Consideration of the transient material behavior under variable amplitude
loading in the fatigue assessment of nodular cast iron using the strain-life

approach

Authors: Jan Hesseler, Jorg Baumgartner*, Christoph Bleicher
Fraunhofer Institute for Structural Durability and System Reliability LBF, Darmstadt, Germany

*) Corresponding author: joerg.baumgartner@Ibf.fraunhofer.de

Keywords: Transient material behavior, Variable amplitude loading, Strain-life approach, Overload,

Nodular cast iron, Wind energy
Abstract:

The consideration of realistic load assumptions is important for the fatigue design of highly stressed
nodular cast iron components for wind energy application. Especially in case of overloads causing

elastic-plastic deformation, residual stresses may have a strong impact on fatigue life.

In strain-controlled fatigue tests with constant and variable amplitudes, the influence of overloads on
the lifetime was investigated. The overload was applied with the objective to create high tensile residual
stresses. During fatigue testing the transient material behavior, cyclic hardening, cyclic relaxation of the
residual stresses as well as quasi static creep effects, of the EN-GJS-400-18-LT was recorded and

evaluated.

To quantify the influence of the transient material behavior on the calculated lifetime, fatigue analyses
are carried out with the strain-life approach, both with and without consideration of the transient material
behavior. The results show that conservative damage sums are derived if the transient material behavior,

especially the relaxation of tensile residual stresses, is neglected.

Nomenclature

c fatigue ductility exponent Ni  number of cycles to crack initiation

b fatigue strength exponent Pe  damage parameter according to
Bergmann

f frequency R,  strainratio

h cyclic hardening £ strain

k mean stress parameter &  Strain amplitude

n cyclic hardening exponent &e elastic strain amplitude

t time &p Plastic strain amplitude




E Young’s modulus & fatigue ductility exponent
K* cyclic hardening coefficient Ag  strain range

HBVaoy, highly stressed volume 90% o stress

Ls spectrum length oa  Stress amplitude

M mean stress sensitivity om  mean stress

N number of cycles o'y fatigue strength coefficient

1. Introduction

Nodular cast iron components are often used in the wind energy sector due to their high design freedom
and high load capacity. Highly stressed components, such as the rotor hub or the main frame, are

typically made of nodular cast iron (GJS).

Due to stochastic wind loads [1], variable amplitude loads are used for the fatigue assessment. Numerous

fatigue approaches are available for the assessment of components [2].

In industrial application, guidelines with stress-based approaches are frequently used [3, 4]. However,
high operating loads or overloads, e.g. caused by storms or grid losses, which lead to plastic deformation
of the material and thus to residual stresses, cannot be evaluated directly with stress-life approaches.
Furthermore, stress-based approaches do not take sequence effects into account. Subsequently, no
changes of residual stresses due to e.g. exceedance of the yield stress can be considered. In addition, the
stress-life approaches generally only cover the high cycle fatigue range (N > 10*) and cannot assess

damage components for overload cycles in the low cycle fatigue (LCF) regime.

The strain-life approach, as described e.g. in [5] or the FKM guideline [6], can be applied in an
acceptable calculation time to evaluate the fatigue life for crack initiation. It uses the cyclically stabilized
material behavior and does not consider transient effects, e.g. creep or cyclic mean stress relaxation.
However, it can consider changes of the residual stresses due to exceedance of the yield stress and also
allows the evaluation of load cycles in the LCF regime. Subsequently, the strain-life approach has been

often used to evaluate the fatigue strength of components with overloads in the load spectrum:

The fatigue strength of welded joints with tensile overloads was analyzed in [7] and [8]. The applied
overload lead to compressive residual stresses in the fatigue critical weld toe notch and subsequently to
an increase in fatigue life. With the strain-life approach the beneficial effects could be quantified.
However, if an overload is applied that leads to tensile residual stresses in the fatigue critical locations,
harmful effects need to be considered. In [9], the fatigue strength of case-hardened specimens in strain-
controlled tests was investigated. Due to periodic compressive overloads, the endurable strain

amplitudes are significantly lowered due to the relaxation of compressive residual stresses.



Besides the influence of the overload on the crack initiation life, the residual stress state has also an
influence on the crack propagation life. Tensile residual stresses lead to an accelerated crack

propagation, compressive one to a retardation of the crack growth [10, 7].

