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Abstract

There are various methods to assess crack initiation and crack growth behaviour of

components under creep and creep fatigue loading. The programme system HT-Riss

has been developed to support calculations aimed to determine the behaviour of a

crack under creep or creep-fatigue loading using methods based on stress-intensity

factor K (e.g. the Two-Criteria-Diagram) or C*-Integral. This paper describes the

steps which have to be performed to assess crack initiation and growth of a

component using this programme system. First the size of the maximum initial defect

in a specimen or in a component has to be estimated and the necessary fracture

mechanics parameters have to be determined. Then the time for creep crack

initiation and creep crack growth is calculated. Using these values a prediction of life

time and necessary inspection intervals is possible. For exemplification the crack

assessment of a component-like specimen and a component is shown.
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Introduction

During fabrication of components for modern power plants the development of

natural defects, e.g. non-metallic inclusions, and inhomogeneities is not completely

avoidable. However components like rotors of turbines are exposed to high and

complex loading under high temperatures. Therefore a suitable calculation process is

necessary in order to assess existing defects in components. There are various

methods to assess crack initiation and crack growth behaviour of components under

creep and creep fatigue behaviour. The programme system HT-RISS [11 has been

developed to support calculations aimed to determine the behaviour of a crack under

creep or creep-fatigue loading using methods based on stress-intensity factor K (e.g.

the Two-Criteria-Diagram 21) or C*-Integral. In the following details for the procedure

using this programme system are given starting with non-destructive testing methods

in order to determine the initial size of a defect and ending up with predicting the

crack initiation time and crack growth rate for determining inspection intervals. For

demonstration the assessments of a large sized double edge notched tension

specimen with a thickness of 60 mm (DENT60) made of 10 chromium steel and of

a 12Cr header 31 is described.

Determination of the size of initial defects

Non-destructive methods are used in order to determine the size of internal defects.

Magnetic particle inspection is used for analysing flaws at the surface. Using these

methods it is possible to detect the size of an initial defect. If no defects are detected

it is possible to estimate the maximum size of defects that are too small to be

detected. In 3 an experimental study is described. Different artificial cracks eroded

at the nozzle corner position of a header, see Figure 1, were investigated by

Ultrasonics. These study showed that the size of a crack at this position which can

surely be detected is approximately mm. For the 07 mm crack no reliable results

could be obtained.

Using the estimated size of the maximum initial defect the effective fracture

mechanics parameters (K, C*) can be determined. These are the basic input

parameters to carry out a crack analyses described in the following sections.
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Material properties describing crack initiation and growth and component

crack behaviour

Path independent integral C* and stress intensity factor K, are two parameters often

used for describing crack initiation and growth under creep conditions 4-7]:

• In linear-elastic fracture mechanics the stress intensity factor K, is generally

used. Additionally components with predominantly linear elastic behaviour and

only a small plastic zone at the crack tip can be assessed using stress

intensity factor K.

• Components with stationary creep (not only at the crack tip) are assessed

using integral C*.

For the assessment the material behaviour described in terms of one of those

parameters must be known. Investigations in the long term range which are

necessary in case of creep and creep fatigue conditions have been made in various

EU- and national projects, e.g. [8]. In [1 a consolidated data base comprising various

forged, cast and piping steels, e.g. lCr-steels, 12Cr and Kr steels as well as newly

developed 10-11Cr steels which were investigated in a large series of research

projects 9-12] was established. This data base can be used in combination with the

software modules in the programme system HT-RISS.

For the assessment of crack initiation the usage of two criteria approaches promised

to be the appropriate way to treat the problem of different types of damage behaviour

in components 4 13]. A detailed comparison of the methods available is given in

[14]. In the programme system HT-RISS the Two-Criteria-Diagram 2 is

implemented. Stress intensity factors for a lot of components are available in

literature. This is a mayor advantage of using stress intensity factor K. However

under creep conditions K, is not valid without further considerations. Beneath K,

describing the situation at the crack tip, an pl, describing the ligament stress, has to be

taken into account. The Two-Criteria-Diagram has been developed for this kind of

assessment 2, 14]. In Figure 2 an example for the Two-Criteria-Diagram is shown. In

Figure 3 the normalised values R for stress and stress intensity used in the Two-

Criteria-Diagram are described.
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Necessary material data for the application of the Two-Criteria-Diagram are creep

rupture time and creep crack initiation data. Creep crack initiation data available in

the database mentioned before have been obtained with a variety of specimen types,

shown in Figure 4 and Fi-gure 5. For basic assessments data obtained with Cs25

(side grooved compact tension specimens with a thickness of 25 mm) are used.

