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Abstract

Estimates of both transient and steady state values of the C(t)-integral for simplified geometries
representative of power plant components are compared with results obtained from detailed fi-
nite element analyses. Different creep exponents and both primary (mechanical) and secondary
(displacement-controlled) loadings are considered.

Estimates of the steady state value C* were obtained from the EPRI’s fully plastic solutions
for J-integrals and from Nuclear Electric’s R5 high temperature assessment procedure. The results
show that, for the deepest cracks considered (a/w = 0.25) and n = 5, R5 estimates of C* are
conservative by up to 91 % for the full range of geometries analysed. The degree of conservatism
increases for n = 10.4 and decreases for shallower cracks. The EPRI estimates of C* , on the other
hand, underpredict the numerical solutions by 5 % for n = 5, and by 18 % for n = 10.4. Bassani’s
Ct and R5’s transient estimates for C(t) were also found in most cases to conservatively predict the
finite element results, although some underpredictions were found for the planar geometries shortly
after loading. The recommended use of plane stress reference stresses with the R5 procedure,
however, provides overall conservatism.

1 Introduction

In a high temperature component whose service life is dominated by creep crack growth, an
estimate of the time to failure can be obtained from the knowledge of the time-dependent
loading parameter C* and experimentally determined material data relating it to creep crack
growth rates. C* characterizes both the loading and the geometry of the cracked body and
is widely accepted for steady state creep conditions [1,2].

When a constant load is applied to a body, elastic strains develop instantaneously and
creep strains gradually start to accumulate close to the crack tip. Small scale creep (SSC)
conditions will prevail around the crack tip while the creep zone is small in relation to
the crack length. It has been shown that, under these conditions, the stress and strain
rate singularities within the creep zone are of the well known HRR fields for power law
hardening materials, but the amplitude of the SSC fields exceeds the value of C*. Therefore,
knowledge of a generic energy rate line integral C(t) is needed in order to understand the
extent of creep crack growth before the attainment of steady state conditions and thus avoid
significant non-conservative predictions.
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Although the evaluation of C(t) from finite element solutions is possible, such analyses
can be time consuming and costly. The use of simplified estimation formulae in industrial
applications involving a broad range of components and crack sizes is therefore essential.
Although no widely accepted parameter exists to characterize the amplitude of the singular
fields during the transitional regime, several relations have been proposed.

This work reviews the different approaches followed to obtain estimates of C(t), and
compares them with results obtained from detailed finite element analyses of simplified ge-
ometries representative of power plant components under constant loading. Different creep
exponents, crack depths, and both primary (mechanical) and secondary (displacement-
controlled) loadings are considered. A more detailed description of this work is given in
a companion publication [3].

2 Stress Field Around the Tip of a Stationary Crack

The stress and strain fields around the tip of a stationary sharp crackin a solid obeying power
law creep and operating under Mode I conditions can be approximated by the following HRR
singularity [1]:

C(t) 1/("‘“)~
O';j(r,e,t) = [Blnr a-,-j(ﬁ,n) R (1)
where 0 and r are the polar coordinates from the crack tip, n and B the exponent and
material constant from the power law creep relation ¢ = B o™, and &;;(0,n) and I, are

non-dimensional functions which depend on n and have been tabulated by Shih [4].

The magnitude of C(¢) depends on time, crack length, material properties and far-field
boundary conditions such as load and geometry. For a stationary crack, in the limit when
the contour I' shrinks to the crack tip, it can be expressed as [2]:

n . 0i;
ct) = /F {m oy &j dy — 0y nj 5= dS} ) 2)

where €;; and u; are the total strain rate and displacement rate respectively, and T is a
closed path which surrounds the crack tip and encloses a region dominated by creep strains.
As time progresses and the load remains constant, the creep zone will extend across the
uncracked ligament until creep deformation dominates across the entire body. Thus, as
t — oo, C(t) — C*, which is independent of the path T'.

In lieu of the numerical solution of Eq. 2 for SSC, Riedel and Rice [1] proposed an
approximate description based on the assumption that the J-integral for elasto-plastic ma-
terials is path independent within the creep zone (e.g. very close to the crack tip where the
HRR fields are dominant) and equal to K?/E", namely,

J K?

0 =Gt = GroE 3)
where K is the Mode I stress intensity factor and E' = E/(1 — v?) for plane strain and
E' = E for plane stress in terms of the Young’s modulus E and Poisson’s ratio v.

Several approximations have been formulated for the intermediate regime between SSC
and steady state. Ehlers and Riedel [5] proposed a relation for C'(t) based on an interpolation
between the SSC solution given by Eq. 3 and the steady state solution:

Clt) ~ C, (1) = C* {1 + ”('ﬁ"itr“i'j"i} , (4)
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where t* =. K} /(E' C*) is a characteristic time associated with the transition between
SSC and steady state creep.

A different approximation for C(t) was proposed by Ainsworth and Budden [6] using
far-field estimates of J. The resulting relation,

Jn+1 t "
O(t) = Ors(t) = S /0 Jr dt (5)

can be used to obtain estimates of C(t) for various loading conditions, and forms the basis

for Nuclear Electric’s R5 high temperature assessment procedure. For a constant applied
load and with the far field J approximated by J = K2/E' + C*t, Eq. 5 gives

*1n+1
C(t) =~ Crs(t) = C* {[1 ij /:*/]fjl _1} . (6)

Crs estimates under fixed displacements, needed to predict creep crack growth during
stress relaxation of cyclically stabilized materials, are given in Ainsworth and Budden 6]

Bassani et al. [7] proposed an alternative approximation to C(t) based on an analogy
to the strain energy release rate interpretation of J and defined as the difference in stress
power (o ¢) between two equally loaded bodies with incrementally different crack sizes, viz.,

.\ (=3)/ (1)
Ci(t) = C* {((751)_) +1} . (7)

It can be shown that, as ¢t — 0, Eq. 6 correctly tends to the SSC solution of Eq. 4.
This limiting behaviour is not however predicted by Eq.7.

