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1 INTRODUCTION

Within Nuclear Electric plc, a comprehensive assessment procedure for the
high temperature response of structures has been produced (R5 1990). The
procedure ig referred to as RS and hasg been written in a number of volumes
addressing different aspacts of high temperature hehaviour:

Overview

Simplified Methods of Stress RAnalysis
Creep-Fatigues Crack Initiaticn

Creep Crack Growth

Creep-Fatigue Crack Growth

Behaviour of Dissimilar Metal Welds
Behaviour of Similar Welds
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& paper at the previous SMIRT Conference (Alnsworth 1989) described the
defect assessment parts of R5. The present paper provides an overview of
the R5 development. As the procedures have been available within Nuclear
Eleciric ple for several vears, there have been a number of applications to
components operating at high temperature. The variety of plant items and
loading conditions to which R5 is applicable are illustrated by considering
three applications. Tirst, the creep rupture of a defect-free pipe to pipe
branch connection which is described by continuum mechanics. Secondly, the
approximation for C* used in creep crack growth assessment will be compared
with detailed calculation for a complex geomelry - a branch connection.
Finally, the c¢yclic crack growth in an insulation component will be
addressed. It is concluded that R5 is a comprehensive asssssment procedure
which can be readily applied to operating high temperature components.

2 CREEP RUPTURE ASSESSMEWT

For all applications of R5, it 1is necessarv to ensure that failure by creep
rupture ig avoided and this appertains to both the defect-free and the
defective component. The calculation of the expected lifetime can be
aeffected either by complete continuum damage calculaticns or by conservative
approximations based on Reference Siress technigues. It is the latter
approach that is normally preferred in REZ application due to the practical
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necessity of simplifying the calculations. The remaining life at any time,
t, cannot exceed

t, Lo, (t)] (1)
where tr is the rupture time from uniaxial stress/time-to-rupture data and
oref(t) is the reference stress calculated using the crack size, af{t):

Oper(t) = P o /P[0, a(t)]. (2)

Here, P, is the limit load for the cracked geometry for a yield stress o
and P 1§ the applied lcad. Y

In this section, attention will be focused on a defect-free structure so
that a(t) = 0 in eqn (2). BAs an illustration the creep rupture of pressur-
ised branch connections will be considered and the prediction of egn (1)
will be compared with recently obtained data. The data are generated from
tests which have heen supported by the power generation companies in the
United Kingdom. A variety of materials have been considered ranging from
Aluminium to Alloy Steels (1Cr iMo and 23iCr 1Mo).

For the header gecmetry, egn (2) can be written in the convenient form

= o= S
Orer = PR/TP* = oy /p (3)
where 5D is the main vessel mean-diameter hoop stress with R,T being the
corresponging radius and thickness,
* = To .
P PLR/ o,
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Fig 1. Schematic of the Branch Geometry

A schematic of the geometry is shown in Fig 1; attention will be
restricted to R/T < 5 which is typical of steam pipe geometries. An
important decision is to define a method [or determining the Reference
Stress. This may be obtained either by direct calculation using numerical
techniques or from short term limit load tests (Budden and Goodall 1991).
By combining information from these sources with information from inverse
application of the relevant Design Code (Budden and GCoodall 1991), a secure



method of determining the reference stress for the wide wvariation of

potential geometries may be established.
The outcome of this approach is shown in Fig 2 in which the predicted

limit pressure for a given geometry, p¥, is compared with that obtained by
experiment, pgxpf based on the actual time to failure of the component.
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3 THE CALCULATION OF C* FOR COMPLEX GEOMETRIES

Blthough standards for obtaining creep crack growth data are still in the
development stage, methods are reasonably established and these result in
creep crack growth rate, a, being described by

a = ncx? (4)

where & and g are experimentally determined material constants. Data are
presented in this form in (Ainsworth et al 1987). TUnder cyclic loading the
constants A, g are often weakly dependent on hold time and similar resulis
are normally obtained in creep-fatigue and constant load tests.

