஠
 with σୟ,୪ ൌ σୟ,୬ ∙ ቀ

ୢିଶ୲

ୢ
ቁ (1) 

 σୟ,ୢ ൌ 0,63 ∙ ∆୏బ
√ଶୟ

  with ∆K଴ ൌ 220	Nmmିయ
మ (2) 

Using this threshold value of the local stress intensity at the inclusion K0, it is possible to estimate 
an upper limit of the usable local fatigue strength with a defined limiting number of load cycles 
from the middle diameter of the potentially crack initiating defects 2aതതത୲̅ of the investigated material 
[3]. 

 

Figure 5: Estimation based on the rotating bending test of local durability in respect of the average crack 

initiating inclusion size 
 

The endurance limit values of several steels determined in tests from [4] show a very good 
agreement with computed values of the upper limit of the usable endurance limit under 
consideration of existing microstructure defects (Fig. 5). This correlation is confirmed for different 
steels by investigations in [3]. 
 
Fig. 5 shows that the maximum usable endurance limit is reduced by the factor of two by an 
inclusion of 150 µm in relation to a material condition with technically undetectable inclusions 
(< 30 µm [4]). This illustrates the necessity for the reliable consideration of microstructure 
discontinuities in the dimensioning and validation of cyclically loaded, high-strength components. 
 
4. Extrapolation of the distribution of microstructure discontinuities with regard 

to statistical size effects 
 
The rotating bending method used for determining the distribution of microstructure discontinuities 
is a very economical means of testing, due to the high testing frequencies and its low energy 
consumption. One disadvantage, however, is the stress gradient arising in the sample during 
quarter-point flexure (Fig. 6, right). In order to estimate an allowable defect size on the basis of a 
given probability of failure of a component, the defect distribution determined in the rotating 
bending test must therefore be converted to an equivalent, uniformly stressed volume. Based on the 
stress integral, the equivalent volume V0 without stress gradient results in: 
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For rotating bending of a cylindrical sample with diameter of d0 = 2·r0 and a steady stressed length 
l0 (circular bend line under quarter-point flexure), the following simplification applies: 

 V଴ ൌ ׬ ቂ ୰
୰బ
ቃ
భ
ౣ

୚ dV where 
୰

୰బ
ൌ

஢౮౯౰
஢ౣ౗౮

 (4) 

using the scatter index of the Logit-distribution (index L): 

 m ൌ 0,524 ∙ lgT୐,ୟ (5) 

with TL,a = scatter band (10% / 90%) of the defect distribution. 

                   
Figure 6: Model for the derivation of the effective volume 

 
In Fig. 6, the volume element of the integral for round samples is derived to: 

 dV ൌ 2π ∙ r ∙ l଴ ∙ dr (6) 

Considering that defects in the vicinity of the approximately 0.22 mm thick compression stress 
layer originating from the shot peening are ineffective, then the integration results in: 

 V଴ ൌ
ଶ஠∙୪బ
ଶାభ

ౣ

∙ r଴
ି	 భ
ౣ ∙ ሺr଴ െ 0,22ሻଶା

భ
ౣ (7) 

V0 is the reference value for the component volume VB, determined from the rotating bending test. 
This can be calculated from the stress integral of the component Ve and the series amount nB. 

 ஻ܸ ൌ ݊஻ ∙ ௘ܸ (8) 

To compute the stress integral of the component, the distribution data of the microstructural 
discontinuities determined in the rotating bending tests are used. 
 
These distribution data (average value a0 and scatter range TL,a) are the basis for the derivation of 
allowable stresses. Thus the experimentally determined distribution of the microstructural 
discontinuities is extrapolated on the basis of the volume ratio of the sample and the component. 