Approximations to the steady state parameter C* can be obtained from either exper-
imental measurements of load and displacement rates [8] or analytically according to (2)
EPRI handbook solutions for given creep exponents, load and geometries [9], or to (:1)
Nuclear Electric’s R5 procedure [10]. The latter uses reference stress techniques to obtain
an estimate for C*, namely

» 2 e
o~ Cpy = KL G (8)

Oref

where €, is the uniaxial creep strain rate at the reference stress o,.; = oy P/ Py . Here,
P is the applied load, and Py, is the limit load of the structure for a perfectly plastic
material of yield strength o,.

3 Finite Element Analysis

The finite element code BERSAFE [11] was used to analyse the deformation of three different
types of specimens with a/w = 0.25 : (i) a plane strain single edge cracked plate (ECP), (i)
a plane strain centre cracked plate (CCP), and (iii) an externally circumferentially cracked
cylinder (CCC). The specimens were modelled with the finite element meshes shown in
Fig. 1 using isoparametric 8-noded elements. The CCC was, in addition, analyzed with
a/w = 0.125 using the mesh of Fig. 1(b) scaled accordingly. The size of the smallest
element in each of the meshes was set at 1/200 of the crack depth. The applied loads were
26 N/width for the ECP and CCP, and 2565 N/circumferential length for the CCC.

The analyses were performed for materials with both low (n = 5) and high (n =10.4)
creep exponents, with the latter corresponding to a 2.25 Cr - 1 Mo steel at 538 °C [12]. The
following material data were used:
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Table 1 Material Data

n B E v
[s7Y(MPa)="] | [GPa]
5.0 1.0 x 10—° 200 0.3
10.4 3.8 x 1028 141 0.3
C B
L=300
a=25
‘ w=100
T
L 4
L=300
e _; Finite element mesh of
a=2 the shaded area in D
w=100 @ A
L=1500
¥
e
1] 1 T 1 1 i 1 1 1 1 I
4 w=100
R=500 C

All dimensions in millimetres

(®)

Fig. 1 Finite element models for (a) planar and (b) cylindrical geometries

The numerical values of C(t) were obtained by extrapolating to integration paths I' of
radius r = 0 values from integration paths around the crack tip. The path dependency of
C(t) was reflected in a variation of up to 3 % from the mean value for 0.03a < r < 0.8a.
A comparison between Eq. 2’s line integrals with values calculated according to the virtual
crack extension method revealed them to be within 1 % of each other.

4 Results and Discussion
Figs. 2 (a) and (b) show plots of C(t)/C* vs. t/t* for n = 5 using Cppp; and Cks

as normalising factors respectively. Finite element results for the different geometries are

compared with the C; and Cgr estimates (Eqs. 4 and 7) in Fig. 2(a), and with Crs (Eq.
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6) in Fig. 2(b). Similar information is shown in Figs. 3(a) and (b) for n = 10.4. The
estimates for Cgs are based on limit load calculations using plane strain and plane stress
assumptions for the planar and cylindrical geometries respectively.

The EPRI estimates of C* are within 5 % of the numerical solutions for n = 5, and
within 18 % for n = 10.4. As seen in Fig. 3(a), the latter discrepancy originates from the
CCC geometry with a/w = 0.25. In all cases, the Cpgp; predictions are under-conservative.
Steady state estimates given by R5, on the other hand, are conservative for all the geometries
considered. For the deeper cracks (a/w = 0.25) with n = 5, C}, values are conservative by
up to 91 % for the range of geometries shown (see Fig. 2(b)). The degree of conservatism
increases for n = 10.4 and decreases for shallower cracks (e.g. a/w = 0.125).

Estimates of the transient behaviour for n = 5 show that R5, in most cases, conserva-
tively predicts the finite element values of C(t). At short times, however, underpredictions
of up to 20 % were found for the plane strain geometries. For n = 10.4, Cgs gives a shorter
settling time thus underestimating C(¢) for ¢/t* < 0.9 for the planar geometries. The recom-
mended use of plane stress reference stresses with R5, however, causes overall conservatism
in the procedure, as Fig. 4 reveals for the ECP.

The transient predictions of Cy for n = 5, see Fig. 2(a), are 11 % higher than the
numerical solutions for 0.7 < t/t* < 4. When n is increased to 10.4, C, underpredicts the
transition time to steady state, even for ¢/t > 4 for the CCC in Fig. 3(a). As expected
from the form of Eq. 7, C; approaches Cgg at high n.

Fig. 5 shows the values of C(#) for the CCP specimen after the load point displacement
was fixed subsequent to the attainment of steady state conditions (at ¢/¢* = 4). The decay
of C(t) with time as a result of stress relaxation due to creep is predicted within 15 %
by the R5’s estimates obtained using a plane strain reference stress approximation with a
relation derived from Eq. 5.
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Fig. 2 Comparison of the finite element results with analytical estimates of C(t) for n = 5.0:
(a) C; and Cgg normalised by EPRI’s steady state estimate, and (b) Crs normalised by Cs
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2 _ 2
(a) t /t (b) t /t
Fig. 3 Comparison of the finite element results with analytical estimates of C'(¢) for n = 10.4:
(a) C; and Cggr normalised by EPRI’s steady state estimate, and (b) Crs normalised by Cgs
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