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ABSTRACT

An important R&D effort is going on, within the Freh AREVA/EDF/CEA working group dedicated to
the improvement of the 5.4 appendix of the RSE+Mpiider to develop and validate specific analytical
schemes for the consideration of residual stres#bin Fracture Mechanics Assessments. This eféort
motivated by the need to consider the residuatsté®in the defect tolerance evaluation of weldten
UK-EPR™ project.

The present paper proposes a status of this deweltpphase which is mainly dedicated to two welkdt jo
configurations: the narrow gap stainless-steel wélthe Main Coolant Line and the ferritic weldrjoiof
the main steam line. For those two configurationain results are highlighted, and a formulationtfer
consideration of residual stresses in the assesssngmposed. The expected continuation of thigam

is then provided.

NOMENCLATURE
E,a Young modulus, Thermal expansion coefficient
ATy, AT, Linear and non-linear through thickness thermatigmts

J, > J= J"  Total elastic-plastic J, mechanical contributiBS contribution, J for thermal loading

res th

N RRAN Total elastic J, RS contribution, thermal conttiboi

Jc Material toughness

Lin, Lres Loading parameter for plastic correction of thaktnading and RS
Kin, Kres Attenuation factors for thermal loading and RS

Ores Residual Stress

Oy, Oy, Oyw, Material yield stress, Yield stress of base mefialyeld metal
M Weld joint mismatch

v Poisson’s ratio

FBR Fast Breeder Reactor

FMA Fracture Mechanics Assessment

PWR Pressurized Water Reactor

RS Residual Stresses

GDA Generic Design Assessment

HIC High Integrity Component

1 INTRODUCTION

The Fracture Mechanics Assessment (FMA) is path®Defence-in-Depth demonstration performed for
the integrity justification of components importdot the safety (generally classified as clasdté)aim is

to demonstrate that gross failure by propagatioa ofack-like defect can be discounted. Three #gs
part of this assessment:

- The inspection at manufacturing and during in-sErvi

- The knowledge of material behaviour during the iserlife;
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- The use of fracture mechanics to determine theakitlefect size (in terms of fracture).

The two first points are not detailed in this pag@oncerning the third point, the determinationtioé
critical defect size generally relies on a J baskth in which the J imposed to the postulated craiek
external loading (mechanical and/or thermal shamding) is compared to an envelope fbr the
material under consideration. In consistency with R6 rule [1], depending on the difficulty of the
problem to consider, three different routes aresiis to determine this imposed J: complete arwiti
determination of the J parameter (also called l&yeh mix of elastic F.E. calculations and anabfti
elastic-plastic corrections (called level 2) ancoanplete elastic-plastic F.E. analysis on a crackedel
for more complex cases (level 3).

A large effort has been performed in France sinBey@ars for the development of this level 1
methodology for PWR structures. Initially, this aff was performed in support of FMA for defects
detected during In Service Inspection which requaeshort time of analysis in order to limit theame.
Those developments were thus introduced in RSEJMcfde dedicated PWRs maintenance) and RCC-
MR [3] (code dedicated to FBRs) which became RCCxNHer. But rapidly, those analytical schemes
have become the reference for design where a sirmrgase of justifications (in terms of zones to
analyse, loading configurations...) is requested.

Most important part of this effort is performed iit a tri-parties working group including EDF,
AREVA-NP and CEA, the three main actors of the eaclfield in France. The developments were thus
specifically dedicated to nuclear applications, amdpractice to PWR structures (the option largely
developed in France) with specific complements High temperature assessment for FBRs. In those
nuclear applications, due to the large thicknessoaiponents and/or the strong temperature varmafion

to ~300°C), the thermal loading has a significampartance which cannot be neglected in FMA. For tha
reason, an important R&D effort was performed imleorto develop specific formulations for the
consideration of this type of loading [4-7]. Thalkevelopments are covering stainless steel primigiggp
and their welds (~70 to 80 mm thick austenitic dnglex cast stainless steel pipes and elbows stdamit
to various combinations of internal pressure, begdhoments, axial and torsion loads), ferritic lstex
secondary piping (thinner pipes but with more campyeometry and submitted to the same type of
loading) and large ferritic components (very thihkd large structures, generally cladded, essegntiall
submitted to internal pressure).

For PWRs applications, no particular effort wasfgraned in the past for the consideration of thedive]
Residual Stresses (RS) within the FMA of weld jginthe main reason for that is the fact that fierrit
components are Post-Weld-Heat-Treated (resultantaRSassumed to be low and negligible) and
stainless-steel material has a high toughness dow sield stress: the RS are supposed to vanistnwh
plasticity appears in the structure. In additionFrench regulation for operation (the scope of RISE-
M), a safety factor is applied on the loading, thoplifying the plasticity and the attenuation &.R
Nowadays and in particular for UK-EPRapplications, those welding RS have to be takémaccount
within the FMA. For that purpose, a dedicated R&Rswaunched in order to propose a formulation
consistent with the three levels of analysis prasip listed and which provides an accurate and
conservative evaluation of the impact of RS onltiparameter.

