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Abstract

Within the UK, a comprehensive procedure, called R5, is used to assess the high temperature
response of structures. One part of R5 deals with creep-fatigue initiation, and in this paper we
describe developments in this part of R5 to cover multiaxial stress states. To assess creep-fatigue,
damage is written as the linear sum of fatigue and creep components. Fatigue is assessed using
Miner's law with the total endurance split into initiation and growth cycles. Initiation is assessed by
entering the curve of initiation cycles vs strain range using a Tresca equivalent strain range. Growth
is assessed by entering the curve of growth cycles vs strain range using a Rankine equivalent strain
range. The number of allowable cycles is obtained by summing the initiation and growth cycles. In
this way the problem of defining an equivalent strain range applicable over a range of endurance is
avoided. Creep damage is calculated using ductility exhaustion methods. In this paper we address two
aspects; firstly, the nature of stress relaxation and, hence, accumulated creep strain in multiaxial stress
fields; secondly, the effect of multiaxial stress on creep ductility. The effect of multiaxial stress state
on creep ductility has been examined using experimental data and mechanistic models. Good
agreement is demonstrated between an empirical description of test data and a cavity growth model,
provided a simple nucleation criterion is included. A simple scaling factor is applied to uniaxial creep
ductility, defined as a function of stress state. The factor is independent of the cavity growth
mechanisms and yields a value of equivalent strain which can be conveniently used in determining
creep damage by ductility exhaustion.

1. INTRODUCTION

The ASME procedure for assessing creep-fatigue endurance [1] uses an elastic design route.
In this method, a "slow-cycle" creep-fatigue endurance curve is used to relate the allowable number
of cycles to the strain range. The effect of multiaxial loading is accounted for by reducing the changes
in principal strains (the principal strain ranges) to a single equivalent value by the von Mises function
and this is used to determine the number of cycles from the uniaxial endurance curve.

The inelastic route of Code Case N-47 [1] and the fast reactor design code RCC-MR [2] both
assess creep and fatigue damage independently. Multiaxial effects are again accounted for by use of
the von Mises function of equivalent stress and strain. Recently both procedures have adopted a
slightly different equivalence due to Huddleston [3] for determining creep damage; this leads to a less
pessimistic assessment when a significant component of compressive stress is present.

Within the high temperature assessment procedure, R5 [4] assessment of creep-fatigue
endurance is concerned with determining the number of service cycles to initiate a defect of specified
dimensions [5]. The procedure calculates fatigue damage and creep damage for each cycle type.
Creep damage is assessed on the basis of accumulated strain normalized with respect to the strain rate
dependent creep ductility of the material. Fatigue damage is calculated by a procedure which takes
account of both the crack initiation and the crack growth stages of laboratory fatigue endurance data.
In this paper we present a method for including the effect of multiaxial loading in the R5 approach.
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2. CALCULATION OF FATIGUE DAMAGE

The approach to the calculation of fatigue damage in R5 has been set out in Ref. [5] for
uniaxial loading. Fatigue damage DF is simply

DF = ^ . N ' i ' / N j 1 1 (1)

where No) is the number of operational cycles of type i and No(i) is the corresponding endurance at
the surface strain range. However, No is not necessarily equal to the number N,, say, of cycles to
failure in a laboratory test. Instead, No is the number of cycles to create a defect of a specified size
ao in the laboratory specimen. DF = 1 then corresponds to the creation of a defect size ao at the
surface of the component.

In practice, the value of a,, is chosen by the assessor to be much less than the section width so
that changes in the structural compliance due to the defect do not significantly influence the uncracked
body stresses. Where the structural section is larger than the laboratory specimen size, the failure of
the laboratory specimen can be taken to correspond to defect initiation in the structure, as in the N47
and RCC-MR codes. However, allowance for the creation of an arbitrary defect size allows crack
initiation to be assessed for any size of structural section, in particular sections smaller than typical
laboratory specimens.