Independent from the sign of the residual stresses, i.e. high tensile or high compressive ones, these can
partially be reduced by the subsequent load cycles. This can be explained on one hand by an exceedance
of the yield stress as it is covered by the strain-life approach. On the other hand, the residual stresses can
be changed by a cyclic mean stress relaxation [11] or static creep [12]. With material models such as
described in [13] these transient effects can be partially described. Due to their complexity and

computing time, however, they are seldom used in industrial application.

In this work, the influence of the transient material behavior on the calculated lifetime is investigated.
For this purpose, strain-controlled fatigue tests and fatigue analyses with the strain-life approach were
carried out. The specimens for the strain controlled fatigue test were taken from a machine frame of a
wind energy turbine and tested under constant and variable amplitude loading [14]. To investigate the
influence of overloads on lifetime, three different scenarios were investigated: a) without overload, b)
with an overload at the beginning and ¢) with an overload after one transit of the load spectrum (Lg =
5-10°). The overload consists of a cycle in the compression range (Ae = 1%, R, = —o0) and was

selected in such a way that it leads to high tensile residual stresses.

2. Fatigue tests

2.1 Specimen for the fatigue test

For the fatigue tests, unnotched specimens of EN-GJS-400-18-LT were used, which were taken from a
main frame of a wind turbine. The position of the main frame, where the specimens have been taken had
a wall thickness of approx. t = 85 mm. In the test volume, the specimens have a diameter of d =
15 mm and a length of [ = 25 mm, Fig. 1. The highly stressed volume according to [15] and [16] of
the specimen is HBVygy, = 6.122 mm3. It should be noted that HBVqqq, is not only in the test volume,

but also extends into the transition radius. The chemical composition is shown in Table 1.

Table 1 Chemical compositions of the investigated cast iron alloy EN-GJS-400-18-LT in %

C Si Mn P S Mg Cu Ni

3.75 2.16 0.21 0.022 0.005 0.041 0.010 0.02
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Fig. 1 Geometry of the specimen used for the investigations

2.2 Fatigue test under constant amplitude loading

The strain controlled tests were carried out at room temperature on a servo-hydraulic test rig with test
frequencies between f = 0.1 and 20 Hz and a strain ratio of R, = —1. The first ten load cycles were
always performed at a frequency f = 0.1 Hz. Then the frequency was increased as a function of the load
levels. The tests were run until crack initiation. During the tests, the forces resp. nominal stresses were

continuously recorded with a rate of 200 data points per cycle.

The number of cycles to crack initiation N; and the elastic-plastic material behaviour were determined
according to [17]. The stress-strain curve in the description according to (1) [18] and the strain-life curve
according to (2) [19], [20], [21], [22] are shown in Fig. 2.

1

g, Oa\1n'
Eq = ga’e + ga'p — Ea + (ﬁ)n (1)
= =&'(2'N)b "(Z'N)C (2)
Eq = Eqp T Eqp £ + Ef

The parameters of the strain-life curve, Table 2, are determined with a linear regression in double

logarithmic e.;-N space and double logarithmic €,,-N space. The parameters of the stress-strain curve

are determined by the compatibility conditions [17].



5007

450+ @®  Total strain E:,_156;§go MPa
— @  Elastic strain 61:' ’
& 4007 - O  Plastic strain €1 0.264
=
© w® c: -0.621
o 300 8 400k _ K': 655.2
=] 3 @ n':0.109
2 250t =
o
E 200 g
o c
% 150} ®
= E: 167800 MPa N
» 100 K': 655.2
50 n': 0,109
0 1 2 3

Strain amplitude & . [%] Number of cycles NA

Fig. 2 Cyclic stress-strain curve and strain-life curve for EN-GJS-400-18-LT

Table 2 Parameter of the strain-life curve and cyclic stress-strain curve for EN-GJS-400-18-LT

!

