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Analytical Methodsfor fracture prevention are playing an ever increasing role in RPV
safety evaluation in particular for non-inspectable areas.

Currently if critical defect sizes are not sufficiently larger than the dimensions of the
non-inspectable areas, full reliance has to be placed on fracture mechanic's analysis.

Based on the maximum tolerated (or maximum actual) fabrication defect size in the area,
defect growth to the end of 1life has to be calculated under conservative assumptions. The so
calculated end-of-life maximum defect size has to be sufficiently small compared to the cri-
tical defect size.

This paper deals with the application to RPV's of the fracture prevention concept, which
has been introduced in an earlier paper by the same authors/9/.It presents the results of the
actual materials testing, NDT-nethods applied and stress analyses.

In a first step a preliminary fracture mechanics analysis has to be performed using for
instance the method of Appendix G in Section III of the ASME-Code.

When evaluating nonductile failure all severe transients, (for example inadvertent opera-
tion of the ECC-Systems, etc.) and accident conditions shall be considered in the analysis
to determine the most 1imiting case, together with appropriate load combinations, for the
different parts of the RPV. Also residual stresses shall be taken into account for the de-
termination of the local stresses in the analysis. Estimated lower bound values of material
characteristics (KIc’ COD etc.) may be used, provided they can be justified.

In a second step the definitive and detailed verification of the protection against non-
ductile failure for the different parts of the actual RPV has to be performed This is
achieved by compar he al with t defect sizes in the RPV., The critical
defect sizes are us ng oca stresses om definitive stress report, in-
cluding residual stresses and the measured values of fracture toughness, COD etc., of the
actual base material, HAZ and weld deposit. A knowledge of the true Tocal stresses and the
corresponding temperatures of the material for the pertinent cases is a necessary precon-
dition. The tolerated defect sizes have to be defined and based upon the specified and
applied NDT-Technique, the calibration method and the uncertainties.

The protection against nonductile failure shall be demonstrated over the total life of the
plant. Special attention shall be given to fatigue and corrosion assisted crack growth resp.
neutron embrittlement. For parts of the RPV, where the accessibility for the inservice in-
spection is limited, correspondingly higher safety margins shall be incorporated. The safety
factor, defined as the ratio of critical to actual tolerated defect size at the end of plant
life should range between 5 and 20.

Highlights of methods, results and experience gained during the second step will be pre-
sented: COD, and Jc results on CT-specimens ranging from 2T to 10T. The problems and results
of fatigue crack propagation rate (da/dN) measurements and their correlation to the behaviour
of model vessels will be cited.



1. Introduction

The failure prevention of the RCPB*, above all the RPV, is of utmost importance for the
safety of a nuclear power plant. The method wused in evaluating a fracture safe design has
evolved since the beginning of this decade from the Fracture Analysis Diagram (FAD) according
to W. Pellini /2/ to the LEFM approach as introduced by G. Irwin /3/. The ASME-BPVC /4/ has
incorporated this LEFM approach for the first time in its summer 1972 addenda. Today the
LEFM is a well established method and is being applied extensively.

There are some limitations in the LEFM approach, which encouraged several well known re-
searchers e.g. Wells /5/, Rice /6/, Begley and Landes /7/, Merkle /8/ etc. to seek improve-
ments in the elastoplastic field. The EPFM-Methods attempt to realistically describe the frac-
ture behaviour of the structure in the range of transitional material behaviour. At present
the most frequently used methods involve the J-Integral and the COD-concepts.

Following these developments, we in Switzerland have introduced a concept of fracture
prevention for the RPV, incorporating EPFM-methods to supplement the LEFM-method. In this way
an improvement in the assessment of the effects of flaws on the safety margins of the RPV be-
comes feasible. To implement this concept a fracture mechanics test-program is necessary. In
this test program, the elastoplastic fracture toughness parameters § and J of the actual ma-
terial are determined and used in the evaluation (FM-analysis).

