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Abstract

The fracture toughness is a key materials data requirement for practical defect assessments of
engineering plant. However, the apparent toughness or load to fracture can be affected by the
history of loading. For example, prior loads due to proof pressure tests (PPT) or warm pre-
stress (WPS), and sustained loading (cold creep) may all have an effect. Moderate levels of
appropriate PPT or WPS loading are generally considered to improve the subsequent
apparent toughness properties, whereas, in the susceptible temperature and stress range, time-
dependent crack growth can occur under sustained loading.

In this paper, WPS data on ferritic steels are compared with the predictions of simplified
models. The analyses validate forthcoming revised advice within the R6 defect assessment
procedure. Furthermore, recent studies within the R6 development programme leading to
updated advice on the treatment of the PPT and sustained loads are also briefly described.

Introduction

Structural integrity assessments of engineering plant containing crack-like defects, using
fitness-for-service procedures such as R6 [1], require the material’s fracture toughness,
Kmat. @ an input parameter. The chosen value of toughness should be relevant to the

material at the crack tip, in the assessed condition and at the relevant temperature K4t 1S

compared with an estimate of the crack driving force, either directly using a parameter such
as the stress intensity factor, K, or the J-integral, or indirectly using a failure assessment
diagram (FAD). However, the apparent toughness or load to fracture can be affected by the
history of loading. This paper considers a number of potential load history scenarios which
may need to be taken into account in a practical plant assessment. The main content of the
paper is concerned with the warm pre-stress (WPS) effect. The WPS effect is described more
fully later in the paper. Models for the quantification of the beneficial enhancement in the
value of K5 due to WPS are discussed, validation of the models using WPS test data is

described, and developments in the advice for their treatment within R6 outlined. Recent
work within the R6 development programme leading to revised advice on the treatment of the
proof pressure test (PPT) and of sustained loading (cold creep) effects on load to fracture are
then also briefly discussed.
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The Warm Prestress Effect

A WPS is an initial pre-load applied to a ferritic structure containing a pre-existing flaw
which is carried out at a temperature above the ductile-brittle transition temperature, and at a
higher temperature or in a less-embrittled state than that corresponding to the subsequent
service assessment. A WPS argument confers added resistance to fracture under the
assessment conditions. That is, a WPS is considered to elevate the stress intensity factor at
fracture, K¢, above the corresponding fracture toughness, K4, in the absence of the WPS

[2-14]. In service assessments, the fracture toughness is then taken as K ¢ . In the laboratory,

there are three basic types of WPS cycle which are used to demonstrate the WPS effect
(Figure 1):

@ Load-Unload-Cool-Fracture (LUCF), where the structure is pre-loaded at temperature
T, to stress intensity factor Kj;, unloaded to stress intensity factor K, cooled to
temperature T, and re-loaded to fracture.

(b) Load-Cool-Unload-Fracture (LCUF), where cooling to T, takes place prior to
unloading and re-loading to fracture.

(c) Load-Cool-Fracture (LCF). This is similar to the LCUF cycle except that no
unloading occurs prior to the imposition of extra load to fracture.
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FIGURE 1. Typical laboratory WPS cycles
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The greatest benefit in terms of maximising K¢ is given by the LCF cycle, the least by the

LUCEF cycle with full unloading. Intermediate forms of cycle, where partial unloading occurs
prior to re-loading to failure, and where the temperature and pressure are simultaneously
reduced, give benefits lying between these two limits.

For a WPS argument to be made, the following conditions are normally considered
necessary.

Q) The failure mechanism at the service condition is transgranular cleavage or
intergranular brittle fracture [2,7].

(i) The flow properties of the material increase between the WPS and the service failure
condition (due to a decrease in temperature or due to in-service hardening).

(iii)  There is no significant sub-critical crack growth between the WPS and the service
failure condition. The amount of any such crack growth should be much less than the
extent of the residual plastic zone following unloading [11].

(iv)  The stress intensity factor, Kq, due to the WPS loading exceeds the fracture

toughness, K4t , at the re-load condition.

(v) Small-scale yielding conditions hold at the pre-load. There is evidence [5] that, for
increasing pre-loads, the benefits on the apparent re-load fracture toughness lessen.
Indeed, in the limit of extensive plasticity, the toughness may actually be reduced
compared to its value in the absence of the WPS.