E O'f

Material [MPa]  [MPa] €f b c K n

EN-GJS-400-18-LT 167800 567 0.264 -0.068 -0.621 655.2 0.109

The fatigue tests under constant amplitude loading show cyclic hardening, i.e. an increase in the stress
amplitude at a constant strain amplitude, Fig. 3. This cyclic hardening is dependent on the strain level.
At low strain levels the material shows only a low cyclic hardening. The maximum cyclic hardening is
achieved at a strain amplitude of about €, = 0.25 %. Higher strain amplitudes show a lower relative
cyclic hardening, probably induced by a starting crack initiation, which leads to a decrease of the stress
amplitude, Fig. 4. The strain hardening h is calculated according to (3), where N; represents the number

of cycles to crack initiation.

max(o, y=1.N: 3
h= ( a,N 1..N1) 1 (3)
Og,N=1

The increase of the test frequency after 10 cycles leads to an increase of the stress amplitude. This is
most obvious in tests with low strain amplitudes, where the frequency difference between the first 10

cycles and the following cycles is highest.
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Fig. 3 Stress amplitude in strain-controlled tests showing cyclic hardening until crack initiation
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Fig. 4 Cyclic hardening depending on the strain amplitude

2.3 Fatigue test under variable amplitude loading

The fatigue tests with variable strain amplitude were performed on the same servo-hydraulic test rig as
those with constant strain amplitudes. In order to use realistic loads in the investigations, a load spectrum
derived from a wind turbine was used that corresponds to a life of 20 years and has a strain ratio of R, =
—1 [14]. The load assumptions were based less on the exact representation of the local stresses than on

the use of a realistic load-time-histories for wind turbines.

In order to obtain a suitable load-time history for the fatigue tests, the load spectrum is reduced from
Lg =2.8-108 cycles to Lg = 5 - 10> cycles by means of factorization and omission, Fig. 5. This is

necessary because the load-time history should be run through several times in Gal3ner tests [23].
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Fig. 5 Load spectrum

In order to investigate the influence of an overload on the lifetime, 3 load scenarios were investigated,
Fig. 6:

a. without overload
b. with an overload at the beginning

c. with an overload after one transit, i.e. after Ly = 5 - 10° cycles

The overload at the beginning is expected to have a large influence on lifetime, since the material has
not yet achieved cyclic hardening. Therefore, a higher degree of yielding is expected than with the
cyclically stabilized material after Lg cyles. The purpose of the overload after one transit is to check the
influence of the time of occurrence and whether the overload has a minor influence on lifetime due to
the cyclic hardening of the material. The overload was selected in such a way that high residual tensile
stresses are generated, which have a negative effect on lifetime. However, the overload should not cause
any significant damage. The overload therefore consists of one load cycle with a strain range of Ae =
1 %.
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Fig. 6 Load time history with and without overload

The GaRner-curves show a partially significant influence of the overload on the fatigue life, Fig. 7. This

is highest at low strain amplitudes. At high strain amplitudes the influence of the overload decreases.



This leads to different slopes of the GaRner-curves and a coincidence of the curves at about N = 5 - 10°

cycles. This is caused by a reduction of the residual stress at high strain levels.
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Fig. 7 Galiner curves under variable amplitude loading with and without overload

2.4 Changes in the local mean respectively residual stresses
The work distinguishes between the following influences:

1) cyclic relaxation of local mean stress
2) static creep

3) change of local mean stress by exceeding the yield limit

All three phenomena are connected to each other and have a high influence on the residual stress state
at high loads with plastic strains. A schematic representation can be seen in Fig. 8. 1) Cyclic relaxation
is defined as decrease in the residual stress state (local mean stress) under constant strain-controlled
testing (e, # 0) [11]. 2) Static creep is defined as an increase in plastic elongation at constant stress
(o # 0). This is shown in [12] for an EN-GJS-400-15. 3) Residual stress reduction by exceeding the
yield limit means that if the yield limit is exceeded, the residual stresses can be reduced or, depending

on the load level, built up in the opposite direction [24], [25].

All effects are addressed when loading with significant plastic strains and a stress ratio of R #= —1. The

significance of the individual influences depends on the load-time-history.
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Fig. 8 Schematic representation of different phenomena to change local mean resp. residual stresses

3. Fatigue analysis

3.1 Applied fatigue assessment approaches

When the strain-life approach is applied in industrial application, no transient material behavior is
generally used in the fatigue assessment. Effects such as cyclic hardening or cyclic mean stress
relaxation are not considered. A cyclically stabilized stress-strain behavior over the entire component
lifetime is usually assumed. As it can be seen in Fig. 3 the EN-GJS-400-18-LT, however, shows a load-
dependent hardening. A stabilization of the stresses at a constant level does not take place. The hardening

takes place continuously until failure.