This paper describes briefly the concept and its application on RPV's in Switzerland. As
the main topic, the results of the FM-test-program and other relevant investigations are pre-
sented and discussed. This new concept employing a component and fabrication oriented se-
quence , is a pragmatic approach applicable to specific RPV's. It differs in philosophy and
method from the research program in the FRG/1/,which incorporates broadly based, systematic,
fundamental investigations of a great number of different materials, test method and test
parameters. Such an approach is only feasible for countries which have a substantial nuclear
industry to support it.

2. The two step procedure in the fracture analysis

Irrespective of the particular method used, the following data are required for an analy-
sis against non-ductile failure:

a) toughness data for the materials

b) the stress history of the structure

c) data on existing or possibly undetected cracks in the structure

d) fatigue crack growth data for the materials

An appropriate approach is to calculate critical crack sizes in order to obtain some know-
Jedge on the tolerance of the structure for cracks. Then, crack growth under service condi-
tions is considered and possible end of service life crack sizes in the structure are esti-
mated. Comparison between the critical and the possible crack sizes yields the margin against
non-ductile failure of the structure at any time up to the end of its life. On the other hand,
postulating minimum values of the safety margin, specifies the tolerable crack sizes and

hence the minimum required capability of the non-destructive test method. Cracks larger than
*Reactor Coolant Pressure Boundary
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the tolerable ones have to be repaired. If this is not possible the mode of operation must
be medified such, that a specified safety margin is achieved.

A preliminary fracture mechanics analysis is required by the licensing authority at an
early stage of a nuclear reactor project, long before all the detailed data are available.
Therefore a two step procedure has been adopted for the analysis against non-ductile failure
/9, 10/.

In a first step, which accompanies the sizing calculations for the pressure boundary,
approximate values for the stresses and the properties of the materials are used. The proce-
dures and methods as described by the ASME Code, Sec. III, App. G may be used either by po-
stulating quarter thickness cracks or by employing more realistic crack sizes, if justifiable
The purpose of this usually rather conservative analysis is to identify the relevant loading
combinations and the critical areas of the components at an early stage.

The second step must, as far as possible use realistic data. Since these emerge as the
project progresses, this step usually takes the form of a long term programme running simul-
taneously with the design and test work. The analyses are concentrated mainly on the critical
loads and areas already indicated by the first step, provided completeness can be proven.

Often,the use of linear elastic fracture mechanics methods in the first step leads to no-
minal safety margins, which do not meet the specified requirements. This is particularly true
for highly stressed areas with residual stresses and emergency Toading conditions. In such
cases elastic-plastic methods must be used. These take into account the reserve in ductility,
which the structural materials show at and above the lowest Toading temperatures. The result
is a more realistic evaluation of the expected fracture behaviour. As a matter of principle,
a more realistic treatment is always preferable to one based on several assumptions with un-
known degrees of conservatism. A more realistic treatment provides a better guide to actual
safety margin of the structure under operating conditions. In any case, both steps of the
analysis have to be performed. In summary, the detailed final analysis of the expected frac-
ture behaviour, on which the acceptance of the design is based, and thus has to be presented
before the first pressurisation, consists of the following parts:

- Assessment of existing cracks and crack-like defects in the components by means of
suitable non-destructive testing. Assessment of the detection 1imit of the testing
technique applied, to indicate an upper bound for non-detectable defects.

- Determination of fracture toughness parameters and fatigue crack growth data from
the actual materials in the range of operating temperatures.

- Calculation of critical crack sizes for the Tocation and orientation of real or assumed
cracks in the component and their comparison.

- Specification of recommended safety margins and assessment of the safety factors re-
sulting from the analysis (see table 1). Introducing reasonable variations of the input
data into a nominal safety analysis, as described here, indicates that rather large
safety factors should be used and that the kind of method and data determines the
recommended minimum safety margins /10/.
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3. Some obseryations and results for quasistatic loading

In elasto-plastic fracture mechanics testing it is important first to define criteria.
Based on experimental evidence, such as the typical load displacement curves of Figs.1-4, the
following aspects may be considered.

The initiation of crack extension from an existing crack represents a safe force and dis-
placement lower boundary; smaller forces or crack opening displacements do not produce any
significant effect.