In order to deduce No from the total endurance Nj measured in the laboratory, separation of
the total endurance into initiation and growth phases is performed. Initiation is taken as the production
of a crack of size aj = 20 fim and is described by the empirical relationship.

Ni = N1exp(-8.06N1"0-2 8) (2)

This has been derived from the data for austenitic steels reported by Pineau [6].

The number N 'g of cycles for a crack to grow from the initiation size a; = 20 pm to the
specified size ao could, given adequate data, be deducted from fatigue crack growth equations, such
as that of Tomkins [7], which depend on the plastic strain range. An alternative approach is adopted
in R5 which ensures that No corresponds to the total endurance N, when ao is equal to the crack size
a,, say, corresponding to the failure condition in the laboratory test. Then

N' 3 = YNg (3)

where y = 0 for ao = ^ and y = 1 for ao = a^ For intermediate values of ao, the value of y is
obtained by assuming a crack growth law of the form

da/dN = Ba° W

where Q is a constant and B is a function of strain range [8]. For any given value of Q, the function
B may be eliminated by imposing the condition y = 1 for ao = aj, leading to an expression for N' g

in terms of N;, N, and a0 as described in [5].

A typical result of applying the above procedure to lower bound endurance data for type 316
stainless steel at 600cC is shown in Figure 1. It can be seen that the endurance is dominated by
initiation at low strain ranges, and by growth at high strain ranges. The separation of data as in
Figure 1 recognizes that there are two important processes which lead to fatigue failure. The first,
Stage I, is the formation of an initiation site by the development of persistent slip bands in suitably
oriented surface grains. This step is highly dependent on the crystallography and is controlled by the
cyclic shear strain. When the Stage I defect reaches a critical size, Stage II crack growth takes over.
This usually corresponds to mode I crack growth and is controlled by crack opening in the direction
of the largest principal stress range.
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FIG. 1. Separation of the number of cycles for initiation and growth plotted against the equivalent
strain ranges.
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The above discussion suggests a simple method for determining the fatigue endurance under
multiaxial loading: use the Tresca equivalent strain range to determine the number of cycles for
initiation under multiaxial loading N; by reference to a curve such as that in Figure l(a); use the
Rankine equivalent strain range to determine the number N 'g of cycles for growth under multiaxial
loading by reference to the growth curve as shown in Figure (b); and then the number No = N; +
N 'g of allowable cycles under multiaxial loading.

The above procedure does not yield an equivalent strain function, but rather the number of
allowable cycles for a specific combination of principal strain ranges. However, it clearly corresponds
to an equivalent strain function intermediate between the Rankine and Tresca forms. This is similar
to the approach in Brown and Buckthorpe [9] which proposed the equivalent strain range

Aeeq = A AeR + (1 - A) AeT (5)

where A is a function of strain range, and sub-scripts R and T denote Rankine and Tresca
respectively. Furthermore, in Brown and Buckthorpe [9], A is interpreted as the ratio Ng/Nt so that
the equivalent strain function tends towards Tresca at low strain ranges and Rankine at high strain
ranges. The separation of endurance into initiation and growth, as described above could be used to
define A but in that case there is little merit in recombining the contributions and using an equivalent
strain range. Instead Brown and Buckthorpe [9] proposed an empirical expression for A dependent
on the ratio of fatigue limits in tension and torsion. However, here the use of separate initiation and
growth functions as in Fig 1 is preferred as it avoids the empirical choice of A and, more importantly,
enables the fatigue data to be modified for any choice of specified defect size a0 as described earlier.

3. CALCULATION OF CREEP DAMAGE

To assess creep damage at a surface subjected to creep-fatigue loading, R5 uses the ductility
exhaustion approach by Hales [10]. With this approach the creep damage is

Dc = r . N W P ' [ e c / e f ( e c ) ] d t (6)
l-*'i- Jo

where cc is the creep strain rate, ef is the ductility which depends on creep strain rate, and t(i)h is the
dwell time in the cycle of type i. In using Equation (6) for multiaxial conditions, it is necessary to
assess the effect of stress state on both creep strain rate and on ductility. For constant stress conditions
the creep strain rate depends on the von Mises equivalent stress a and it is, therefore, straightforward
to allow for multiaxiality. However, more generally some stress relaxation occurs and requires
solution of

do =j , - . (7)do =j , - .

where Z describes the degree of elastic follow-up and E ' is an effective modulus determined by the
structural constrains imposed.