The purpose of the present paper is to make asstatuthis R&D. In a first part, it describes a tfirs
methodology which was proposed for the UK-EPR Gereesign Assessment (GDA). Then, in a second
part, the following R&D performed in order to impedconsolidate this proposition is presented.

As it is explained in this paper, the R&D is stjthing on. Some perspectives and orientations aed\fi
given together with the conclusion of this paper.
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2 FIRST PROPOSAL FOR THE CONSIDERATION OF RESIDUAL ST RESSES

As explained in the introduction, the present pateals with the problematic of the consideratiodR&f
within the analytical schemes dedicated to thdclitation.

Regarding the fact that RS are associated to indpss®ins, it was logically considered in a first
approximation that those stresses can be considbeedame way as thermal loading.

2.1 Consideration of the through thickness thermal loading

As it is explained in detail in the paper [7], tRSEE-M/5.4 and RCC-MRx/A16 appendixes differentiate

the thermal loading which can be imposed to thektRWR structures within four categories:

1. The turbulent mixing of hot water and cold watericgkhmay appear in mixing zones. This loading is
not significant for FMA;

2. The stratification which corresponds to a tempeaeatwadient through the section of horizontal pipes

3. The axial variation of temperature which is equivdlto the previous one, but for vertical pipes and
in area with strong thickness transitions.

4. The through thickness thermal gradient which cpwess to temperature differences through the
thickness of the component. It is generally assedido a temperature variation at the inner skin of
the component (thermal shock or smooth temperatar@ation) and is due to the duration of
warming up or cooling down the complete thicknelsthe component. As it is illustrated on Fig. 1, in
PWRs, because of the strong thicknesses and/or thigpberature variations, this loading creates
stresses significantly higher than the yield stress

Even if all those loadings correspond to tempeeatariations, they are strongly different in natarel
need different formulations for the definition ofagtic correction: stratification and axial tempara
variations correspond to an imposed displacemerthen through thickness gradient correspond to an
imposed strain. We focus here to the one dedidatélttough thickness thermal loading (which thussdo
not apply for imposed displacements — see [8]).

« Elastic modeling (the crack being closed):
= Apply an equivalent thermal field with no crack and no

mechanical load to obtain a strain field induced by the
Temperatur thermal loading - The reference temperature is the A
initial temperature of the thermal loading that has to be
“ considered in the calculation.
/\my
« Extract and apply the obtained strain field to the elastic
model with crack modelled but kept closed without any
A mechanical load, at the initial time/temperature of the
calculation
AT]_ I 4 ﬁTmean tavrget one
o If not, modify the initial thermalfield s s s s m = =
‘dj "
Temperatu re . 4 B Elastic-plastic modeling (the crack is now openned):
. distribution 4 « Apply the initial strain field
‘ ﬁ L )
s « Apply the mechanical loads, still at the initial
ATz temperature of the calculation
1 — o
For a stainless steel armrr]_ =300°C « Apply the thermal load considered in the calculation ]
E [0 [AT, EaAT,
—— — 1=640MPa O0<—F——-—<6
2 [ﬂl —_ V) 2 (1— V) (0) *Use G-Theta method to determine the J evolution
. Oy

Figure 1: Through-thickness thermal loading

Figure 2: F.E. modelling protocol for RS
consideration

For such through thickness temperature gradierdaeymumerical simulations were done and have shown
the possible attenuation of the J parameter (in pasison to elastic o) due to plasticity. This
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phenomenon is related to the attenuation of stsesseer imposed strains for elastic-plastic mdteria
behaviour and is explained in detail in [5]. Aseault, the following general formulation for J aadhtion
under through thickness thermal loading is proposed

J" = Jelth 'kthz’

where k, is a coefficient which is, in a general case, équasmaller than 1. The J parameter for an
elastic-plastic behaviour is thus lower than thees@arameter determined with an elastic model.

Two options are proposed for the determinationhi$ &, coefficient with, in the simplest one, an
evaluation scheme which relies on thg loading parameter directly determined from theotigh
thickness temperature gradi&¥; andAT, as defined on Fig. 1:

L, = Ed (ATl +AT2j_f(3j and then:k, = Min{ g ; Lrexpl-04dlL, _1)]}
45, (1-v)\ 2 h 2

In this simplest option, the geometrical paramitéhe f(a/h) coefficient which depends on the krigpe
and size. The material behaviour is defined thrahglstress (stress for whiclge = £p).

