
TECHNICAL PAPER

Creep-Fatigue Crack Growth in Power Plant Steels

Stuart Holdsworth1

Received: 14 October 2015 /Accepted: 7 November 2015 / Published online: 15 December 2015

� The Indian Institute of Metals - IIM 2015

Abstract An important consideration in the characteri-

sation of creep-fatigue crack growth rates and the defect

assessment of high temperature components is the size of

pre-existing or service-induced flaws relative to the

dimensions of associated cyclic plastic zones. In particular,

long cracks are those whose size exceeds rp and short

cracks are those whose size is less than rp, and the way in

which their propagation is analytically represented can

differ depending on the form of loading and the respective

contributions of creep and fatigue damage accumulation.

Examples are given for a number of power plant steels.

There are now published procedures for the assessment of

structural integrity in high temperature components subject

to creep-fatigue loading, and guidance on how to generate

the necessary properties for their implementation, and these

are reviewed.
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List of symbols

a Crack length

A(T,t,th) Material constant in mid-DK fatigue crack

growth rate equation

A20 Material constant for 20 �C in mid-DK
fatigue crack growth rate equation

b Strain range exponent in short-crack creep-

fatigue growth rate equation

B0 Constant in short-crack creep-fatigue crack

growth rate equation

C* Parameter characterising stress and strain rate

fields at tip of crack in material deforming

due to creep

da/dN Total crack growth rate (per cycle)

(da/dN)C Crack growth rate (per cycle) due to creep

(da/dN)F Crack growth rate (per cycle) due to fatigue

DC Total creep damage fraction

D(er) Constant in creep crack growth equation

E, ET, E20 Elastic modulus; Elastic modulus at

temperature, T; Elastic modulus at 20 �C
HSFCG High strain fatigue crack growth

DJ Range of parameter characterising stress and

strain fields at tip of crack in material

deforming plastically

K, DK Stress intensity factor; Cyclic stress intensity

factor

Kc Critical stress intensity factor (associated

with unstable fracture)

Kmax, Kmin Maximum stress intensity factor; Minimum

stress intensity factor

DKeff Part of DK responsible for crack opening in

transients involving a compressive loading

component [1]

DKeq Equivalent stress intensity factor [1]

DKth Fatigue crack growth threshold

LEFM Linear elastic fracture mechanics

LSFCG Low strain fatigue crack growth

m Exponent in mid-DK fatigue crack growth

rate power law

N Number of cycles

Q Crack size exponent in short-crack creep-

fatigue crack growth rate equation

rp Cyclic plastic zone size
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R Load ratio (Kmin/Kmax)

Rm Ultimate tensile strength

t, th Time; Hold time (above the insignificant

creep temperature)

tmax Maximum allowable time at temperature

T, Tref Temperature; Reference temperature

e, De Strain; Strain range

er Creep rupture ductility

c Exponent in C* creep crack growth equation

rref,max Reference stress (maximum in cycle)

t Frequency

1 Introduction

Cracks established during component manufacture or ser-

vice may subsequently propagate during high temperature

duty as a consequence of the combined effects of cyclic

and creep loading. The operating conditions responsible for

crack growth at high temperatures are diverse, ranging

from predominantly cyclic to mainly steady loading with

infrequent off-load transients. The fatigue component of

crack extension may be a consequence of high frequency

(time independent) or low frequency (time dependent)

transients, applied in either stress or strain control. More-

over, cyclic loading can be linear-elastic, elastic–plastic or

highly plastic. The creep component of cracking may be

the result of primary (directly applied) and/or secondary

(self-equilibrating) loading. As a consequence of the very

diverse conditions which can be responsible for crack

propagation at high temperatures, the assessment of

structural integrity is currently covered by more than one

approach, each with its own material property input data

requirements (e.g. Table 1). These are reviewed in the

following paper.

An important consideration in the characterisation of

creep-fatigue crack growth rates and the assessment of high

temperature structures is the size of the crack relative to the

size of the associated cyclic plastic zone at the surface of

the component. In the following review, long cracks are

those whose size exceeds rp, and short cracks are those

whose size is less than rp.

2 Long Crack Growth

2.1 General

Cyclic crack growth is conventionally considered in terms

of three regimes (Fig. 1). These are: (i) a low-DK regime

close to the fatigue crack growth threshold, DKth, (ii) a

mid-DK regime in which propagation rates are modelled by

a power law (Eq. 1), and (iii) a high-DK regime in which

Kmax approaches Kc (and/or rref,max approaches Rm).

da=dN ¼ A T; t; thð Þ � DKð Þm ð1Þ

In Eq. (1), A(T, t, th) and m are material constants depen-

dent on temperature, environment, frequency (below a

limiting value) and hold time (above the insignificant creep

temperature). DKeff may substitute for DK.
At low-DK levels close to DKth, the magnitude of da/

dN is very sensitive to small increases in DK and dependent

on the same factors which influence DKth, these being:

material, microstructure and yield strength, temperature,

environment and load ratio (R). Propagation rates in the

mid-DK regime are less sensitive to microstructure and

mean stress (R) effects. In the high-DK regime, da/dN be-

comes increasingly sensitive to the level of DK and, in

particular Kmax (and/or rref,max) as Kc (and/or plastic col-

lapse) is approached [3]. Depending on the deformation and

fracture characteristics of the material, high-DK crack

growth rates can be strongly influenced by size and geom-

etry. In these circumstances, a simple LEFM defined DK is

not the most effective correlating parameter and alternative

energy based cyclic loading parameters such as DJ or DKeq

are employed in Eq. (1) [1, 4]. In addition to the factors

already mentioned, da/dN in the high-DK regime is strongly

dependent on microstructure, mean stress, temperature,

environment and frequency (strain rate).