For strict strain control with Z = 1, solution of the full multiaxial relationships for biaxial
loading leads to

' = 1 M i - + -2BL) (8)
( 2 p 2 ) U v 1 + v)

E' = M
2(a 2 + 3 p 2 ) U - v 1 + v

where a = a, + a2, /3 = a, - a2, E is Young's modulus and au a2 are the principal stresses. As
relaxation takes place, the principal stresses relax at different rates and hence a and /3 vary with time.
However, for overall reductions of stress less than 40% of the initial value, the ratio of the principal
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stresses is approximately constant [11]; hence, the instantaneous equivalent strain rate is calculated
using equation (7) and the equivalent strain is simply

= (oD - o ( t h ) ) (9)

where ff(tj is the value of the equivalent stress at the end of the dwell period.

If the initial stress results from displacements or differential thermal expansions in parts of the
structure remote from the point of interest, there is not usually total constraint on the strains in the
localised region. Generally, there will be some elastic follow-up as indicated by the scalar factor Z
in Equation (7). Some detailed calculations have been performed for a complex thin shell structure
subjected to load-controlled bending to examine this load case [11]. The details are not discussed here,
but it may be noted that none of the total strain components remained constant during stress
relaxation, the degree of elastic follow-up was different in the two principal directions so that the use
of a scalar factor in Equation (7) is an approximation, and stress changes were non-proportional.
Therefore, it was found that creep strains could not be evaluated from Equation (7) using Equation
(9) multiplied by Z because an appropriate value of E ' could not be defined. Instead, it was found
that, using Equation (7) with E ' = E, estimating the principal components of the accumulated creep
strain by

*C1 = Z(o 1 0 - va20) A a / E o

ec2 = Z(o2 0 - vo10) A a / E a
(10)

was reasonably accurate (within about 10% provided that the stress drop was less than 20% of the
initial equivalent stress.

Having evaluated the creep strain components by the approximations of Equations (9) or
Equations (10) or by full analysis, it is necessary to determine both the appropriate creep strain rate
and the corresponding ductility for input to Equation (6).
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FIG. 2. Dependence of creep ductility on creep strain rate.
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3.1 Multiaxial Creep Ductility

In many materials creep rupture is controlled by the growth of cavities. The precise mechanisms
of growth lead to differing creep rupture ductilities as shown schematically in Figure 2. In an attempt
to derive an equivalent stress for creep rupture, Hales [12] has analysed growth of creep cavities
under biaxial stresses. The high, or upper shelf, ductility corresponds to failure by plastic hole growth
and it was suggested by Hales [12] that the maximum principal strain at failure remains equal to that
under uniaxial stress. By means of the Levy-Mises deformation relationship for constant stress
conditions, the ratio of von Mises equivalent strain to failure, ef, to the uniaxial strain to failure, e^,
is given by _

. i l = ~° , (11)
euf a1-a2/2

For diffusion controlled cavity growth it was shown that cavity growth alone predicts only
modest effects of stress state on time and strain to rupture. However, if a simple nucleation law is
postulated such that the mean cavity spacing is inversely proportional to ffim, where m is a constant,
then a stronger relationship between creep ductility and stress state is predicted

II = I1T1L (12)

Constrained cavity growth is controlled by the diffusion of vacancies under the influence of a
tensile stress and the rate of growth is limited by the deformation rate of the surrounding material.
Thus the cavity growth rate is proportional to the principal strain rate and, in the absence of
nucleation effects, the principal strain at failure is constant. When nucleation effects are taken into
consideration as before it can be shown mat

euf

(13)