Maximum load and corresponding displacement of a test specimen may serve as an upper boun-
dary. However, if ductile tearing is present up to full separation, this criterion can also
become conservative relative to the vessel behaviour under certain conditions. For example,
in a thick walled pressure vessel the necessary work to produce an equivalent crack opening
displacement in the ductile region will become much more than in the specimen, see Fig. 1
/11/. On the other hand, higher stiffness or constraint (three dimensional tension for exam-
ple) may lead to embrittlement effects especially in the ductile-brittle transition tempe-
rature range.

Different examples of material behaviour as a function of temperature are represented in
Figs. 2, 3 and 4. They represent the behaviour of 10T CT specimens of RPV steel A, similar
to A 508 c1. 3 /12/. At -4z °C, see specimen H4, initiation of crack extension leads immedi-
ately to fast (brittle) fracture; the linear elastic fracture toughness is Jow, no plastic
deformation can be observed on the load-displacement record. Specimen H1 at 0 ¢ exhibits
initiation at a somewhat lower load Pi than the maximum 1load Pmax' P., defined by the 5 %
secant method is significantly less. The steel exhibits fully ductile behaviour in specimen
H2 at 71 0C; the curve continued to fall slowly after passing Pmax until full separation of
the specimen.

Ductile fracture involves extensive plastic deformation in this type of steel. Heavy wall
components consume very high amounts of strain energy per crack growth increment. Material
separation, if any, will be sTow and will soon come to a standstill* In this extreme case no
fracture mechanics is necessary if normal fabrication and control procedures are applied, i.e
no extreme defects or material deterioration are present.

The variation in load P form PQ through Pi to P does not reflect the full crack tip

stress relaxation capacity of the steel at 71 0C, wa?ch is better related to the absorbed
energy or the crack opening displacement values. This is illustrated in Fig. 5 where CT-
specimens, cut out of actual component materials (Steel 22 NiMoCr 37) originating from
different steelmakers and weldments, were tested at 15 to 20 % and showed no further in-
crease in KIi above 61 0,24 mm. The corresponding representation of valid fracture toughness
and initiation stress intensity values as a function of temperature are given in Fig. 6.

KQi-values, based on COD or on J-Integral, are to be seen for steel A in Table 2 /13/.
Differences for initiation-based fracture toughnesses show scatter, which is surprisingly
small when considering the variety of methods applied.

With increasing temperature the yield points tend to decrease. Also Pi and Pmax will fall,

*see also HSST program, Series 2: Intermediate Test Vessels V-3, V-4 and V-6, Rep. ORNL-5059,
Fig. 3.20 and Fig. 3.34.
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as indicated in Table 3 for 6T CT specimens of steel A of which H7 was already fully ductile
at 31 °C. With still higher temperatures a further decrease is found also on different steels

The above drop does not necessarily represent an effective decrease in fracture initiation
resistance, as the COD at initiation (61) is showing. COD at Pmax’ (Gmax
in the temperature range observed. § and Pmax however are very much dependent on the

) was also constant
max
stiffness of the structure and would not be representative for a vessel of the same wall
thickness as the specimen. Therefore methods which apply criteria above the initiation of the
crack extension point in the load-displacement diagram may be conservative in cases of full
ductility, but not conservative in the transitional range. In actual cases the initiation
criteria were always sufficient to prove safety against non-ductile failure both from the
viewpoint of applicability of such criteria as well as from the viewpoint of meeting certain
minimum values.

On the other hand, at the initiation of crack extension, size effects on COD (and there-
fore also on J) seem to be negligible within limits. This was further suggested by comparing
30 mm thick 2T CT geometry specimens and surface precracked wide plate of the same thickness
(unpublished Sulzer results).

Fractography of H1 specimen of steel A /14/ tested at 0 °C showed interesting features,
see Fig. 7. A cut perpendicular to the s1it and fatigue fracture plane at mid-thickness re-
vealed the following regions: fatigue precrack, quasistatic subcritical crack growth and
fast fracture.

The presence of both nmode I and mode II fractures can be observed at the end of the stable
crack growth. The applicable criterion for the initiation of crack extension is a mode I
criterion, Tater at the beginning of instability a mode II is governing.

The result of a pronounced yield and deformation process can be seen in Fig. 8. The half
8; value is 0,24 mm, which is in good agreement with the conservatively extrapolated value
of 0,45 mm for the total 61 at 0 0C, according to the ASK procedure /15/.

