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ABSTRACT

This paper summarises an experimental study peddrim support of the Steam-Generator Tube-Sheet
Fracture Mechanics Assessment. The considered ggoisbere the one of a defect at an isthmustigki
two holes of the perforated area, close or attinase of the tube sheet.

For such a configuration, due to the reduced tlaskrof the isthmus and the small defect size ccadptar

the tube sheet thickness, a significant consttasistis expected, associated with an importantresgnaent

of the apparent toughness.

For considering this type of constraint loss, #@ dpproach was selected for potential applicatidhin

the Fracture Mechanics Assessment. The experimenthl performed has then two main objectives:

- Demonstrate the effective apparent toughness eahwert in the brittle to ductile temperature range.

- Demonstrate the capability of the J-Q approactotservatively predict this enhancement.

INTRODUCTION

Because of the carbon macro-segregation inherghetarge thickness forged component manufacturing
the Fracture Mechanics Assessment (FMA) of therSt€gnerator Tube-Sheet (SG-TS) is required by
French regulators for defects postulated closhd@timary (and cladded) surface and the secor{dary
cladded) surface.

For those assessments, the postulated defectagesed to connect two holes (ex. Figure 1) closs o
the tube-sheet surface, which constitutes an @igind complex configuration compared to a coneeradi
evaluation with a surface defect. As a consequeaspmsific models and compendia were developed (see
[1)] for performing accurate evaluations of theding imposed to the crack front.

However, despite the important model developmefurieperformed for this SG-TS, its justification
remains complex since it could encounter sevemiigssituation with a large pressure differencevesein
primary and secondary circuits or strong primagrihal shocks leading to a rapid and quasi-homogeneo
cooling through the thickness of the perforatechakthe SG-TS. The J parameter resultant fromethos
loading remains relatively high, thus challengihg macro-segregated material conventional toughness
the brittle to ductile temperature range.

However, the constraint loss observed for thistixedly thin configuration is expected to enhance th
apparent toughness of the material. A consideratidhis constraint loss was then identified aslaton

to reach the margins required by the regulationttiat purpose, the J-Q approach was selectedfential
application within the FMA.

The purpose of this paper is to present the test®mpmed for the validation of this FMA considering
constraint loss through a J-Q approach. Itis caag®f two main parts:
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- Inthefirst one, the background of the J-Q appgndacecalled, and the application rule providef?in
is explained in an industrial frame.

- In the second one, fracture tests performed inbtitde to ductile transition temperature range of
specimen representative of postulated defects leetiveo isthmuses are detailed.

The results obtained here are providing very istarg perspectives for the assessment of the SGHTS,
also the assessment of other configurations suchnedl surface defects configuration encountering
constraint loss (loss of constraint also calledstmall defect effect).

BACKGROUND AND APPLICATION OF THE PROPOSED J-Q APPR OACH

Configuration under consideration

The geometrical configuration considered in thipgras the one of a postulated defect, at the caréh
the SG-TS and cutting an isthmus between two h@igsl). This defect is embedded or directly at th
surface (example of fig. 1) covered or not by aldlag. The previous paper [1] provides a detailed
description of all the investigated configurations.

Figure 1: Example of r;lsurfa-c'é defect between mleshof the SG-TS

From the geometry illustrated by figure 1, a strongstraint loss is expected for this configurativenks

to two main geometrical aspects: the defect sizel@ively small compared to the tube-sheet théskn
(20 mm at maximum compared to approximately 800 nami the isthmus is relatively thin (about 8 mm).
Based on this observation, it was concluded treatdmsideration of this constraint loss is the Bpptoach
for demonstrating the defect tolerance of the tliieet. For that purpose, the J-Q approach wadesblas

a simple and conservative way to quantify therisid margin associated to the constraint loss.

Background of the J-Q approach

The J-Q two parameter approach was developed tatifjuthe constraint at a crack tip and to predt&t
effect on fracture toughness [6]. The main objectitas to improve the description of the near-tipsst
and strain fields under several conditions of Ingdn infinite bodies.

Those developments were driven by the fact thalethel of stress triaxiality, quantified by the pareter
Q, plays a dominant role in fracture by cleavageféoritic materials in the ductile-to-brittle traition
temperature range: the cleavage fracture is coedrbly the level of the opening stress acting atoédide
crack tip.

The main assumption of the so-called J-Q approatihat, for a given applied J-value, the size Hotithe
shape, of principal stress distribution is alteogdhe loss of constraint characterized by the Qpater.
The initial SSY stress field [7] corresponding torack in an infinite body (part in black in thdldaving
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equation) has to be completed by the red regular i@ the same equation. This term is mainly drifagn
Q since the exponent g remains close to 1 for ppli@ations.
1

% _ (# L)"“ 5(6,1) + 0. (ﬂf .55(6,7)

o a.gy.1, 1.0 Ji

Following this assumption, a link can be establishetween the global parameter J and the locasstre
field govering the fracture risk.

