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An engineering approach to fatigue analysis
based on elastic-plastic fracture mechanics
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ABSTRACT. Nowadays cast iron components are widely used in highly stressed structures. Component lifetime
is strongly influenced by inhomogeneities caused by the material’s microstructure and the manufacturing
process (graphite particles, (micro-)shrinkage pores, inclusions). Inhomogeneities often act as a fatigue crack
starter. Lifetime until failure may be divided into stages for crack initiation, short and long crack growth.
Initiation of a crack of technical size (a = 1mm) is often dominated by the growth of short cracks. The paper
presents an approach to analyze the mechanically short fatigue crack growth based on elastic-plastic fracture
mechanics. The application of the approach is successfully demonstrated for cast iron material
EN-GJS-400-18-LT using data from fatigue tests, microstructure and fracture surface analyses to assess the
fatigue life.
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INTRODUCTION

the casting processes. Nevertheless, it is not completely possible to exclude inhomogeneities (e.g. graphite

particles, (micro-)shrinkage pores, inclusions) caused by the material’s microstructure or the manufacturing
process. Loading in the low cycle fatigue (LCF) range may occur in components as a result of teal and/or design-related
special and misuse events as well as braking and start-stop operations. Assessment of the components requires knowledge
of the monotonic and cyclic stress-strain curve and the strain-life curve [1]. These material properties are typically
determined in unnotched specimens without a defined starting crack. Small inhomogeneities, however, may already be
present at the outset and grow throughout a large proportion of the test's lifetime.
The crack propagation under cyclic loading may be divided into three stages [2]. In stage 1 of the microstructurally short
cracks, their growth is heavily influenced by the local microstructure and cannot be described using fracture mechanics
approaches from the continuum mechanics point of view. Delay and acceleration phases alternate. Stage 2 is characterized
by the growth of mechanically short cracks. It is impossible to disregard the plastic zone size at the crack tip in relation to
the crack's dimensions. The result is plasticity-dependent enhancement of the crack tip loading. Although it may be
described from the continuum mechanics point of view, it cannot be described adequately on the basis of linear-elastic
fracture mechanics. In this stage of crack growth too, the plasticity-induced crack closure effect has not yet developed
fully since the defect has no prehistory of plastic deformation at the outset. In the final stage, the long crack extends until

E ] owadays cast iron components are produced with a very high casting quality due to constant enhancement of
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ultimate failure of the cracked structure. Long crack growth, with the exception of the high strain amplitudes present in
the LCF range, can be described using linear-elastic fracture mechanics approaches.

Experimental studies on cast materials [3 - 6] have shown that in the LCF range both the crack formation phase starting
from an inhomogeneity and also the long crack growth phase have a lower percentage share in the overall lifetime. A
substantial part of the overall lifetime is determined by the growth of short cracks starting from an inhomogeneity on or
close to the surface of the specimen. It is for this reason that understanding the mechanisms of short crack growth is very
helpful for describing fatigue processes. Knowledge of the short crack behaviour may be significant particularly for
components that are predominantly loaded at a lower stress level with more than 106 cycles (HCF) and in which the
formation of short cracks starts relatively early in the lifetime due, for example, to extreme load events. Results obtained
from fatigue tests are always affected by scattering. It is interesting therefore to consider the material-specific and
manufacture-specific inhomogeneities as a parameter in the fatigue life assessment and thus to be able to explain the
scattering of the test results at least in part.

MATERIAL PROPERTIES AND EXPERIMENTAL STUDIES

variants (CV) of the ductile cast iron material EN-GJS-400-18-LT with dissimilar graphite morphology. The
chemical compositions may be taken from Tab. 1 and the static material properties from Tab. 2. Fig. 1 illustrates
the graphite morphology of the casting variants.

T he fatigue tests which are presented in this paper were conducted on specimens from two different casting

%C % Si % Mn %P %S % Mg
CV 1 3.65 2.0 0.19 0.024 0.008 0.034
CV2 3.58 2.09 0.17 0.031 0.006 0.03

Table 1: Chemical composition [in wt.%o] of the materials

Temp. [°C] R, [MPa] Rpo2 [MPa] A [%] 7 [%]
CV 1 20 373 237 25.4 22.0
Cv2 20 364 246 14.2 12,0

Table 2: Mechanical properties of the materials

Figure 1: Graphite morphology: material CV 1 (a) and material CV 2 (b)

The strain-controlled fatigue tests were performed with an axial tension-compression loading (strain ratio R. = -1) on
unnotched round specimens (K. = 1) having a machined specimen surface. The monotonic and cyclic stress-strain curves
were also determined from these tests at half the number of cycles to initiation of a crack of technical size. The elastic-

plastic material behaviour under cyclic loading can be well described using the Ramberg-Osgood equation (Fig. 2)

1
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The ferritic cast iron materials exhibit cyclic strain hardening in a known manner [1]. In the approach presented here, the
material is considered to be cyclically stabilized.
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Figure 2: Cyclic stress-strain curve of the material.

