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C UeNbio OLEHKM NPOYHOCTU Koprycos peak Topos ASC MpoBefeHbl HATYPHbIE CTEHAOBLIE UCTb-
TaHMs Ha TPELLWHOCTOMKOC T 00pasLoB C BHy TPEHHUMM fedhekTamu. [pencTaBneHHbIe pesyrb-
TaTbl CBULETENLCTBYIOT O BO3MOXKHOCTV WCMOMb30BaHNA B pacyeTax MoydeHHbIX CTaHaapT-
HbIX JaHHbIX 15 0GHaPY>KeHHbIX U Mpearnonaraembix AeteKTOB KOPMyCHbIX CTaneit. MokasaHo,
YTO npuMeHeHre MeToda "Master Curve™ obecrieurBaeT 60/iee TOYHOE MPOrHO3MpPOBaHUe YCno-
BIVi BIBKOXPYTIKOrO MEPEXoaa, Yem MoaxXofbl, MCNOMb3ytoLLme xapakTeprcTuky Kic B 3aBucumocTy
oT RTndt.

KnioueBble cnoBa: KOHCTPYKUMOHHasA LENOCTHOCTb, MeXaHWKa paspylleHus,
CcTeHfoBOe ucnoiTaHue, “Master Curve”.

Introduction. Dealing with real or postulated cracks in large structures is a
classical engineering problem, which takes on special significance for
components in nuclear power plants. While regulators, utilities, and plant
manufacturers have developed effective procedures to assess structural integrity, a
policy of continuous development is required to ensure that safety margins are
maintained as the plants accumulate many years of service. Measurement of
fracture toughness parameters on compact laboratory specimens plays a key role
in this process, and there is now wide acceptance of methods such as Master
Curve to assess shifts in the transition behavior from as-received to end-of-life
states. However, there remain obstacles to the application of such
laboratory-generated representations of the fracture transition behavior for
assessing postulated defects in critical components such as reactor pressure
vessels, the so-called transferability factors:

¢ Constraint due to geometry

¢ Constraint due to loading

+ Crack front size (cleavage site sampling effect)

¢ Representativeness of materials data and fracture mode consistency
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¢ Local variations and/or gradients in material properties

¢ Environment.

Transferability has been addressed by several projects organized by the
Network for Evaluation of Structural Components (NESC). The NESC is an
international network operated by the European Commission’s Joint Research
Center to verify the overall structural integrity assessment process using
large-scale experimental projects, designed as benchmarks. The NESC has four
major projects: NESC-I, the spinning cylinder pressurized thermal shock (PTS)
test was completed in 2000. In NESC-II, two PTS tests on cylinders with shallow
cracks were completed in 1999. NESC-IIl concerns a large-scale test on a
dissimilar weld pipe assembly performed in February 2003. The NESC-1V project
completed a test series on defect-containing beams in 2002. This paper focuses on
the consideration given to transferability issues for RPV flaws in the NESC-I, 1l
and IV projects.

Pressurized Thermal Shock (PTS) Tests. A characteristic feature of PTS
simulations is that the highest probability for defect extension is in the
near-surface region, where its assessment is complicated by the variation of the
material and fracture toughness properties, the HAZ size, the loss ofthe defect-tip
constraint, warm prestressing effects, and clad residual stresses. The first NESC
project [1] centered on the spinning cylinder experiment conducted at the AEA
Technology, UK, and was designed to simulate the conditions associated with an
aging flawed RPV. The test piece was an internally clad 7-ton steel cylinder into
which a total of 18 defects, differing widely in fabrication method, size, and
location, were introduced. During the test, it was subject to mechanical loads due
to high-speed rotation and thermal shock loads resulting from a cold-water
quench directed at the inner surface of the heated cylinder (Fig. 1). For the
fracture analysts it posed a special challenge both a) in the test design stage, to
ensure a combination of defect size, material condition, and loading that would
produce crack initiation and b) in the post-test analysis phase, to assess the
observed behavior of the defects in greater detail. The test was successfully
performed in March 1997 and realized the planned cleavage run-and-arrest event
at one end of a large through-clad defect. Although the defect growth also
occurred at the large sub-clad crack as planned, the expected cleavage event
failed to materialize.