Methodology application

In an industrial framework, for a given structurela given postulated surface defect, the Q pamariset
not defined. Therefore, the first idea for an indakapplication was to apply the criterion througinite
Element Modelling (FEM) of the stresses at thelctic

Within such numerical application, the Q paraméeno more useful: considering the CT specimen
geometry as the reference for the toughness definithe principle is simply to compare the normedi
opening stresayy / oo for the industrial configuration to the one of B€ specimens. This comparison is
made at the characteristic distance r'esfl = 2 (defined by Shih in [6]), r being the distarfrom the
crack tip andgp the material yield stress.

From this comparison, an apparent J (note@ ih the following) is defined as the J value whidlows to
reach the same level of stress at the charaatedistance r':

ajgjc,T)(for] =Jerg at ' =r. 00/]CT_Q) B ajg;ndusmal)(for imposed | at r' = T-Go/]cr,Q)

Op Op

Imposed Jis here the modelling result obtained by FEM efitidustrial structure. This application provides
a Erowhich is smaller than theposed J since the CT specimen is the more confined cordiipn.

The major disadvantage of such approach is thegitires 2 sets of refined FEM: the one for thea@id
the one for the industrial application. However,itas illustrated in [2], before large scale yiield, the
imposed J vs.glg relation appears quasi-linear (this domain beimg domain of interest for FMA
purpose). This means that the Q parameter remaiasi-qonstant in this domain and that, for postdiat
defects with fixed geometries, compendia can bebéished then simply used in conventional FMA.

VALIDATION THROUGH FRACTURE TESTS ON REPRESENTATIVE CONFIGURATIONS

Studied material

The material used for the experimental is a 18 MNd® alloy steel (equivalent to A533) largely ussd b
EDF for various R&D programs. More details are pded in the paper [4] or more recently in the PhD
[5]. The To reference temperature was measured at -97 °Cifomiditerial.

This material was selected for this tests campdignto the large number of tests already available.

Specimen geometries

Regarding the small size of the defect with respedie large thickness of the SG-TS, the locadlilog
encountered close to the surface can be considsractconstant normal stress distribution. Therefbee
choice was made to select a SENT type of specimethé validation tests.

The nominal thickness of this SENT specimen is B5anm. However, for arepresentativity point ofwje

a thickness reduction equivalent to the one of Sk TS isthmuses is machined at the centre of the
specimen. The figure 2 gives a representationisfshecific SENT specimen.
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Two defect sizes (lengtha” on the right graph of fig. 2) were selected. Tédd®o crack lengths were

optimized through FEM of the Q parameter for the B%5and the SENT specimens:

- The first type of specimen has a crack length amn6(i.e., a mechanical notch of 5 mm with a fatigu
pre-cracking of 1 mm) which makes it possible ttaba Q parameter of around -0.5 representative
of the sub-clad defect on the primary SG-TS surtache small surface defect at the secondary side.

- The second type of specimen has a crack lengtBtarmm (i.e. a mechanical notch of 18 mm for pre-
cracking of 2 mm) which makes it possible to ob&@i parameter of the order of -0.2 representative
of a 20 mm surface defect at the secondary side.

For the two types of specimens, two batches ofeigpens are machined allowing to investigate two
different test temperatures. Those two temperatwe® selected in the brittle to ductile transition
temperature range at temperatures where referefcests are available. Those two temperatures are
T =-150°C (T - §0-50°C) and T = -100°C (T To).

¥/
@ -®
+_

i =
e

Figure 2: Specific SENT specimen tested withinghegram

Fatigue pre-cracking

The fatigue pre-cracking phase was achieved inibgndith a 4 points loading device. The distance
between the two intemal loading points was esthbti at 20 mm in order to impose the loading oetsid
the reduced thickness of the specimen.

In order to follow the crack propagation, a spedafimpliance formula was developed thanks to 3Btiela
FEM. This formula expressed in a format compatiolethe 4 points loading device software is the

following:
1

2
B,.W.E.C
( S/4 )“

% =2091.U%—-13.24.U + 2.195 with: U =

In this formula, C is the measured load-CMOD coamie, B is the effective thickness {B 8 mm), W
the height of the specimen (W =50 mm) and S thi¢ thiatance between the two external spans
(S =190 mm). This formula applies from a/W = Gsfinéller defect) up to a/W = 0.4 (longer defect).

The fatigue pre-cracking phase was achieved insteps: a first step with 4« = 25 MPa/m followed by

a second step withdx = 15 MPa/m (both for aratio Kin/Kmax = 0.1).

Fracturetests

Fracture tests were performed on a servo-hydranéichine with the specimen inside a cold chamber
imposing the expected temperature (see fig. 3).folh@ving measurements were performed during the
test conducted at increasing jack displacement diiltire:

- Load and displacement imposed by the loading device
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- Crack Mouth Opening displacement (CMOD) at specisiatiace (see fig 2).
- Three temperatures, in the crack plan and at bd#s ®f this crack plane.