2.2 Firgt proposal for the GDA applications

For the UK-EPR" GDA, some FMA were required for weld joint of Higfitegrity Components (HIC)
including the consideration of possible RS. Fort tharpose, regarding the fact that the RS under
consideration correspond to through thickness imgostrains due to the welding process, in a first
approximation, those stresses were considereddns#iime manner as the through thickness thermal
loading, i.e. through thepkcoefficient which has become:

Lth :i Ores+ﬂ' ﬂ+AT2 f E
48, 1-vl 2 h

The conservatism of this formulation is ensuredviny main hypotheses:

1. The through thickness residual stress distributoronsidered here as a membrane stress distributio
(which corresponds to the first level of assessroétite R6 rule [1]);

2. The material characteristicsq 3s the one corresponding to the weld metal whettegent
developments have shown the evaluation should derpeed through the base metal characteristics
(see [7]).

The main result of those two points (and in paléicithe second one) is that, in many cases, no
attenuation of the residual stress was anticipdked= 1). This appears to be very conservative, in
particular for austenitic stainless streels welul$ @epairs.

3 FIRST SET OF MODELLING

3.1 Overall modelling strategy

Motivated by the strong need to develop an accdoataulation for the consideration of RS within the
analytical J estimation schemes, a R&D program laaeched between AREVA, EDF and CEA. For
such development, as explained in [9], the gerstrategy used by the dedicated expert working group
relies on the development of a specific referenée Fesults data base and then its use to devellatste

the specific analytical scheme. This database ha®urse to be focused on representative materials,
geometrical configurations and loading situations.

For that preliminary step, a modelling matrix wasfimed and distributed within the expert group for
calculation. As shown in Table 1, this matrix foesi®on nuclear applications with narrow-gap weldtgi
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repairs in cast components and Dissimilar Metald&eThe numerical protocol (see Fig. 2) associtded
that calculation matrix was shared and validatetthinithe group through comparisons between Cast3M
(for CEA), ASTER (for EDF) and SYSTUS (for AREVA)E. codes.

Next paragraphs deal with the straight pipe (#1) mpairs (#3) configurations. Next Fig. 3 givesnso
examples of 3D models used for those modelling.

TABLE 1 — Numerical matrix dedicated to residuatss$ consideration

# Geolmetngal Parent materials Loading situations Residual stress field
configuration
#1 Straight pipes with C-Mn ferritic steel Pressure, bending moments & Simplified and measured
narrow gap welds 304 Stainless steel thermal shocks (ferritic conf.)
#2 Vessels with narrow Low alloy steel Pressure & thermal shocks Simplified
gap welds
#3 Repairs in cast Cast stalnlt_e§s steel & Pressure & thermal shocks Slmpllfle_d and measured
components cast ferritic steel (stainless steel)
#4 | Dissimilar Metal Weld Primary circuit DMW Pressure, bending moments & Simplified and measured
thermal shocks

Figure 3: Examples of 3D model
On left: narrow gap TIG stainless steel weld — @int: repair in a thick cast stainless steel comgain

3.2 Main results obtained with that first set of modelling

Residual stresses acting alone

A first result obtained during that set of modaddlis that, especially for complex configurationgtees one
of repairs, the first modelling steps dedicatethtintroduction of the RS in the non-cracked mdsteps

1 to 3 on Fig. 2) are not easy tasks since ther@igxplicit link between initial strain or tempanse
gradients through the thickness and the effectiastie stresses imposed to the weld metal: antitera
process has to be adopted in order to reach thettaalue of RS.

The RS field is not unique and thus, from that oletgon and for each geometrical configuration,
different RS fields (with the same max level in timéd-section of the weld joint or the repair) were
adopted.

Fig. 4 illustrates some results obtained for the &8ng alone. On this figure, two coefficients are
introduced:

- Lescoefficient, equivalent togand defining a normalized RS level;

- keescoefficient, equivalent togkand defining the attenuation of the RS contributmthe J parameter.
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Those two coefficients are defined by:

O-res 0 J res

for 3D stress fieldL,, = —= for 1D, K ., =
(1-v)o, o, ]

L =

res

As it is shown on this Fig. 4, an attenuation & #f° compared to.J**is usually observed (k coefficient

is lower than 1). This is due to the fact that, el of RS field being equal to the material glistress,
some plasticity appears at the crack tip and tbdaaes the stress level.

In addition, for the majority of the investigate® Relds, the ks coefficient follows a trend similar to the
one of through thickness thermal loading. The twdes of points below this trend correspond to the
repair configuration, with a high stress level witthe base metal in the non-repaired part of idement
(the repair under consideration covers half ofttiiekness of the component).