To investigate the influence of the transient material behavior on the damage sum, two different damage
calculations are carried out for the fatigue tests with variable amplitude loading, Fig. 9. Input data for
both approaches are the recorded strain-time course from the fatigue tests and the strain-life curve from
the constant amplitude fatigue tests. In the first variant, the fatigue assessment is considering the
transient material behavior, the recorded stress amplitudes have been used. Subsequently, all transient
effects are covered. This variant is referred to as the experimental variant in the following. In the second

variant, the fatigue assessment is carried out without consideration of transient material effects, the stress



amplitudes were numerically derived based on the cyclically stabilized material behavior. This variant

is referred to as the numerical variant in the following.
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Fig. 9 Approaches for the fatigue assessments, 1. experimental variant and 2. numerical variant

Since the Wohler-curve and the GaRner-curves were derived with the same unnotched specimen with a
low surface roughness (R, < 6.3 um), no support effects or surface influences need to be taken into
account. The cycle counting algorithm according to [25] was used to identify closed hysteresis. The

mean stress was considered using the damage parameter Py (4) [26].

PB=\/(Ja+am-k)-sa-E 4

The parameter k (5) was used to consider the desired mean stress sensitivity [6].

M-(M+2) incaseo, =0 ®)
k=M M _
g-(§+2> incase oy, <0

Different recommendations for mean stress sensitivities can be found in literature. According to the
FKM guideline [4], a mean stress sensitivity of M = 0.21 is calculated for the EN-GJS-400-18-LT. In
[27], however, a mean stress sensitivity of M = 0.5 is determined in fatigue test for EN-GJS-400-18-

LT and is used in the fatigue analysis.

In order to visualize the influence of the mean stress sensitivity within the Py parameter, stress
amplitudes were adjusted to derive constant P-values at different mean stresses. Fig. 10 shows examples
of stress amplitudes and mean stresses for four different P-values. It can be observed that the slope of
the curves at high mean tensile stresses is flatter at low P-values than at high ones. This means that the

mean stress sensitivity depends on the load level.
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Fig. 10 Haigh-Diagram for constant Pg-values and two different mean stress sensitivities

The linear damage accumulation according to [28] and [29] was used to calculate the damage sum. The
two fatigue assessments differ only with regard to the stress behavior that occurs due to the measured

strain-time history in the fatigue test.

3.2 Derived stresses for fatigue assessments

In the experimental variant, the transient material behavior is taken into account in the fatigue
assessment. For this purpose, the actual strain from the extensometer and the actual force were recorded
during the Galiner tests. Based on the force, the nominal stress was calculated. Thus, no model of the
stress-strain behavior was necessary in the damage calculation since the real measured time-dependent

stress-strain behavior was used. This includes cyclic hardening, cyclic mean stress relaxation and creep.

In the numerical variant, the corresponding stress is calculated on the basis of the actual strain with the
cyclically stabilized material behavior and the Masing-Memory model [24] and [25]. The Masing-
Memory model considers the shift of residual stresses caused by exceeding the yield stress, but does not

consider cyclic hardening, cyclic mean stress relaxation or creep.

The two variants are based on the identical strain-time history, only the underlying stress history is
different due to the material behavior. A comparison of the stress curves is shown in Fig. 11. In the
scenario without overload, a deviation of the upper stress can be seen at the beginning of the test. This
is due to the not yet cyclically hardened stress-strain behavior of the transient material behavior. In the

further course the deviations of the stresses are small but constant.

In the scenario with overload at the beginning, the calculated stresses are significantly higher than the
stresses derived based on the transient material behavior (o, exp = 68 MPa VS. 0y nym = 103 MPa).
In the scenario with overload after one transit, the calculated mean stresses are also higher than the

measured ones (o, exp = 49 MPa vs. 0y, pym = 67 MPa).
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Fig. 11 Calculated and measured mean stresses in the variable amplitude loading tests

In the second variant with numerically derived stresses, the resulting residual stresses due to the overload
should be independent of the time they occur. At the beginning it should lead to identical residual
stresses as after one transit, because every time the same cyclically stabilized stress-strain behavior is
used. In Fig. 11, however, it can be observed that the calculated mean stresses differ (o, nym start =
103 MPa VS. 0, num transic = 67 MPa). These differences are due to control inaccuracy in the fatigue
test (it should be noted that in both variants the measured strains from the fatigue test were used for the
fatigue assessments). In the scenario with the overload after one transit, an overshoot of the controlled
strains occurred directly after the overload, which led to a reduction of the tensile residual stresses. This
is shown in Fig. 12. So, a direct comparison between the residual stresses for both scenarios, overload
at the beginning and overload after one transit, cannot be performed, even for nominal identical strain

amplitude levels.
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Fig. 12 Measured stress-strain hystereses of overload cycles