4‘";

Testsinterpretations
The elastic-plastic 3D modelling also provides nieeded coefficients for the fracture test inteigifen,
which are:
- A fr coefficient for elastic J determination (mean eabf J along the crack front which is assumed
here to be straight).
_ (frF)?
]el - E*
F is here the load at fracture (given in kN) wherEais defined by E= E/(1 —v?) (in GPa)
- A nr coefficient for determining the plastic part of J.
J = nT.Ap
PL7 B, (W —a)
Where A is the plastic area bellow the Load-CMOD curve.

From those two coefficients, we simply obtain foe two tests temperatures:
0.25

B,
]=]el+]pl and: K]c—1T=20+(2—5) -[w/E*.]—ZO]

Those two coefficients are provided for both geoimetin next table 1.

Fractures tests results are summarized on figukes 4t can be seen on that figure, a Master-Cuype t
failure statistic gives a good representation bfred test series. The apparent toughness assbdiatbe
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SENT specimen are significantly enhanced comparddet CT specimen. As expected, the enhancement
associated to the small defect (a=6 correspondirg ®1-0.5) is larger than the one associated to the

larger defect (a=2 corresponding to al€p.2).

Crack size g Coefficient f | Coefficientnr
6 mm 0.3379 1.002
20 mm 0.7912 0.8269

Table 1: coefficients for J calculation from thette
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Figure 4: Interpretation of the tests through thestdr-Curve approach
(on left:; tests at -150°C, on right: tests at -X0)0°

Kjcir (MPa. v

Tests Specimen KJc-11(1%) KJc.11(5%) KJc-11(50%)
temperature (MPaym) (MPavym)| (MPavym)
CT 24 28 41
-150°C | SENT (a=20) 34 42 66.
SENT (a=6) 44 55 81
CT 37 49 85
-100°C | SENT (a=20) 56 85 186
SENT (a=6) 76 113 224

Table 2: characteristic KJ-1T values for all spemim

400

The fracture toughness associated to charactevities of probability of failure (i.e., 1%, 5% abd%)
are reported in table 2 and represented in figufehts representation shows that the geometriaakfite
increases with the probability of failure (i.e.vé¢ of loading) and with temperature. Those two
enhancements are obviously linked to the levelladtiity which increases with the level of loadiagd

the temperature.
For adesign purpose, the failure probabilitieste#rest are 1% and 5%. For those two failure poditias,

the minimum enhancement at low temperature is 40%hE large defect and 80% for the smaller ore: th
apparent toughness is almost doubled for the siefdict presenting the larger constraint loss.
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% a=20mm, T=-150°C W a=20mm, T=-100°C

B a=6mm, T=-150°C W 3=6mm, T=-100°C
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Figure 5: lllustration of the apparent toughnessefieassociated to the geometry

Application of the J-Q approach

The application of the proposed J-Q approach toteéke campaign presented here is not finalized yet.

However, the paper [2] is providing modelling resulbtained prior to the tests shows very promising

results:

- For aprimary side underclad defect (equivalerihéosmall 6 mm defect) a ratio between the imposed
Jand drgis about 4.

- For asecondary surface defect (equivalent to thmd defect) the same ratio is about 2.7.

The square roots of those two ratios are in acomelavith the Kratios illustrated in table 2 and figure 5.
SYNTHESIS AND CONCLUSION

Due to encountered difficulties to justify the defemlerance of the SG-TS in the brittle to dudtisition
temperature range of potentially macro-segregatedsaan experimental work was launched in order to
take benefit of the constraint loss which is expédbr postulated defects linking two isthmuseshef
perforated area. This experimental work was peréakmn a representative low-alloy ferritic steelthwi
SENT type of specimen specifically designed forespnting the local geometry of the isthmuses batwe
two holes.

The main objective of those tests is to illustthie effect of the constraint loss on the appamrghness,
then to validate the capability of the J-Q appraagbredict it (the J-Q approach being selecteghéaential
application in FMA of large components).

For those specimen, two different defect sizesresgntative of the defects postulated within theAFM
were considered. Tests were performed at low teatprers where a large set of CT specimen tests was
already available. A direct comparison of critidedcture toughness’s is then possible, showing an
important enhancement of the apparent toughnete SENT specimen, from 40% (longer defect at low
temperature) up to a ratio larger than 2 (smakdect and higher temperatures). Those resultshamgisg

a good accordance with the FEM results obtainedt poithe tests and provided in [2].

For the next steps, a detailed interpretation eftést series will be performed. A pre-codificatfon the
J-Q criterion will be prepared then discussed faroduction in the French codes devoted to fracture
mechanics assessment of nuclear components.
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