In an attempt to verify equations (11) to (13) Spindler [13] has analysed an extensive body of
creep rupture data on austenitic stainless steels. This analysis led to an empirical relationship

(14)

where ah is the hydrostatic stress; p and q are constants determined by regression analysis of the data.
The second term in equation (14) was derived from the plastic hole growth model of Rice and Tracey
[14]. The first term being included to account for the nucleation of creep cavities, which are
controlled by ox. Although equation (14) does not explicitly address the different cavity growth
models, Spindler found that in the case of austenitic stainless steels the values of p and q differ
depending on which regime, indicated in Figure 2, the creep data refer to such that: for transitional
behaviour, p = 2.38 and q « 1.04 and for lower shelf behaviour, p « 0.15 and q = 1.25.

The data used to determine p and q in equation (14) also indicate that a simple yet conservative
interpretation of biaxial stress state effects can be achieved by simply factoring uniaxial ductility such
that

T f = euf (1 - o2/ox) fo r -°° < a2/' a1 < 0 . 5

~*t = euf/2 f ° r ° - 5 s ° 2 / ° i s *•

for ax > a2-

The appropriate relationships for the effect of stress state on the creep ductility in the transition
region and lower shelf are compared in Figs. 3 and 4 respectively.
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Equ. (12), m=0
Equ. (12), m=3.8
Equ. (12), m=4.6
Equ. (14), p=2.38q=1.04
Equ. (15)
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FIG. 3. Influence of stress state on creep ductility in the transition region.
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FIG. 4. Influence of stress state on creep ductility at the lower shelf.
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4. CALCULATION OF TOTAL DAMAGE

Within R5 [4] linear damage summation is used to assess the combined effects of creep and
fatigue damage. Thus, the endurance is determined by assuming that the sum

Dc + DF = 1 (16)

at failure. This approach has been validated for a range of materials and cycle types for uniaxial
loading [5]. For creep-fatigue under multiaxial loading, there is little experimental evidence to provide
validation for Equation (16). Therefore, the extension to multiaxial conditions has been based on
current understanding of the physical processes leading to failure, noting that under multiaxial loading
it is provable that the two types of damage will develop on differently oriented planes, so reducing
the possibility of interaction.

5. AN ASSESSMENT PROCEDURE FOR MULTIAXIAL CREEP FATIGUE

The objective of the R5 development is to provide an assessment document which is easily
used. Therefore, the principles of Sections 2-4 have been converted into a step-by-step procedure. The
steps in the procedure are as follows.

(1) Determine the temperature and stress history of the component, making due allowance for the
influence of structural response and elastic follow-up. It is assumed that the maximum strain
range which occurs at the surface pertains throughout the cyclic plastic zone.

(2) Construct cyclic deformation stress-strain loops for each of the different service cycles,
including any creep deformation occurring during the dwell.

(3) Calculate the fatigue damage DF. Fatigue damage is calculated using fatigue endurance of
smooth specimens measured as a function of strain range in conjunction with the equations
given in Section 2. These take account of the acceptable size of fatigue crack a0 and stress state.

(a) Size effect is treated by dividing the endurance into initiation and growth. The latter
value is adjusted to take account of allowable crack length.

(b) The influence of stress state on the initiation and growth stages is assessed using
equivalent strain ranges as in Figure 1.

(c) The number No of allowable cycles is the sum of the number of cycles for the two
processes.

(4) Calculate the creep damage Dc using ductility exhaustion and the equations given in Section 3.
These take account of the effect of stress state on stress relaxation and creep ductility.

(a) Stress relaxation under multiaxial conditions is described by the von Mises equivalent
stress, but taking account of the imposed structural constraints. Detailed analysis or the
approximations in Section 3 may be used.

(b) The effect of biaxial stresses on creep ductility is taken into account by a simple
relationship, equation (15).

(5) Determine the total damage from the damage terms DF and Dc using Equation (16).

(6) Perform a sensitivity analysis with respect to the input data in order to identify those parameters
which are life limiting.