In Fig. 12, a jump in the stress after the overload cycles can be observed. This is due to the fact that the
overload cycle was run with a very low test frequency (f = 0.01 Hz). At this low frequency, creep
effects are already visible, which can be seen in a reduction of the upper stress. The following load
cycles are performed with a higher frequency (f = 8 — 20 Hz) and show a clear increase of the upper

stress.

3.3 Results of the fatigue assessments

In the damage accumulation, higher mean stresses lead to higher damage fractions due to the mean
stresses sensitivity of the material. In the calculations, the influence of the mean stresses on the fatigue

damage are assessed in the damage parameter according to Bergmann and are weighted with the

parameter k.

Since the mean stresses in the experimental variant are lower than in the numerical variant, the damage
sums in the numerical variant are higher than those determined with transient material behavior, Fig.
13. With increasing deviation of the mean stress between both variants, the deviation in the damage
sums also increases. This is caused by a high mean stress sensitivity. Fig. 14 shows that with increasing
mean stress sensitivity, the damage sums of the different overload scenarios also deviate from each
other. This indicates that a mean stress sensitivity of M = 0.3 represents the different overload scenarios

best, because there the smallest deviations between the damage sums of the overload scenarios are



archived. The damage sum is not strongly depending on the mean stress or the occurrence of an overload,

all fatigue tests fail at almost the same damage sum.

The calculated damage sums are in both cases clearly below the theoretical damage sum of D = 1, even
if the transient material behavior with the measured stress amplitudes and mean stresses from the fatigue
tests are taken into account, Fig. 13. A dependence of the load level on the damage sum could not be

determined, Fig. 14.
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Fig. 14 Impact of load level on the damage sum

The derived damage sums are depending on the overload scenario and the mean stress sensitivity. In the
numerical variant the average damage sums lie between D = 0.2 (without overload) and D = 0.6
(overload at the beginning with a mean stress sensitivity of M = 0.5). In the transient variant the average
damage sum lies between D = 0.06 (without overload) and D = 0.2 (overload after one transit with a
mean stress sensitivity of M = 0.5). In literature, allowable damage sums for nodular cast iron varies.
Most recommendations are between D = 0.2 and D = 0.5 [30], [31], [32], however recommendations

are also given with D = 1 [4].



4. Summary and conclusions

In this paper, the influence of the transient material behavior on the damage sum in thick-walled nodular
cast iron was investigated. For this purpose, strain-controlled tests were performed under constant and
variable strain amplitudes on specimens made of EN-GJS-400-18-LT. To investigate the influence of
an overload, three overload scenarios were investigated — a) without overload, b) with an overload at
the beginning and c) with an overload after one transit. The overload with Ae = 1% and R = —oo was
applied only once in the overall test and has the aim of generating high tensile residual stresses. On the
basis of the measured strains in the fatigue test, damage calculations were carried out using the strain-
life approach. On one hand, characteristic damage sums for the material could be determined and on the
other hand, the suitability of the strain concept for the assessment of overloads could be examined. In a
further fatigue assessment based on the measured transient material behavior the influence of the
transient material behavior on the damage sum could be determined. In this assessment the cyclic
hardening, the mean stress relaxation and the creep of the material were considered. The investigations

show that

- The conventional damage calculation with a simplified material behavior leading to damage
sums of about D = 0.2 matches to the damage sums which can be found in literature

- The conventional damage calculation with a simplified material behavior leads to damage sums
which are by a factor of 3 higher than those calculated by means of real transient material
behavior.

- A mean stress sensitivity of M = 0.3 represents the different overload scenarios best. The
damage of the overload is essentially caused by the resulting tensile residual stresses.

- High load peaks within the load spectrum can lead to a reduction of the residual stresses, which
is why the influence of the overload at high loads is lower than at lower load collectives.

- The use of a realistic transient material behavior does not necessarily lead to the theoretical

damage sum of D = 1.
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