Fatigue crack growth is mainly to be found starting from microshrinkage pores ranging in size from 60 to 500 pm on or
just under the specimen surface. It was possible to detect this inhomogeneities by means of fractographic studies
subsequent to the fatigue tests. From the enveloping contours around the microshrinkage pores, each of the starting crack

sizes of a semi-circular surface crack used in the approach is determined in accordance with the +/area - criterion

according to Murakami [7]. The depth-to-length ratios of the porosity dimensions ate always within the criterion's validity
range.

ELASTIC-PLASTIC FATIGUE CRACK GROWTH APPROACH

Basic principles

T he conditions of small scale yielding (SSY) ate breached duting the growth of mechanically short cracks and/ot
higher loading [2, 8, 9, 10]. The application of conventional approaches of linear-elastic fracture mechanics is no
longer adequate and may lead to non-conservative results in the fatigue life assessment. An appropriate crack tip

parameter must be used as a substitute for the stress intensity factor. In the approach presented here, the effective J-

integral range considering crack closure effects is used to analyze the elastic-plastic crack growth

da/dn=C- (A.]eﬂ)m @

Successtul use in fatigue life assessment has already been documented in several publications, among others in [11] and
[12]. The applicability of the cyclic J-integral is, however, a controversial issue since the necessary requirement of
independence from the integration path is no longer strictly given under cyclic loading. The definition of the crack tip
parameter, which ensures path independence even under cyclic loading, is explained in detail in [10] and [11]. The
increments of the stresses and strains are explicitly included in the expression, that is

A #JT  ~J )

Moreover, the effective J-integral range AJ ., is to be calculated from the descending hysteresis loop branch up to the
crack closure point. It is known from studies on the crack closure behaviour of short cracks in [11] that crack opening and

36



'l
f(¢'
s J. Enfinger et alii, Forni di Sopra (UD), Itahy, March 7-9, 2011; ISBN 978-88-95940-35-9

crack closure under elastic-plastic loading occurs at approximately the same strain value. The condition of identical crack
opening and crack closure strains is also assumed in the approach presented here.

Fatigne crack growth parameters

Possible correlation of the fatigue crack growth of mechanically short cracks and long cracks using the effective J-integral
range according to Eq. (2) is presented in [11] for various steels and a wrought aluminium alloy. Experimental studies |3,
4, 6] also demonstrate good correlation of the crack growth data of mechanically short cracks with the long crack growth
data determined with CT specimens at high stress ratios for the group of cast iron materials.

In the approach presented here, use is made of fatigue crack growth parameters obtained from experimental studies of the
cyclic crack growth behaviour of a ductile cast iron EN-GJS-400-18-LT in [13]. The fatigue crack growth measurements
were performed in accordance with ASTM E647-00 on a Mikrotron 20 resonance testing machine manufactured by the
Rumul company. Three-point bend specimens having the dimensions 10 mm x 20 mm x 100 mm were used for the tests
with constant stress ratios R = 0.1, 0.3 and 0.5. Crack depth measurement was performed using the compliance method.
The experimentally determined crack growth rates were well approximated in [13] for vatious stress ratios R using the
NASGRO Eq. [14]:

)

(-]
d_c{(ujAK} U ak)
dn 1-R K, 4

an extended Paris-Erdogan equation which describes all three regions of the cyclic crack growth curve as a function of the
stress ratio R. The parameters of equation (4) may be taken from Table 3.

. AK, K.

p q
K t in MPam in MPa+v/m
3,810 38 0.2 0.1 7.8 32

Table 3: Parameters of the “NASGRO model” for EN-GJS-400-18-LT acc. to [13]

The effect of the stress ratio on the da/dn-AK curve is conditional upon the effect of crack closure. In Eq. (4), the

effective cyclic stress intensity factor at which the crack is open corresponds to an expression

AK = (%jAK ©)

The function =K, /K, is based on a model by Newman [15] which is widely used. Parameters Cy and n and

X

threshold value AK off h DAY be converted allowing for

2
My = = ©)
o E Al

into parameters C and m and threshold value AJ  , of the crack growth law according to Eq. (2).

Crack closure bebavionr

The experimental studies in [13] show that the effect of the stress ratio R on the growth of long cracks in the ductile cast
iron material EN-GJS-400-18-LT may be described with sufficient accuracy by the function according to the model by
Newman. The suitability of this function is also presented at higher maximum strains and stress ratios -2 < R < 1 in [12].
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The function also describes the experimentally confirmed correlation between the decreasing crack opening stresses with
increasing load amplitude [11]. Thus, in the approach presented here, Newman’s function is used to calculate the
stabilized crack opening stresses with an equation modified by Vormwald [11] for calculating the average yield stress

Gy =0,5+(Ry, +R,) )

Short cracks, however, remain open over the entire stress and strain range of a cycle [11]. Experimental studies on the
growth of short cracks starting from natural defects in ([3], [4], [6], [16]) also demonstrate this behaviour for the group of
cast iron materials. In addition, the transient crack opening behaviour during the growth of short cracks is analyzed for a
ferritic cast iron in [16] (Fig. 3) and a ferritic-perlitic cast iron in [6]. Short cracks which are initiated at inclusions,
porosities, etc. have no a prioti plastically deformed crack surface which might cause plasticity-induced crack closure. The
crack opening stress therefore develops in a transient process up to the stabilized level measured in long cracks [17]. If a
short crack is completely opened, the full stress and strain range is applied to calculate the cyclic J-Integral. As a result, the
crack growth rate is higher than in long cracks with stabilized crack opening stress.
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Figure 3: Transient short crack opening behaviour, data taken from [16].