(7) Report the results of the assessment and provide information on the analysis methods and the
materials data used in all aspects of the analysis.
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APPENDIX A: NOMENCLATURE

A strain range dependent factor in Equation (5)
ao initiation crack size required for structural assessment
aj initiation crack size in specimen
a, crack size at failure in specimen
B function of strain range in Equation (4)
Dc creep damage
DF fatigue damage
E Young's modulus
E ' effective modulus in Equation (7)
N Number of cycles
N, uniaxiaJ fatigue endurance
N, number of cycles to initiate a defect size a;
Ng N,-Ni
N'% number of cycles to grow a defect to a0

No Nj + N ' g

Q constant in Equation (4)
tb hold time
Z elastic follow-up coefficient
a a, + a2

/S <r, - a2

7 factor in Equation (3) dependent on ao

£,,£2 principal strains
£ci>£c2 principal creep strains
£c,£ci creep strain rate, principal creep strain rate
e c von Mises equivalent creep strain rate
£f,£lf uniaxiai creep ductility, principal cree strain to failure
AeR Rankine strain range
A£T Tresca strain range
Afi^ equivalent strain range of Equation (5)
v Poisson's ratio
CT,,ff2 principal stresses
ffio»ff2o principal stresses at start of hold time
a von Mises equivalent stress
ffo von Mises equivalent stress at start of dwell
Ad change in von Mises equivalent stress during dwell

R E F E R E N C E S

[1] ASME, Boiler and Pressure Vessel Code, Case N-47-23, Class 1 Components in Elevated
Temperature Service, Section III, Division 1, ASME, New York, (1986).

[2] AFCEN, RCC-MR, Design and Construction Rules for Mechanical Components of FBR
Nuclear Islands, Section 1, Subsection B, AFCEN, Paris, (1985).

[3] Huddleston, R. L . , An improved creep-rupture strength criterion, J Pressure Vessel Technol .
107 (1985) 421-430.

[4] Ainsworth, R. A . , Hales, R., Budden, P. J. . Martin, D. C , (eds), Assessment procedure for
the high temperature response of structures. Nuclear Electric Rep. R 5 , Issue 2 , (1995).

[5] Ainsworth, R. A . , Defect assessment procedures at high temperature, (Proc SMiRT 10 Conf.,
Anaheim, C. A. , 1989, Vol. L, pp 79-90) Nucl. Eng. Des. 130 (1991) 211-219.

95



[6] Pineau, A., High temperature fatigue behaviour of engineering materials in relation to
microstructure, in Skelton R. P., (ed), Fatigue at High Temperature, Applied Science, London,
(1983) 305-364.

[7] Tomkins, B., Fatigue crack propagation - an analysis, Philos. Mag. 115 (1968) 1041.
[8] Skelton, R. P., Growth of short cracks during high strain fatigue and thermal cycling, ASTM

Spec. Tech. Publ. 770, (1983), 337-380.
[9] Brown, M. W., Buckthorpe, D., A crack propagation based effective strain criterion, in

Brown, M. W., Miller, K. J., (eds). Biaxial and Multiaxial Fatigue, Mechanical Engineering
Publications, London, (1989) 499-501.

[10] Hales, R., A method of creep damage summation based on the accumulated strain for the
assessment of creep fatigue endurance. Fatigue Eng. Mater. Struct. 6 (1983) 121-135.

[11] Goodman, A. M., Creep relaxation from an initial biaxial stress state, personal communication,
(1990).

[12] Hales, R., The role of cavity growth mechanisms in determining creep-rupture under multiaxial
stresses, Fatigue Eng. Mater. Struct. 17 (1994) 579-591.

[13] Spindler, M. W., The Multiaxial Creep of Austenitic Stainless Steels, Nuclear Electric Rep.
TIGM/REP/0014/94, (1994).

[14] Rice. J. R., Tracey, D. M., On ductile enlargement of voids in triaxial stress fields, J. Mech.
Phys. Solids, 17 (1969) 201-217.

96