(vi)  The pre-load and re-load should be in the same direction; that is, both tensile or both
compressive at the crack tip. A compressive pre-load followed by a tensile re-load
may reduce the apparent fracture toughness.

The benefits of a WPS in thick-section components have been attributed [2] mainly to the
establishment of a compressive residual stress zone ahead of the crack tip. However,
generally, the effects of crack-tip blunting and strain hardening have also been claimed as
significant by a number of authors. Experimental demonstration of the WPS effect has been
reported in many references using both small specimen and feature tests. A number of
alternative quantitative models of WPS benefits have been developed, both ‘global’ models
based on crack driving force [3-5] and energetic [12] considerations, and ‘local’ models
[2,13-14] which use local approach methods. Validation of the model predictions against both
specimen and large-scale test data is summarised in, for example, [2,10].

The current issue of R6 restricts the application of WPS to transgranular cleavage fracture,
consistent with the conclusions of the review by the UK Technical Advisory Group on
Structural Integrity (TAGSI) [7]. However, it has been argued [2] that this restriction is
unnecessary and that a WPS benefit both exists in the case of failure by stress-controlled
intergranular brittle fracture mechanisms and may also be quantified using existing WPS
models. There is experimental evidence for this assertion [2,9]. Hence the restriction on
fracture mode is being relaxed at the next amendment to R6.

Simplified Models

There are a number of published quantitative models of the WPS effect [3-6,8,12]. In
particular, Chell & Haigh [3] simplified Chell’s alternative more complex model for
situations most relevant to the LUCF cycle. A similar simplified expression for K ¢+ was also
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given by Smith & Garwood [6]. These last two models are currently set down in R6 [1]. The
expression in [3] is

Ky =Ko +024K, +087K &)

provided that the re-load K¢ — Ky <(1+A)AK, /2, where AK, =K;-K, and 42>1 is the

ratio of the flow stresses at the re-load and pre-load temperatures. Otherwise,
Kt =max(Ky, Kpat) is assumed. Conservatively, A=1 is used in the following analyses.

Recently, Wallin [8] has derived eqgn.(2) below, which represents an interpolation between
expressions for the bounding cases of LUCF with full unloading and the LCF cycle. The
stress intensity factor at failure follows from

Kt =Ko+ KmatKu +015Kat (2)

when Kpat <AKy . If Kqat 2 AK,, then the conditions Ko, =K; and AK, =0 are
imposed in eqn.(2). If the calculated K¢ <Kyt then no WPS benefit is estimated and

Kt =Kpnat 1S assumed.

Test Data

WPS test data on a French reactor pressure vessel steel, 18MNDJ5, similar to SA533B, have
been obtained by Electricit de France (EDF) within the European project SMILE [15]. The
chemical composition of the steel is given in Table 1. Conventional fracture toughness tests
were conducted by SMILE partners, over the temperature range —196°C to 20°C, using
compact tension (CT) specimens with crack length to specimen width ratios between 0.48
and 0.56. The fracture toughness of the material was described by the Master Curve [16]

approach with a reference temperature Tg =-97°C. Hence the median and 5% cleavage

fracture toughness values at the re-load temperature of -150°C are 55.6 MPavm and
38.6 MPa/m, respectively. A series of WPS tests were also performed on 1CT and 2CT
specimens under a variety of load histories, where K; = 60MPa+/m or 100MPav/m . These
included LCF and LUCF (K5 =0) cycles, cases where the temperature and load reduced
simultaneously prior to re-load to fracture with K, = K;/2(LTF), and cases where the load
level experienced small oscillations during cooling, with K, =K; (LOCF) or Ky =K;/2

(LOTF). All tests failed by cleavage. The test data will be analysed by the SMILE partners
using a number of global and local models of fracture. The analysis of the data using egns.
(1)-(2) is given below. The oscillations in the LOTF and LOCF tests are neglected.