 P୅ ൌ
ଵ
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 (9) 

The critical diameter 2az of the microstructure discontinuities for the allowable, fatigue endurable 
stress in one of nB components is determined from the extrapolation equation 
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Under consideration of the confidence (statistical reliability S), the standardized parameter k can be 
calculated [18]: 

 k ൌ ଶ∙ሺ୬ౌିଵሻ

ଶ∙ሺ୬ౌିଵሻି୳౩
మ ∙ ቈu୮ േ uୱ ∙ ට

ଶ∙ሺ୬ౌିଵሻା୬ౌ∙୳౦
మି୳౩

మ

ଶ∙୬ౌ∙ሺ୬ౌିଵሻ
቉ (12) 

where  nP = number of the microstructural discontinuities determined with rotating bending test 
   up = fractile for the extrapolation to 2az 
  us = fractile for the necessary single sided statistical reliability S 
 
For the applied Logit distribution, both fractiles result in the expressions illustrated in equation (13) 
and (14): 

 u୮ ൌ
√ଷ

஠
∙ ln ୬ా∙୚౛

୚బ
 (13) 

 uୱ ൌ
√ଷ

஠
∙ ln ୗ

ଵିୗ
 (14) 

On the basis of these considerations, the fatigue endurable local stress amplitude σzul with the 
expected defect size of 2az for one of nB components can be calculated under the assumption of a 
defined statistical confidence using equation (2). 
 
Under the assumption that microstructural discontinuities can cause the failure of a large volume 
component of high-strength steel, a reduction of the allowable design stress can be derived for a 
given microstructure defect in the material with regard to the statistical size effect. Since the 
fracture mechanics threshold value K0 is independent of the material and its tensile strength, the 
equations presented here apply to all steel grades [4]. 
 

 

Figure 7:  Estimation of the tolerable defect size with regard to the distribution of the internal defects 
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The experimentally determined defect distribution for an exemplary material, represented in Fig. 7, 
allows an extrapolation of the inclusion diameter 2az,90 = 0.4 mm for a probability of occurrence P 
of 99.99% and a confidence of S = 90%. This means that there is a 99.99% probability that all 
microstructure discontinuities arising are smaller than 2az,90, and that the probability of a defect of 
this size occurring is 0.01%. In a sample of components with this parameter and this volume ratio 
between specimen and regarded component, the probability of failure P results from (9). 
 
According to Fig. 5, the upper limit of the maximum usable endurance limit can be determined by 
σzul = 219 MPa. Alternatively, the allowable inclusion size can be determined for a required 
endurance limit. Depending upon steel grade, this can mean a clear reduction of the dynamic stress 
limit used for the design. The estimated maximum size of the inclusions 2az only becomes relevant, 
if the endurable tolerated stresses exceed the computationally estimated stress amplitude σzul. 
 
5. Conclusion and forecast 
 
The investigations carried out showed that in the context of the design of components, 
microstructural discontinuities have to be considered as crack initiators in the highly stressed 
volume. Solely materials science methods for the determination of the purity of the material cannot 
supply reliable information on the existence and characteristics of potentially crack initiating 
defects and therefore do not offer a reliable criterion for process validation and quality assurance in 
steelmaking. An improved concept for quality assurance is suggested in the form of the 
determination of defects by rotating bending testing of samples. Allowable defect sizes or endurable 
fatigue stresses can be estimated computationally on the basis of fracture-mechanics considerations. 
This means that when using high-strength materials to make components it is possible to take 
account of strength-reducing influences due to internal defects at the design stage already. In 
contrast with the maximum allowable stresses, a maximum allowable defect size can be defined as a 
function of the required probability of failure, and thus a demand for purity for the material used 
can be derived. The potential of high-strength steel for vibration resistance, however, can only be 
exploited if it is guaranteed that a certain size of non-metallic inclusions is not exceeded. From the 
point of view of the authors, the determination of the defect distribution as a measure of the purity 
of the material used with the suggested procedure is an essential step in the design and qualification 
of components. 
 
Further investigations are planned to examine, if the results presented here are relevant for lower 
strength materials. First test results regarding the purity of low strength materials (e.g. 42CrMo4) 
show internal defects with a size of more than 400 m in the rotating bending test. The 
investigations clearly show the dimension of microstructural discontinuities that has to be 
considered in the application of these materials. Thus, reliable determination of the defects coupled 
with statistical analysis is essential for the design and quality assurance of components produced in 
large series and with the requisite low failure probability . 
 