At elevated temperatures, the da/dN(DK) diagram may

be alternatively split into two crack growth regimes

(Fig. 1). In the low strain fatigue crack growth (LSFCG)

regime, stress/strain transients result in linear elastic

loading cycles and low to mid-DK crack growth rates for

which DK (or DKeff) still provides the most appropriate

correlating parameter. Stress/strain transients responsible

for cyclic loading involving a degree of general yield (in

particular in tension) are referred to as high strain fatigue

Table 1 Data requirements for the assessment of crack growth at high temperatures

Higher frequencies/stress control Lower frequencies/strain control

Short crack growth (a\ rp) da/dN(DJ,R,T,t,th) da/dN(De,T,t,th)

Long crack growth (a[ rp) da/dN(DKeff, R,T,t,th) ? da/dt(C*,T)/t;
DKth(R,T,t,th)

da/dN(DKeq, T,t,th) ? da/dt(C*,T)/t
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crack growth (HSFCG) cycles. HSFCG rates are due to

apparent DKs and are influenced by whether deformation is

stress or strain controlled, in particular in the material’s

creep regime. The overlap shown between the LSFCG and

HSFCG regimes in Fig. 1 is due to the fact that higher DKs
can be generated under linear elastic conditions with strain

controlled loading because of shakedown into

compression.

Fatigue crack growth rates are increasingly sensitive to

frequency with increasing temperature.

2.2 High Frequency

At loading frequencies above those for which time

dependent effects are influential (i.e. at elevated tempera-

tures where oxidation is not responsible for significant

crack tip oxide-wedging and/or creep damage enhance-

ment), the factors affecting da/dN(DK) behaviour are

summarised in the previous section. For such conditions,

the effect of temperature may be quantified in the mid-DK
regime by rewriting Eq. (1) to give:

da=dN ¼ A20 ET=E20ð Þm� DKð Þm ð2Þ

where A20 is equal to A(T,t) at ambient temperature in

Eq. (1). The effectiveness of this approximation is shown

in Fig. 2 for a number of high temperature materials [5]. It

is clear that even at relatively high frequencies, there is a

temperature (dependent on material) above which da/

dN becomes increasingly influenced by time dependent

thermally activated processes. As for Eq. (1), DKeff may

substitute for DK.

2.3 Low Frequency

At lower frequencies, oxidation and creep interaction

effects become increasingly more influential at high tem-

peratures (e.g. Fig. 3). In stress control, below a limiting

frequency, crack growth rates may be regarded as being
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Fig. 1 Cyclic crack growth rate regimes [2]

Fig. 2 Effect of temperature on high frequency cyclic crack growth

rate [5]

Fig. 3 Effect of frequency on high temperature LSFCG rates in

1CrMoV steel [6]

Fig. 4 Effect of frequency on high temperature LSFCG rates in

various alloys [5]
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dominated by time dependent crack growth mechanisms

(e.g. creep crack growth in Fig. 4). The high temperature

behaviour shown in Fig. 4 is typical for many engineering

alloys subject to stress controlled cycling in the mid-

DK regime.

In contrast, crack growth rates in the low-DK regime can

reduce and DKth values increase with decreasing frequency

due to oxide induced crack closure (Fig. 3).

At high temperatures, the high growth rates associated

with the high-DK or HSFCG regimes (Fig. 1) can be

generated either as a consequence of relatively high mag-

nitude cyclic loading applied remotely to a long crack (e.g.

[1]), or (more usually at an initial stage of thermal fatigue

crack development) as high strain transients applied locally

to a small crack contained in a cyclic plastic strain field

(e.g. [7], see Sect. 3). In the former case, cyclic crack

growth rate behaviour is modelled using a modified form of

Eq. (1), e.g.

da=dN ¼ A T; t; thð Þ � DKeq

� �m

ð3Þ

where DKeq is DKeff for purely elastic loading. Acknowl-

edgement of the dependence of A on hold time reflects the

dependence of this parameter on associated oxidation as

well as creep damage [1].