In assessing defects in complex components 1t 1s necessary to obtain an
upper estimate of the parameter C* which is assumed to control defect
growth; the quantity ¢¥ is the counterpart of the J integral in the assess-
ment of low temperature fracture. By use of this analogy, the value of C¥



which ig appropriate for both steady and cyclic loading is obtained from,

C* =¢ _ & _ R {5)
ref “ref
The reference stress, 6. is identical to that given in egn (2). & _
. LT . ref s ot s . ref
is the strain rate at the reference stress and R' is a length scale:
2,2
RY = K' /o . (5
/0 ot {6)

Determination of the reference stress by egn (2) regquires an accurate
limit load solution. To illustrate the approach, a solution obtained by
reference stress technigques is compared with a complete finite-elesment
goluticon for a representative structurs - a branch connection under internal
pressure only. The main vessel has a mean radius R = 490 mm and thickness
T = 32 mn whereas the branch mean radius is 1%4 mm and thickness 16 mm. The
geometry was modelled as awisvimetric with the main vessal a sphere with
twice the mean radius with an external surface defect of depth 25% of the
branch wall. A Worton creep law was used with a stress index of 5 and

values of C¥ were Obtained ag asymptotic values of the C{t} integral using
the BERSAFE program. Converting the finite-element value of C* to a refer-
ence stress using An {5) led to & value within 3% of that given by egn (3)

and the inverse applicatlon of design codes referred to in Section 2. This
very close agreement must be regarded as somewhat fortuitecus: it is within
the accuracy of the finite-element amproasch and the accuracy to which the

limit load is known. However, it does confirm that egn (5) iz relevant to
complex geometries in adadition to the wide range of simple geometries for
which it has besn shown to be applicable (Miller =nd Rinsworth 1989%.

4 CYCLIC CRACK GROWTH IN AN INSULATION COMPOMEN

In many practical circumstences it is necessary to consider cyelic loading.
Within R5, the approach is to combine ssparate contribhutions due to Fatigue
and creep. The assessmaent of creep crack growth follows the approach of
Section 3 although it is necessary to consider the varying stress cduring the
creep dwell. The fatigue contribution is assessed by determination of the
effective stress intensity factor range, Aipff taking account of crack

closure. The total crack growth per cycle (da/dN) is

da/aN = (da/dm)fatigue + (da/dN}cre@p (7)

This must be determined for each cycle type. In summing the growth per
cycle to obtain the total crack extension or remaining lifs, account must bhe

taken of the dependence of da/dl on crack depth and dwell pericd. The dw=ll

period affects La/dH) cep through the direct integration of the creep
crack growth rate, and aLSO‘(da/QN), g through the possible modification
of parameters in the fatigue crack g?*ow&% law.

et

The example considered here is an austenitic fillet welded feature, shown
in Fig. 3, whieh is part of ar insulation component. Creep-fatigue tests
were carried ocut at 650°C in air by fully reversed bending of the long arms
of the specimens over e fixed displacement range. The displacement was held
constant at the meximum value for periods of vwp to 5 hours. Failure of the
specimen occurred by creep-faticue crack growth either across thc thin
parent metal strip or along the heat i zone close to the weld
boundary; multiple cracking was also ok
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Fig 3. Schematic of Test Specimen Geometry.

For the purposes of analysis, the specimens were idealised as connected
beams, the imposed displacement being related to the curvature aleng the
beam by standard relationships. The overall displacement was calculated as
an elastic-plastic displacement of the cracked beam, an elastic-plastic
displacement due to the crack, a creep displacement of the uncracked bheam,
and a creep displacement due to the crack. Reference siress methods (Penny
and Marriott 1971) were used to account for both plasticity and creep
allowing determination of the lcad history due to the applied displacement.
Given the load history, C* was calculated from =2gn {5) and the crack growth
from egn (7). Calculations were performed for an initial crack size which
was a measursd notch depth in initially notched specimens or one grain
diameter (0.05 mm) in other cases. The results cbtained were reasonably
insensitive to this latter assumed initial crack langth. Calculations were
continued by incrementing the crack size numerically until the predicted
maximum load dropped to half of its initial wvalue, consistent with the
definition of failure adopted in the expesrimental procedure.

The numbers of cycles to failure calculated from the reference stress
analysis outlined above are compared with the experimental data in Fig. 4.
It is apparent that there 1is some scatter in the dJdata but that the RS
analyses are generally conservative.

5 CONCLUDING REMARRS

The RS procedures for assessing structural integrity at high temperatures
have been briefly described. They have been 1illustrated by considering
three examples. These have shown that the simplified reference stress
methods embodied within R5 lead to procedures which are straightforward to
use even 1in cases invelving both c¢yclic leoading and crack growth. The
examples described here represent only a small fraction of the cases where
R5 has been used within Nuclear Electric. Use on a wide range of components
has demonstrated that RS is a comprehensive assessment procedure which can
be readily applied to operating high temperature plant.
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Fig. 4. Comparison of Experimental and Calculated Cycles to Failure.
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