The transient development of the crack opening behaviour may be described with a modification of the model by
Newman to calculate the crack opening stress for short cracks based on a model by McEvily [18]. In the approach
presented here,

Copir =00 +(0'0p —O'U)-(l—exp[—ka '(a—ao)]) ®)

is used to calculate the transient crack opening stress. The parameter ka is a material-dependent characteristic value which

whete k, =7 enables an adequate approximation of Eq. (8) to the experimentally determined, transient crack opening
behaviour from [16]. Using the cyclic stress-strain curve according to Eq. (1) and assumption of the Masing behaviour and

identical crack opening and crack closure strains, o, , is used to calculate the transient crack opening and crack closure
strain &, .. and &, ,. as well as the crack closure stress o

op,tr cl,tr cltr *

Crack tip parameter - numerical analyses and analytical solutions

It is necessary to use analytical solutions to calculate the crack tip loading during an efficient fatigue crack growth analysis.
In this approach, to calculate the J-integral for short semi-circular surface cracks in an unnotched round specimen, the
frequently used formula by Dowling [19] is applied in a form modified according to Vormwald and Seeger [11] and
allowing for the transient crack closure stresses and strains in addition to a Poisson's ratio p = 0,28
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The growth of semi-circular short cracks is also confirmed in experimental studies on cast iron materials [3, 6]. In the
approach presented here, another analytical approximation solution was also determined comparatively to calculate the
J-integral for short semi-circular surface cracks in an unnotched round specimen. This solution is based on a procedure
according to Zerbst et al. [20]. For this purpose, three-dimensional, elastic and elastic-plastic finite element analyses of the
round specimen with sutface crack were performed for various crack depths a (0.05 mm < a < 2 mm) and a/c = 1. The
J-integral may be analytically approximated using flaw assessment procedutes, such as R6 [21] and SINTAP/FITNET
[22], which are based on the reference stress approach. In the reference stress approach, the quality of the approximation

is essentially determined by the chosen limit load I, . Zerbst et al. suggest a modified procedure replacing the limit load

F, by a reference load F, . Its value is derived from the condition that the ligament yielding parameter

O-re F
L=—"-— (10)
oy L

in the function

-1/2
f(Lr){E'g”f AL } (1)

Loy, 2-E-¢g,
is set at L, =1. With L, =1, Zetbst et al. chose a value at which significant plasticity occur but where assured
determination of the J-integral is still possible using FE analyses and the results are relevant in practice. The material-
dependent value for f(L, =1) is the result of equation (11) and cotresponds to the ratio J/J,,; on reaching the reference

load. Using the crack-length-dependent reference loads £ okl determined, the effective J-integral range as

AK, -
A‘]ef/"' :vaf[f(ALreffﬂ 2 (12)
where
AL AFyy 09~ Oun 13

reff = -
2 FO,zykI 2 Fo, zykl

is described analytically in the approach presented here. The geometry factors arising from the J-integral values of the
elastic FE analyses were also calculated for the configurations of short cracks in a round specimen considered here. As
expected, for short cracks (a < 1 mm), there is good correlation with the geometry factors for semi-elliptical surface cracks
in a plate by Newman and Raju [23]. It may be assumed, therefore, that the stress intensity factors in Eq. (12) can be
calculated with sufficient accuracy using the approximation formulae of Newman and Raju.

APPLICATION AND CONCLUSION

iron material EN-GJS-400-18-LT are presented in Fig. 4 compared to the cycles to initiation of a crack of

T he results of applying the approach for the fracture mechanics-based analysis of the fatigue properties of a cast
technical size (a = 1 mm) determined experimentally.
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Figure 4: Comparison of test data with calculated cycles

If Eq. (9) according to Dowling is used in the approach to calculate the effective J-integral range, then the calculated
number of cycles differs by no more than the factor fx = 1.6 compared to the values determined experimentally. In some
cases, however, the calculation results are non-conservative. When using the analytical solution to calculate the effective
J-integral range according to Eq. (12) based on the reference stress approach and the modified procedure according to
Zetbst et al., the calculated number of cycles differs by no more than 2.4 times the values determined experimentally. In
this case, the calculation results are always conservative. In both cases, the transient crack opening and crack closure
behaviour was taken into consideration in the approach. First of all, it can be seen that tendentially lower cycles to
initiation of a crack of technical size are calculated using Eq. (12). Comparison with the numerical results from the FE
analyses shows that the J-integral values calculated using Eq. (12) tend towards conservative values particularly at lower
loading conditions. To sum up the calculated and the experimentally determined number of cycles correlate very well. The
application of the approach based on mechanically short cracks growth is successfully demonstrated to analyze the fatigue
testing results of an EN-GJS-400-18-LT.
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