Examples for predicting crack initiation and growth using HT-RISS

The software HT-RISS for predicting creep crack behaviour has been developed by

the German creep crack behaviour research group W14 (mainly consisting of MPA

University of Stuttgart, fW Darmstadt and power plant industry). HT-RISS consists of

two parts. Part one contains the database system with material data whereas part

two consists of several calculation modules for predicting creep crack initiation and

crack growth.

Creep crack initiation and growth data depending on K, and C* for different materials

and specimens have been determined. Additionally rupture time curves have been

acquired [1 1]. This material data is stored in the database of HT-RISS.

In the past creep-fatigue crack experiments with different materials have been

accomplished in several research projects at MPA University of Stuttgart. One of the

material classes under investigation is the group of 91 chromium steels.

Particularly the forged steel X12CrMoWVNbN10-1-1/1A X12) and the cast steel

GX12CrMoWVNbNlO-1-1/2A (GX12) have been under investigation.

In the following cast steel is regarded. The calculations were done using material

data stored in the database of HT-RISS, which is based mainly on Cs25 specimens.

For all calculations a constant creep crack initiation length of Aa = 0. mm

independent of geometry and size of specimens was used. Using HT-RISS for

predicting crack initiation and crack growth of Cs25 specimens a good prediction

could be made, as the calculation is based on crack data of the same type of

specimens.

In order to carry out a more general verification of the calculation modules in HT-

RISS in the following creep crack initiation and growth of a component-specimen

(large Ds6O-specimen, thickness 60 mm, temperature 550 C, shown in Figure 6 is
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predicted. For this purpose the database and the calculation modules implemented in

HT-RISS are applied. The results are compared with the experimental values.

The creep crack initiation time was calculated using a conservative (lower bound)

and a mean crack initiation curve C*=f(ti). The predicted initiation time 2 00 h for

conservative and 3 0 h for mean calculation) is compared with the experimental

initiation time 7 00 h in Figure 7 Both calculated results are conservative, as the

calculation is based on crack data from Cs25-specimens, which gives conservative

initiation times compared with larger specimens.

Creep crack growth was simulated using a conservative (lower-bound) and a mean

crack growth curve da/dt=f(C*). In Figure the crack growth results are shown. For

example, if a crack propagation of Aa = 25 mm in the component is just acceptable,

the experimental time for a crack propagation of the accepted Aa = 25 mm is 3 00 h

(not considering initiation time). The predicted time for the mean creep crack growth

calculation is 6 00 h. The conservative creep crack growth calculation predicts

3 000 h, matching the experiment well. Using these values a prediction of life time

and necessary inspection intervals is possible.

In a further example the header shown in Figure made of 12Cr steel

(X2OCrMoV12-1) and operated under internal pressure at service temperature 490'C

(stationary conditions) is examined. The respective membrane stress is 107 MPa

according to TRID-calculation 3 For the prediction of creep crack growth and

initiation material data for 12Cr steel (X2OCrMoV12-1) stored in the database of HT-

RISS, which is based mainly on Cs25 specimens was used as a basis. Since there

was no material data available for the service temperature 490 'C) an extrapolation

using an Arrhenius equation as described in [1] was made. For these conditions an

assessment was made assuming conservatively an initial crack with a length of

3 mm. Using conservative data an initiation time t = 10 00 h was calculated with HT-

RISS. Using mean data an initiation time t = 12 00 h was determined. In 'Figure 9

the creep crack growth results are shown. For example, if a crack length of a = mm

(i.e. an additional crack propagation of Aa = 2 mm) in the component is just

acceptable, the conservative result for creep crack growth calculation is 12 000 h (not

considering initiation time). The mean creep crack growth calculation gives 35 00 h.

