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Abstract

Commonly, for components under creep loading, the maximum tolerable inelastic strain is limited to 1 %.
The strains are calculated for components which are free from defects, using appropriate material models.
Within the fabrication process internal defects such as crack or cavities cannot be avoided, especially for
large thick-walled components. For these internal defects fracture mechanic concepts must be applied for
safety assessment.

Existing  fracture = mechanics  concepts such as the  Two-Criteria-Diagram  or  the
Time-Dependent-Failure-Assessment-Diagram do not include the effect of the material’s ductility which has
a clear effect on crack initiation process. Under creep load, the strains within the crack tip region dominate
local material separation. Therefore a concept is introduced, which formulates a deformation exhaustion rule.
With this procedure a better material utilisation is achieved.

In a next step, crack initiation is calculated using an internal damage variable, which can be used as a life
time parameter. Within this approach, the influence of a multiaxial state of stress on the damage evolution
must be implemented. This procedure simplifies crack initiation assessment, replacing fracture mechanic
methods by the evaluation of the damage variable.
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1. Introduction

For components under creep loading, the maximum tolerable accumulated inelastic strain must be
limited, [1]. This limitation in strain is well-founded on evaluations of the remaining life-span with
reference on microstructural damage, [2]. If an inelastic strain of 1 % is accumulated, monitoring
arrangements must be established. This does not account for internal defects or cracks. For a safe
operation of the component, the assessment must include the description of crack initiation and
crack growth. If now the period to crack initiation is longer, than the period to accumulate the limit
strain, the assessment procedure could be simplified. This can be described by the relation of the
time to crack initiation ta to the time, say for 1 % inelastic strain, t;o:

tA 2t1os (1)

The aim of this work was to identify crack sizes for which EQ. (1) is met. Therefore the time to
crack initiation t, must be identified, which requires an appropriate assessment concept. Commonly
used concepts, such as the Two-Criteria-Diagram, [3], (TKD, see Figurel) or the
Time-Dependent-Failure-Assessment-Diagram, [4], [5], are based on stress relations. The TKD dif-
fers between three damage modes. Within the crack-tip-damage region the specimens or compo-
nents have large cracks with a low mean stress. Within the ligament-damage region there are small
cracks with a high mean stress and a high accumulated strain within the far-field region of the
specimen. In between there is the mixed-mode damage region. Ligament damage is defined by ac-
cumulation of 1 % strain in the farfield of the specimen, [3], [4]. The analysed specimens within
this work are aimed to have an R; = 0.75+1 and Rx = 0,5 and lie on the edge of the liga-
ment-damage field.

Over the past decade, there have been analysed various steels used in power plant operation gener-
ating a wide database for describing the material’s behaviour and crack initiation, [5], [6], [7], [8],
[9]. Modern high chromium steels however, exhibit a high creep ductility influencing strongly the
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crack initiation behaviour. The ductility in this case is represented comfortably by the material’s
creep rupture strain. The more deformation within the region of the crack tip is attainable, the later
the crack initiation will start. Therefore it is sensible to set up a strain based criterion to describe
crack initiation. With this, the influence of ductility is directly implemented. To gain a concept
which is valid for either high or low ductility, materials differing in their ductility must be analysed
to validate the concept. Describing crack initiation applying a stress formulated concept - such as
the commonly used assessment procedures- will be too conservative. The influence of ductility on
crack initiation have been analysed theoretically or have been approximated, [10], [11], [12], [13].
Concerning the TKD, a modification based on the creep rupture strain has been proposed in [13].
This was done mainly for the crack-tip-damage region. For the ligament-damage mode a depend-
ency of ductility could not yet be established.
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Figure 1. Creep rupture strains of a 10Cr-steel at T = 600 °C, different heats

The specimens investigated will have Double-Egde-Notched-Tension (DENT) in different sizes or
compact-tension (CT) geometry. The loading times for the numerically treated specimens are up to
operational relevant times of 200.000 h. The aim is the determination of initial crack sizes as a
function of the creep rupture strain for different specimen sizes which account for Eq. 1. Below this
limit of initial crack size ajmir, a fracture mechanics assessment is not necessary. The creep data
used to set up the material law is available up to 140.000 h for uniaxial creep tests. The fracture
mechanics experiments are available up to 20.000 h.

2. Investigated materials

To account for the influence of the material’s ductility, one 10Cr-steel and two 1Cr-steels have been
considered. The creep rupture strain of the 10Cr-steel is shown in Figure 2.
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Figure 2. Creep rupture strains of a 10Cr-steel at T = 600 °C, different heats
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There are two heats shown, which differ only with respect to the initial heat treatment. Due to the
loading times up to 100.000 h the material properties are not supposed to differ. As shown, the creep
rupture strain is about 20%-25% and can be approximated by a constant.