In the post-test analysis, the Master Curve approach (which had been
calibrated in an extensive material characterization program) provided a useful
tool for assessing the sensitivity to the analysis parameters via comparison of the
probability of cleavage for the given values of the crack-tip driving force and
temperature (Table 1). The best estimate of 0.97 was obtained using a 3-D
cracked body analysis to determine Kj and applying the Master Curve function
derived from a deep notch, i.e., high constraint specimens. The use of low
constraint shallow notch data reduces the failure probability. However, the
detailed analysis [2] of the local constraint conditions indicates that, at this depth,
small-scale yielding conditions should prevail (Fig. 2). Hence, the higher
constraint data are appropriate for the assessment of the aforementioned crack
front region. This 0.97 level is above that, at which a cleavage event could be
reasonably expected in a single test, implying that this analysis technique is still
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somewhat pessimistic. Simpler engineering methods provided even more
pessimistic predictions of the crack driving force and hence even higher
probabilities of cleavage. A coupled cleavage-ductile local approach formulation
with a 3-D elastic-plastic finite-element model was also applied [3]. The observed
time of the cleavage event corresponded well to the maximum predicted cleavage
probability, although the extent of ductile tearing was underestimated.

Table 1
NESC-I Spinning Cylinder Tests: Probability of Cleavage in the Near-Surface Base
Material Region for a Large Through-Clad Defect at the 217th s of the PTS Transient

No. Analysis Type KJ at 217 s Probability
MPaVm of cleavage
1 PD6493 420 10
2 2-D FE + weight function 350 0.999996
3 2-D FE +weight function + reduced residual stress 320 0.9999
4 R6 Appendix 4 310 0.9996
5 3-D elastoplastic FE analysis: high constraint 260 0.97

(&/W =0.5) data, standard crack-front normalizing
parameter (25 mm)

3-D FE analysis with low constraint toughness data 260 0.23

7  3-D FE analysis with a reduced Master Curve crack 260 0.77
front normalizing parameter (10 mm)

Front View

Fig. 1 NESC-I component and the principal defects considered in fracture assessment.

The NESC-II project considered two large-scale PTS tests performed at MPA
Stuttgart [4]. The test pieces were thick-walled cylinders with an outer diameter
of 800 mm and wall thickness of 190 mm, fabricated of 17MoV 8 4 mod steel

ISSN 0556-171X. npodéeubi npounocmu, 2004, Ne 1 63



N. Taylor and K. F. Nilsson

with a two-layer austenitic cladding on the internal surface. The NP2 test piece,
containing a fully circumferential sub-clad defect with a depth of 8 mm, produced
an intergranular crack growth event; with a maximum extension of approximately
15 mm. In the case of the NP1 test piece containing two shallow semi-elliptical
through-clad defects of depth 21 mm and length 60 mm, the planned loading
transient was achieved but no growth occurred. While the results of the two tests
underline the inherent conservatism of the existing defect assessment procedures
for shallow RPV flaws, the absence of the desired cleavage event shows that the
transferability issues (interpretation of material test data and quantifying the
effects of crack front length and constraint loss effects) have not been sufficiently
resolved.
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Fig. 2. Variation of constraint parameters H and Q along the boundary of a large through-clad
defect, showing the area of loss of constraint close to the surface.