Using these values a prediction of life time and necessary inspection intervals is

possible.
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The already mentioned experimental study 3] with this component using Ultrasonic

showed that conservatively an initial crack with a length of 3 mm is surely detected. If

a crack of 3 mm was not detected at an inspection (e.g. with non-destructive testing

methods), this crack would reach mm earliest after 12 000 h according to

conservative calculations in the previous section. Thus an inspection interval of

12 000 h 17 months) prevents cracks with more than mm in the component using

conservative calculations. If crack lengths of 6 mm in the component are still

acceptable, the inspection interval can be risen to 17 000 h 24 months), as shown in

Figure 9 Calculations for this component done in 3 with similar methods showed

comparable results.

Influencing effects on material properties describing crack initiation and

growth

So far assessments are based on material data obtained with standard specimens.

However the experience with various specimen types and under different loading

conditions shows that there are strong influences of specimen geometry, i.e.

specimen thickness or different ratios stress intensity factor to net stress.

For example, results found in several research projects showed a strong influence of

specimen thickness on crack initiation behaviour. This effect is shown for the steels

X12 and GX12 using a Kloversus t diagram in Figure 10 and Figure I . This effect is

due to increasing strain constraint in larger specimens and is still under investigation.

The influence of hold time applying a creep fatigue loading is shown in the C* versus

ti diagram in Figure 12. In Figure 13 the same influence of hold time applying creep

fatigue loading is demonstrated in a K=f(ti) diagram. Both diagrams show that creep

fatigue loading conditions with long hold times (i.e. tH >approx. 3 h) lead to initiation

times matching approximately the results obtained from applying creep loadings

without fatigue interaction. Applying creep fatigue loading with short hold times (i.e.

tH< approx. 03 h) lead to crack behaviour matching approximately the results

obtained from applying fatigue loading without creep interaction. This effect has been

examined in several research projects [1,11] by using creep-fatigue accumulation

and is still under investigation in some current research projects 12,15].
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Further influence of stress ratio in high temperature fatigue and creep fatigue loading

is studied in these research projects using approaches for an effective AK, depending

on the stress ratio R, i.e. AKIeff = fAKI, R).

Conclusion and prospects

The program HT-RISS is a suitable tool for predicting creep/creep-fatigue crack

initiation and creep/creep-fatigue crack growth. Conservative and mean creep crack

initiation curves based on Cs25 specimens have been implemented in the database

system. Additionally creep crack growth curves are available. KI and C* are used as

fracture mechanics parameters.

Further investigations are necessary and concentrate on determining the effect of

influencing factors such as hold time, stress ratio and specimen thickness (with

respect to constraint).
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Figures

Figure 1: Determination of the size of a crack in the nozzle corner 31
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Figure 2 Two-Criteria-Diagram for creep crack initiation (creep ductile materials)

detect

Ra RK- Ido
R KI

U Kfid

tj t2 t3 tj t2 t3time time

Figure 3: Explanation of the normalised values R for stress and stress intensity
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Figure 4 Geometry of typical fracture mechanics specimens: CNT (Centre Notch

Tension), SENT (Single Edge Notch Tension), DENT (Double Edge Notch

Tension) and CT (Compact Tension)
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Figure 7 Creep crack initiation time of a component specimen (large sized Ds6O-

specimen), Aa, 0.5 mm, GX12CrMoWVNbNlO-1-1/2A, 550 'C
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Figure 8: Creep crack growth of a component specimen (large sized Ds6O-

specimen), Aa = 0.5 mm, GX12CrMoWVNbN1O-1-1/2A, 550 'C
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Figure 9 Determination of the crack length a for the nozzle corner crack
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Figure 10- Creep crack initiation time of Cs25- and Ds6O-specimens (Aai 0,5 mm)

depending on stress intensity factor K, forged steel X12, T=600 Oc
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Figure 1 1: Creep crack initiation time of Cs25- and Ds6O-specimens (Aaj 0,5 mm)

depending on stress intensity factor K10, cast steel GX12, T=600 'C
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Figure 12: Creep fatigue crack initiation time as a function of C* depending on hold

time tH
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Figure 13: Creep fatigue crack initiation time as a function of K, depending on hold

time tH
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