TABLE 1. Chemical composition of 18MND5 steel (wt %)

C Mn Si Ni Cr Mo Cu S P Al V
0.19 15 0.23 | 0.66 | 0.17 | 0.485| 0.084 | <0.001 | 0.004 | 0.011 | 0.004
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Additional experimental WPS data are given by Kordisch et al. [17] and Stockl et al. [18]
and also analysed below. Tests on 22NiMoCr3-7 weld metal specimens were reported in [17]
using a number of different load and temperature histories. Stockl et al. [18] performed a
number of LCF and LUCF tests on specimens of 10MnMoNi5-5 shape-welded steel using
three-point bend specimens. In each case, the lowest measured value of Ky, is used in the
following subsection, consistent with the use of a ‘lower bound’ value of material fracture
resistance in fitness-for-service assessments.

Analysis of Test Data

The predicted values of K¢ from the SMILE tests [15], using the 5% value of Ky, within the
Chell & Haigh [3] and Wallin [8] models, are shown in Figure 2, normalised by the test value
of Ks. It can be seen that the Chell & Haigh [3] model is conservative. The Wallin [8] model
is also generally conservative, but of reduced extent. Similar conclusions hold using the
median value of toughness, but the conservatism is reduced.
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FIGURE 2. The SMILE [15]WPS data on 18MNDS5 (based on lower bound K4t )

The LCF tests of Kordisch et al. [17] and Stockl et al. [18] all showed that the stress
intensity factor at fracture, K s , was both greater than the fracture toughness and greater than

the pre-load level of stress intensity factor. This is consistent with the conservative WPS
principle, which says that failure will not occur under constant or falling load following the
WPS (Figure 3). The predictions of eqn. (2) and the experimental results are shown in Figure
3, normalised by the measured toughness. The predictions are conservative in three of the
five cases, and within about 1% of the test figure in the other two.

The test data from [17-18] involving unloading are shown in Figure 4. In all cases, K ¢

significantly exceeds the fracture toughness, K 4t , at the test temperature when the specimen
had received a WPS pre-load. The predictions of eqn. (2) are generally pessimistic.
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FIGURE 3 The LCF data [17-18] (based on lower bound Kt

In a few cases, the results are slightly non-conservative with the predicted value of K

exceeding the measured value by up to 6%. The values of K ¢ calculated according to the

simplified expression of eqn.(1) are also shown in Figure 4. These are consistently
conservative. In some cases, the validity limits of eqn.(1) are not satisfied so that the values

of K¢ are given by K; =max(K,, Knat) - Equation (2) predicts generally increased values
of K compared with eqn.(1).
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FIGURE 4. The WPS data with unloading [17-18] (based on lower bound Kt
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Discussion

As stated earlier, Section 111.10 of R6 [1] covering WPS and PPT effects is about to be re-
issued. This has modified and updated the advice on both these load history effects. The
advice on PPT, which is not described in this paper, has been revised following a recent
review by TAGSI in the UK. Apart from a general updating, it now includes a description of
how the PPT can be used to infer a lower-bound value of toughness. The other load history
phenomenon to be mentioned here is sustained loading. This is sometimes called ‘cold creep’
or ‘time-dependent plasticity’ and is addressed in Section 111.4 of R6. Following the
completion of an extensive experimental programme leading to uniaxial and CT sustained
load data on Type 316L(N) austenitic steel [19], it was concluded that time-dependent
plasticity effects need only be considered for austenitic steels for loads in excess of yield and
at temperatures below 200°C. This corresponds to the regime where the stress-strain
properties depend on loading rate. Beyond yield, strain could then accumulate with time at
constant load. However, sufficient strain to lead to fracture only accumulated in the smaller
CT specimens, which were close to J-instability on load-up and where only about 1 mm crack
growth was required. In the larger CT specimens, and hence in structures, crack growth
would be insufficient to lead to failure. The tolerance of the component to small amounts of
crack growth would then need to be assessed. A method [1] based on the use of time-
dependent, constant load uniaxial strain data has successfully assessed the fracture of the CT
specimens. This work will be reported elsewhere.

Summary

Advice on the treatment of load-history effects on fracture is given in the R6 defect
assessment procedure [1]. This includes WPS, proof tests and sustained load effects. The
current version of R6 recommends the simplified models of Chell & Haigh [3] and Smith &
Garwood [6] for quantitative WPS assessments. Revised advice will be issued shortly which
is based on the Wallin model [8]. This has an improved range of validity and is generally less
pessimistic. This forthcoming revision of R6 also updates the advice on proof pressure tests
(PPT), based on the recent review of TAGSI.
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