6. References 
 
[1] Lange, G.; Witzel, W.; Der Einfluss grober Ausscheidungen auf die Dauerfestigkeit von 

Aluminiumlegierungen, International Journal of Materials Research 70 (1979), 403-405 
[2] Thornton, P. A.; The influence of nonmetallic inclusions on the mechanical properties of steel, 

A review: Journal of Material Science 6 (1971), 347-356 
[3] Murakami, Y.; Metal Fatigue: Effects of small defects and nonmetallic inclusions, Kyushu 

University Japan, Elsevier, (2002) 



13th International Conference on Fracture 
June 16–21, 2013, Beijing, China 

-10- 
 

[4] Georges, T.; Zur Gewichtsreduzierung von Fahrzeugfedern unter besonderer Beachtung des 
schwingfestigkeitsmindernden Einflusses bruchauslösender Fehlstellen im Halbzeug 
Federdraht (Bde. Reihe 5, Nr. 593). VDI Fortschritts-Bericht, (2009) 

[5] Hück, M.; Grundsatzuntersuchung über die Betriebsfestigkeit von Achsfedern am Beispiel der 
W210-HA-Federn, IABG Bericht B-TA-3903, IABG Ottobrunn, (2003) 

[6] Bethlehem-Seidel, S.; Kast, E.; Automatisches Verfahren zur Reinheitsgradbestimmung an 
Stählen im REM mittels kombinierter RE-Graustufenbildanalyse und EDX-Analyse mit 
spezieller Auswertesoftware, in: Sonderbände der Praktischen Metallographie, Fortschritte in 
der Metallographie, Bd. 27 (1995), 139 ff. 

[7] E. Scheil: Die Berechnung der Anzahl und Größenverteilung kugelförmiger Kristalle an 
durchsichtigen Körpern mit Hilfe der durch einen ebenen Schnitt erhaltenen Schnittkreise, 
Zeitschrift für anorganische und allgemeine Chemie 201 (1931), 259 

[8] Tomandl, G.; Näherungsmethode zur Umrechnung der Kreisradienverteilung von Anschliffen 
in die ,wahren Kugelradienverteilung bei geringem Rechenaufwand, Sonderdruck 
aus ,,Berichte der Deutschen Keramischen Gesellschaft, Band 48, Heft 5 (1971), 222-225 

[9] Huster, J.; Lebensdauervorhersage bei Schwingbeanspruchung unter Berücksichtigung der 
Mikrorissausbreitung, Dissertation UniBw München, (1988) 

[10] Harrer, B.; Kastner, J.; Kottar, A.; Charakterisierung von Inhomogenitäten in metallischen 
Gusswerkstoffen mittels 3D-Röntgen-Computertomographie, DGZfP-Jahrestagung, Vortrag 
94, München (2007) 

[11] Heckel, K.; Wirkung von Kerben bei schwingender Beanspruchung, in: Dahl W.: Verhalten 
von Stahl bei schwingender Beanspruchung, VDEh, Verlag Stahleisen, Düsseldorf, (1978) 

[12] Ziebart, W.; Ein Verfahren zur Berechnung des Kerb- und Größeneinflusses bei 
Schwingbeanspruchung, Dissertation, TU München, (1976) 

[13] Rödling, S.; Fröschl, J.; Hück, M.; Decker, M.; Influence of Non-Metallic Inclusions on 
Acceptable HCF Design Properties, Materials Testing 7-8/2011 Jg. 53 (2011), 455 – 462 

[14] El Haddad, M. H.; Smith, K. N.; Topper, T. H.; Fatigue crack propagation of short cracks, 
Transactions of the ASME, Vol. 101 (1979), 42-46 

[15] Hück, M.; Heuler, P.; Bergmann, J.W.; Bewertung der Schwingfestigkeit der mikrolegierten 
Stähle 27MnVS6 und 38MnVS5, FKM-Forschungsheft 163 (1992), Forschungskuratorium 
Maschinenbau e.V., Frankfurt/M. 

[16] Gallagher, J.; Damage Tolerant Design Handbook, MCIC-HB-01R, Volume 2, Metals and 
Ceramics Information Center, Batelle, Columbus Laboratories, 505 King Avenue, Columbus, 
Ohio, (1983) 

[17] Tada, H., Paris P. C., Irwin G. R.; The Stress Analysis of Cracks Handbook, Third Edition, 
ASME Press, New York, (2000) 

[18] Graf, U., et.al.; Formeln und Tabellen der angewandten mathematischen Statistik, Springer 
Verlag, Berlin, (1998) 

 