The high temperature crack growth properties required

for the defect assessment of components subject to fatigue

cycles involving hold (steady operating) periods may be

derived from pure fatigue and pure creep crack growth rate

data in a construction of the form given in Fig. 4 when the

loading is directly applied (i.e. load controlled). In such

circumstances, the effective frequency may be simply

determined from a knowledge of the total cycle time (i.e.

transient ? hold time). Alternatively, creep-fatigue crack

growth behaviour is analytically modelled on the basis of

fatigue and creep crack growth rate characteristics for the

material, i.e.

da=dNð Þtotal¼ da=dNð ÞFþ da=dNð ÞC ð4Þ

In Eq. (4), (da/dN)F is given by Eq. (3), where A(T, t, th)
may be influenced by creep and oxidation damage through

its dependence on frequency and prior hold time [1] and

(da/dN)C is given by Eq. (5).

da=dNð ÞC¼
Z th

0

D erð Þ � C�ð Þc�dt
� ��

t ð5Þ

Any enhancement of the total growth rate per cycle due to

a creep-fatigue-oxidation interaction is covered by A(T, t,
th) which is determined experimentally (e.g. Fig. 5).

3 Short Crack Growth

The HSFCG rates associated with small cracks contained

in local cyclic plastic strain fields (typically a B 5 mm) are

most effectively modelled as a function of De [7–12] (e.g.
Fig. 6), i.e.

da=dN ¼ B0 � ab � Deð Þq da=dN ¼ B0 � aQ � Deð Þb ð6aÞ

although other correlating parameters may be employed

[12]. For relatively short cracks contained in high cyclic

plastic strain fields, (da/dN)total is effectively modelled

Fig. 5 Long crack cyclic/hold creep-fatigue crack growth test data

for 2�CrMo cast turbine steel at 538/565 �C [1]

Fig. 6 Comparison of crack growth rates after 0.5 mm crack

extension from notch root in large SENB feature specimen creep-

fatigue tests on cast 1�CrMoV steel at 550 �C [7]
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using a refinement of Eq. (6a) for a range of power plant

steels [7, 10–12], i.e.

da=dNð Þtotal ¼ B0 � aQ � Deð Þb� 1� DCð Þ�2 ð6bÞ

Typically, in Eq. (6), Q = 1 [13]. The effect of hold time

on HSFCG rate for a cast 1�CrMoV steel at 550 �C is

shown in Fig. 6. In this example, DC was modelled

empirically as a function of hold time (see also [11]),

although in a formal assessment it would be determined in

terms of ductility exhaustion [14].

For advanced 9/11 % Cr martensitic steels, which are

more prone to creep-fatigue deformation interactions, DC

may be replaced by a microstructural (deformation) con-

dition parameter [15].

It is evident that the material property data required for

the defect assessment of high temperature components

subject to creep-fatigue loading can be strongly dependent

on the specific operating conditions relating to the prac-

tical application under consideration. This means that the

rigorous creep-fatigue defect assessment of a component

can require a significant investment in the determination

of appropriate material property data. It is therefore

important to demonstrate that both creep and fatigue

loading are significant at the critical feature to be

assessed.

4 Defect Assessment

A creep-fatigue crack growth assessment is only necessary

when both creep and faigue are shown to be significant [3,

14].

As a generality, creep is regarded as being significant if,

for the total number of cycles, the sum of the ratios of hold

time to the maximum allowable time at the temperature of

interest is greater than or equal to unity, i.e.

XN
j¼1

th=tmax Trefð Þ½ �j � 1 ð7Þ

Values of tmax depend on material crack size and temper-

ature [3]. For materials with er C 10 %, tmax is taken to be

the time required to achieve an accumulated creep strain of

0.2 % at a stress level equal to the reference stress.

Alternatively for er\ 10 %, tmax is determined on the basis

of an accumulated creep strain of 0.2 er.
Fatigue is regarded as being significant if cyclic loading

influences the development of creep damage. This is likely

if the elastic range exceeds the sum of the steady state

creep stress and the stress to cause yield at the other

extreme of the cycle [14]. Fatigue is also considered sig-

nificant if the estimated crack growth due to cyclic loading

exceeds 10 % of the calculated creep crack growth.

When both creep and cyclic loading are shown to be

significant, the extent of creep-fatigue interaction should be

determined [3, 14]. As a generality, the effect of creep

damage on fatigue crack growth rates has little influence on

the total crack growth per cycle provided the latter includes

an explicit calculation of creep crack growth (i.e. Eq. 4). In

such circumstances, there is no creep-fatigue interaction

and no requirement to enhance creep-fatigue crack growth

rates. It is only necessary to consider a creep-fatigue

interaction when the effect of cyclic loading on creep is

shown to be significant despite fatigue crack growth rate

having been estimated to be only a small fraction of the

total crack growth rate per cycle. For such conditions, the

constants in Eq. (3) should be determined from tests with

hold times relevant to the service application being asses-

sed (e.g. Fig. 5).

Similarly, in cases where cracks are propagated by

fatigue through material heavily damaged by prior creep,

propagation rates are likely to be increased. In these cir-

cumstances, a factor should be applied to the fatigue crack

growth constant to account for the amount of prior creep

damage. This should be determined experimentally [3].

5 Concluding Remarks

The crack growth rate data used for the defect assessment

of high temperature structures has been reviewed with

reference to examples for a number of power plant steels.

The material property parameters necessary for the

defect assessment of such components subject to creep-

fatigue loading can be strongly dependent on the specific

operating conditions relating to the practical application

under consideration. The rigorous creep-fatigue defect

assessment of a component can therefore require a signif-

icant investment in the determination of appropriate

material property data.
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