4. Dynamic crack initiation fracture mechanics

Increasing deformation rate can produce embrittlement of steels. So checking the fracture
mechanics parameters at the highest possible deformation rates of the actual component seems
to be advisable. However, local actual deformation rate is dependent not only on the rate
of external loading, but also on geometry. The same loading rate may result in a low defor-
mation rate on a notch and crack free specimen, whereas in the presence of a sharp notch or
crack plastic deformation would concentrate in the small volume near the notch root or crack
front and hence produce a significantly higher total deformation rate.

Appropriate loading rates should be applied on specimens and should include the most un-
favourable configuration, i.e. the sharpest and deepest notches or, more generally, the most
effective stress concentrators to be expected in the structure. Possible existing locally
embrittlement areas should be suitably represented. Such specimens will usually be of the
large compound type, tested rather slowly at the lowest loading temperature of the structure,
similarly to the Wells wide plate test ("adapted testing procedure").

Another solution to detect minimum initiation fracture toughness parameters is to employ
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small, Charpy-type specimens. The weakest areas can be searched and investigated by stepwise
checking of heat affected zone properties at different distances from the fusion line.
Following ASTM E 399 procedures a standard three point bend specimen may be employed. An im-
pact velocity below the usual 5 m/s represents an upper 1imit strain rate for RPV conditions
in the precracked Charpy-type specimens (1imit value testing). If a maximum possible Tlocal
strain rate in the structure is known, a less conservative approach becomes possible: The
bending rate can be adopted to the maximum estimated strain rate at the notch root or at the
fatigue crack front in the structure. With appropriate instrumentation according to /16/ and
force recording as a function of time or function of deflection, the 1imiting dynamic frac-
ture initiation toughness may be defined. Such values are compared to static ones in Fig. 9
/12/.

If dynamic initiation as a limiting condition is acceptable, the quasistatic and dynamic
initiation testing may be regarded as sufficient. Additional, appropriate crack propagation
and arrest testing may give supporting evidence in this respect. Crack arrest testing has

to take into account notch or defect geometry, component shape and load over time functions

as parameters.
5. Fatigue crack propagation

Crack propagation rates da/dN are measured usually on standardised specimens. Crack pro-
pagation in the component is calculated under the assumption, that da/dN is the same in the
component as in the specimen.

Environmental conditions are often simulated. However, variations in the state-of-stress
history caused by variations in the growth and shape of fatigue cracks are generally not con-
sidered. Fig. 10 shows the change in crack shape in both a plate and in a vessel. The assump-
tion of constant crack shape is conservative at first glance; a relatively quicker depthwise
growth compared to surface propagation seems to enhance the possibility of leak-before-break
failure. However, equivalent critical crack geometries may be reached in special cases with
fewer load cycles than indicated by the assumption of constant shape growth.

6. Conclusions

An additional step to prove fracture safety using actual component material, stresses and
defect size data has been proposed before. Results of material characteristics show higher
values than usually found.

Fracture toughness parameters, measured at the lowest loading temperatures on specimens,
cut from actual RPV component materials are significantly higher at initiation of crack ex-
tension, than valid linear elastic or 5 % secant K-values.

Whilst load at initiation and hence K,. do not increase above a shelf value given by plas-

tic defornation, COD and J show increasiag values up to a still higher level. (These latter
values are high enough to prove safety against crack extension under quasistatic loading for
BWR and PWR vessels of material with good toughness and sufficient ductility).

The apparently wide range of relative insensitivity of initiation based COD and J to size

effects facilitates both testing and the application to actual structures.
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Higher strain rate effects on initiation may be investigated by adapted testing or limit
value procedures; some results were shown.

Appropriate crack propagation, crack arrest testing and appraisal of structures will be-
come necessary only if initiation cannot be excluded under the given service conditions.

Fatigue crack propagation testing and prediction should include not only environmental
simulation, but also take into account possible fatigue crack shape change effects.

The authors acknowledge the permission to publish this paper containing information belonging
to different companies and organisations and for the support of the Swiss Nuclear Safety
Division (ASK).
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