The creep rupture strain of the two 1Cr-steels is shown in Figure 3. It can clearly be seen, that the
rupture strain is decreasing with increasing loading time. Both steels differ in the initial heat treat-
ment.

The creep rupture strain itself, however, is not an appropriate measured variable, due to the influ-
ence of the reduction of area gained in creep tests on materials with high ductility. Concerning
thick-walled components, no transverse strain is observed. To meet this problem a reference strain
was introduced, which does not include the influence of the reduction of area on the creep rupture
strain value, see Figure 4. Two different formulations have been analysed. One is based on the vol-
ume of the creep test specimen. This method was preferred for the implementation of the failure
criterion. The second method is based on the strains at the onset of the tertiary creep stage.
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Figure 3. Creep rupture strains of 1Cr-steels at T = 550 °C
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Figure 4. Definition of a reference strain

The reference strain according to Eq. (2) is used as material parameter within the failure criterion,
which relates a characteristic strain within the specimens to the reference strain. The reference strain
is referred as €. The reference strain can be plotted over the creep rupture strain, see Figure 5. This
yields the correlation of the creep rupture strain and the calculated initial limit crack length aj;p;.
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Figure 5. Correlation between reference strain and creep rupture strain
3. Investigation of small cracks

To analyse the dependence of the pre-loading crack size ajimi; on the material’s ductility, 3D models
of specimens with DENT geometry have been used. The crack was modelled with a crack tip radius
of 0.1 mm, which is valid for the experiments. The crack tip was meshed with a fine mesh to repre-
sent the stress and strain gradients correctly. For the description of the material’s behaviour a modi-
fied Graham-Walles formulation have been implemented, [14]. The calculations were conducted
with the Finite-Element-Code ABAQUS ©.

The numerical analysis of specimens with loading times up to 200.000 h requires a failure criterion
to correlate with crack initiation. Within the creep regime and with respect to the dependence on
ductility, a strain based formulation of the failure criterion is appropriate. Since the creep defor-
mation and the creep damage is dependent on the multiaxiality of the stress state, this must also be
considered, [15], [16], [17], [18]. With higher multiaxiality, the deformability is reduced. To ac-
count for that effect, the concept of Cocks&Ashby is applied, [19].

To correlate the calculated strains with the material dependent reference strain, a characteristic point
within the crack tip region to evaluate the strains and the multiaxiality must be chosen. The calcu-
lated strains were evaluated at the point of maximum triaxiality near the modelled crack tip. Due to
the high constraints, crack initiation begins at this point by formation, growth and coalescence of
creep cavities. In addition a definition of crack initiation in the experiment must be set up. Crack
initiation is defined for a crack growth of Aa = 0.1 mm.
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Figure 6. Schematic overview of calculation of ajjy;
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This value was chosen on the one hand to avoid the need of modelling crack propagation in the
FE-calculations and on the other to be able to detect crack initiation within the experiments. In Fig-
ure 6 the calculation procedure is schematically shown. The optimisation of the results with respect
to the initial crack length and the accumulated strain within the ligament are done iteratively.

The concept for describing crack initiation was first validated by applying on already run experi-
ments. In Figure 7 are the results shown for the analysed 10Cr and 1Cr-steels. The results of the
FE-calculations are in good agreement with the defined reference strain for all materials and differ-
ent ductility. The failure criterion now can be applied to find out, if there is a limit crack size below
a fracture mechanics assessment is not necessary. The limit of initial crack size ajmir will be deter-
mined in correlation to the creep rupture strain corresponding to loading times of 100.000 h and
more, which cannot be done experimentally. The creep rupture strain for the 10Cr-steel is assumed
to be constant between 100.000 h and 200.000 h. For the 1Cr-steels the low creep rupture strain at
100.000 h is extrapolated as constant up to 200.000 h.
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Figure 7. Validation of the strain based failure criterion for 10Cr and 1Cr-steels

The limit of initial crack size ajm; sought, is defined dependent on the accumulated inelastic strain
within the ligament of the specimen. It is that size of surface type crack for the DENT specimen,
when simultaneously the failure criterion in the crack-tip region is met and the selected creep strain
is reached. To quantify the influence of specimen geometry and size, these have been varied. The
results of the calculations are shown in Figure 8. It can be seen, that there is small scatter of the data
with respect to geometry and size of the specimens at a constant creep rupture strain. In general it
can be stated, that with increasing size (especially breadth) the limit of initial crack size increases,
too. An increasing ductility also leads to a higher limit of initial crack size. Also different levels of
ligament strain have been analysed. This is derived for the operation of different components. A
strain level of 1 % within the net section stress area is valid for thick-walled components and is
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founded on [1]. For turbine runners, this strain would lead to component failure due to the compo-
nent tolerances. In this case a strain level in the ligament of the components of 0.2 % is discussed.
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Figure 8.