Isothermal Tests on Biaxially-Loaded Beams. The NESC-1V project is a
focussed experimental/analytical program for the assessment of an RPV shallow
flaw. Two series of benchmark tests [5] have been performed at the ORNL facility
in the US. In Part A, six clad cruciform specimens (Fig. 3) containing shallow
surface-breaking flaws located in the weld material were successfully tested. For
Part B, further four beam tests were performed using an innovative test piece
design with a simulated embedded flaw. The material used was removed from a
production-quality RPV that had never been put in service, hence representing a
start-of-life condition (TO for the weld is —88°C). The European partners have
contributed with extensive material characterization testing using standard C(T)
25 mm specimen geometry and 10x10 mm SE(B) bend bars, as well as pre-test
calculations to select an appropriate test temperature in the lower transition
region. Figure 4 shows provisional results together with the Master Curve from
standard fracture deep-notch testing. The data for both test series have been size
corrected to a 25 mm crack front as per ASTM E1921.

Detailed FE analysis has shown that, in the uniaxially loaded beams, the
near-surface crack tip encounters a low constraint situation (Table 2), and this
correlates with the fact that in the transition regime the data points lie above the
Master Curve. Table 2 also indicates that biaxially loaded cruciform beams
present a high constraint situation. Although the standard Master Curve should be
appropriate, the tests appear to have produced lower stress intensities than
expected at fracture.
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Table 2
g-Values Evaluated at r/(Y/aY) = 2.0 for a NESC-IV Cruciform Specimen (Biaxial
Bending) and an Embedded Flaw Specimen (Uniaxial Bending)

Specimen type Case Q
Single-edge notch bend beam specimen SE(B) a/W =0.50 +0.05
a/W =020 -0.34
a/W =0.10 -0.68
Semi-elliptical defect under biaxial-loading deepest point -0.20
HAZ -0.05
Embedded flaw under uniaxial bending deep tip -0.35
shallow tip -1.05

Fig. 3. The ORNL cruciform beam design used for the NESC-IV tests.

Normalized temperature, T —To (°C)

Fig. 4. Data (crack front size-corrected to 25 mm) from the biaxial and uniaxial bend tests compared
with the Master Curve for deep notch specimens.

Detailed post-test fracture analyses are now in progress, including the
application of a Weibull stress model, which was used successfully for predicted
biaxial effects in previous ORNL test series [6]. This work is being done in close
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collaboration with the VOCALIST shared cost action project (Validation of
Constraint-Based Methodology in Structural Integrity) [7]. In particular, it is
intended that the results will contribute to the VOCALIST “Best Practice
Handbook for Application of Constraint-Based Procedures in Structural Integrity
Assessment” [8].

Conclusions

1 Large-scale experimental benchmarks have a key role to play in assessing
transferability issues. The NESC network projects aim to address this need.

2. The Master Curve approach provides reliable and less conservative
estimates of fracture events than taking Kic as a function of RTndt. Local
approaches show promise, but are complex to calibrate and apply.

3. Treatment of biaxial loading effects and crack front size adjustment is still
under investigation, to provide a better basis for deciding if additional safety
margins exist from constraint-loss effects.
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Pestome

I3 MeTolO0 OUIHKM MiLHOCTI KopnyciB peaktopie AEC npoBefeHO HaTypHi
CTeHAOBI BMNpO6YBaHHA Ha TPILWLMHOCTINKICTL 3paskiB i3 BHYTpiWHIMU fedek-
Tamu. [pefcTaBneHi pesynbTat¥ CBigYaTb MPO MOX/WUBICTb BUKOPWUCTAHHS B
po3paxyHKax OTPUMaHUX CTaHAAPTHUX LaHWX AN BUABNEHUX AedeKTiB Kopnyc-
HUX CTafei Ta NporHo3oBaHux. MNMokasaHo, Wo metod “Master Curve” 3abe3nevye
6inbll TOYHE MPOrHO3yBaHHA YMOB B’A3KOKPUXKOrO Mepexofy, HbK nigxogu, B
AKMX BUKOPUCTOBYETLCA XapakTepuctuka K lc B 3anexHocTi Big RTndt-
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