With a decreasing ligament strain, the net section stress is reduced, which results in a reduced crack
tip loading for constant crack length. As it is shown in Figure 8, the limit in initial crack size therefor
increases. It is clear, that with growing of ajm;i, the wall thickness must have a minimum larger than
Alimit-

For the creep-brittle 1Cr-steel 28CrMoNiV4-9 a ligament strain of 1 % could not be attained even
for crack sizes of 0.3 mm. Instead of modelling initial crack sizes below 0.3 mm a ligament strain of
0.8 % was accepted, too.
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Figure 9.

Considering the relation between the reference strain and the creep rupture strain (see Figure 5) it
correlates well with the observed dependence of the initial crack size and the creep rupture strain,
i.e. above 20 % of creep rupture strain ajni; and €, remain constant.

This analysis was conducted defining crack initiation at a crack growth of 0.1 mm. In general a
crack propagation of 0.5 mm is assumed. So the above applied strain based failure criterion is met
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at earlier loading times, i.e. it is more conservative, if a crack growth of 0.5 mm is tolerable. Other-
wise, for a fixed loading time and net section stress, a larger initial crack size is tolerable if at crack
initiation a defined ligament strain is reached. This was investigated for a fixed loading time of
100.000 h, shown in Figure 9. It can clearly be seen, that the initial crack sizes increase if crack ini-
tiation occurs for a crack growth of 0.5 mm at the same ligament strain.
Since no crack propagation was modelled in the numerical analysis, the crack growth was approxi-
mated using:
da
dt
With the C*-parameter, see [14], [22]. The parameters C and m are dependent on the material and
are listed in Table 1.

m-(C*)f @

Table 1. Crack propagation parameters

X12CrMoWVNDbN10-1-1 30CrMoNiV4-11
T =600 °C T =550 °C
m 0,25 025
k 0,18 1,05

Within the small crack propagation of 0.4 mm a constant crack growth rate can be assumed. The
total time span of 100.000 h is then the sum of the time to reach the strain based failure criterion
with a crack propagation of 0.1 mm and the crack growth to Aa = 0.5 mm.

4, Summary

Modern steels for high temperature operation, e.g. in power plants, are showing high deformability.
Classical methods, determining failure formulated on the stress field, are highly conservative. Im-
proving the assessment aiming at a better material usage requires a concept which includes the ac-
tual deformability. Additionally, for high ductile materials, crack initiation does not readily start
before a certain strain within the net section stress region is accumulated, defining monitoring
measures or the replacement of the component. To be able to determine this crack size dependent on
the material s ductility a more accurate failure criterion is needed.

A strain based concept has been introduced and applied on three 10Cr- and 1Cr-steels with different
ductility. It correlates a characteristic strain within the crack tip region of the specimen and a mate-
rial dependent reference strain. Determining the stress and strain field within the crack tip at a cer-
tain loading time requires Finite-Element modelling and calculations to crack initiation. With a
crack initiation criterion with a crack growth of 0.5 mm modelling of the crack propagation is es-
sential. To avoid this effort, crack initiation was attained for a smaller crack growth of 0.1 mm. The
concept was validated on fracture mechanics specimens with loading times up to 20.000 h.

It could be shown that the initial crack sizes of interest, i.e. such sizes which does not show crack
initiation before a certain strain is reached within the ligament section, is dependent on the materials
ductility. For a ligament strain of 1 % the limit of initial crack size is up to 1 mm for creep rupture
strains of 20 % and more. Reducing the ligament strain is leading to an increase of the limit of ini-
tial crack size.

5. Discussion and conclusions

Within the creep regime, local failure can be described through the available deformability of the
material. With regard to crack initiation it would lead to a less conservative concept, than using
stress based formulations, since the deformability does markedly have impact. The formulation of
failure set up could be validated on fracture mechanics experiments, providing a limit of initial
crack size for practical operation times. This limit characterises crack sizes for which crack initia-
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tion does not occur before a certain strain within the ligament (in the net section stress region) is
reached. If now the operation period of the component is defined by these creep strains within the
net section stress area, pre-loaded cracks would not tend to initiate. For this cracks and internal de-
fects, a fracture mechanics assessment is not necessary. So, the results of this work can be used to
simplify the assessment of components, depending on the ductility, i.e. the creep rupture strain at a
given loading period. In addition for materials with a high ductility a more precise failure assess-
ment could be provided.
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