At this step, it appears that considering the R& tsough thickness thermal loading is appropriate

11 11
X N
1.0) X " X J 0.9 !
£ jos
o | * oF + Srest (1D local)
+TOCE-2D, Sr-3D global i 4 Sres? (3D local) F 5
09 17 TOCE-2D, Sr-3D local ' Sre<3 (1D global) | A
P o kth RSE-M \ A
TOCE-2D, Sr-1D local 06 H & Toct . i
TOCE-2D, Sr-1D local Ferritique |
0.8 I I 0.5
0.0 0.2 0.4 0.6 0.8 1.0 0 1 2 3
Ores/ Oy Liesr Lin

Figure 4: Examples of the RS relaxation when acgiloge
TOCE & Ferritic refer to the Narrow-Gap austenistainless steel-weld & C-Mn welds (#1 of Table 1),
3D/1D, global or local refer to the type of residstress field (tri or mono direction, overall ardal),
Sresl to 3 refer to different residual stress Bdldposed to the austenitic steel repair (#3 ofl@db

Interaction between residual stresses and appliedhanical loading

Fig. 5 gives few examples regarding the interacti@tween RS and mechanical loading. Those two
graphs present results obtained on straight pipengry (#1) made of austenitic stainless steel giele)
and C-Mn ferritic steel (right side).

On Fig. 5, the ks coefficient still represents the correction dugliasticity of the RS contribution in the J
parameter. It is defined here by:

-

res res
‘]el

Where J is associated to the complete loadingR8t« mechanical loading), anl tb the mechanical
loading only. This definition means that two elegilastic modelling are required for the definitiofk;cs
one with the complete loading and another withdst R

From Fig. 5, one can see two very different behagio

- For the austenitic stainless steel configuratidffierent sets of loading combining bending moments
and internal pressure are imposed. In every caserelaxation initiated with RS acting alone is
amplified by the mechanical loading. Fog-hominal close to 1, the reduction of the contiidnutof
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RS is important with a g coefficient between 0.5 and 0.6. From this grapheasonable bi-linear
envelop curve can be defined.

For the ferritic C-Mn steel, the evolution of thgskoefficient is different: for every loading setdan
the two levels of RS investigated, an enhanceménhe RS contribution within J parameter is
observed for k-nominal close to 0.8. For the lowest level of RB £nhancement is quite high, with
a ke coefficient close to 1.2.

At this step, the strong difference between theavagap austenitic weld joint and the C-Mn ferrgteel
was not understood. For that reason, a secondo$tpprametric modelling focused on the interaction
between RS and mechanical loading was launchashfierstanding purpose.

1.1 T 1.3

TOCE-3D H 1.2 Ferritic-2D

® ol _ \\ P=30 11
02 *_Wl;’_f 54 3 \ Sgb=150 || 1.0 ©
e

£08 &
o o Jog \\ 0.9
0.7 S ’@Q 0.8 || =+=—Sres=75, Nseul (global)
" === Sres=75, N+P (global)
0.6 X 0.7 e Sre s=SyB, Nseul (local)
X 1> e Sre s=SyB, N+P (local)
05 X 0.6 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0
Lz nominal Lg nominal

Figure 5. Examples of interaction between RS anchawical loading,
P=30 (internal pressure) & Sgb=150 (global bendstgess) refer to the applied mechanical loading
N refer to axial tension and N+P to axial tensianmtbined with pressure,
Sres=75 or SyB refer to the level of RS (75 MPBase Metal yield stress),
Lr-nominal is the kloading parameter determine without consideringdeéect (as defined in [2])

4 SECOND SET OF PARAMETRIC MODELLING

4.1 Overall modeling strategy and scope

For this second step of modelling, the straighempnfiguration was investigated more in depth i
objective to determine what are the parametersrgmgthe RS contribution enhancement. Within those
parametric numerical analyses, the following camfigions were adopted:

Two weld joint geometries are represented: thektftic 76 mm) narrow gap austenitic stainless steel

weld joint and the V shape C-Mn ferritic steel (887 mm) weld joint. Both 3D and 2D modelling

were considered. In every case, the defect is@imtier surface;

Different crack depths were adopted: from a/t 3Qd.0.5. For the 3D modelling, the defect is semi-

elliptical with a crack depth ratio c/a = 3;

Different RS profiles through the thickness weréirdel by a second order polynomial distribution,

the mean level of stress on the crack surface bedpg) constant in order to ensure a quasi-constant

elastic J associated to R${JLICte).

Two families of simplified bi-linear material behiaurs were used (see fig. 6):

0 The first one corresponds to a strong elasticHgléstrdening modulus (25 GPa) and a strong

mismatch (M =o,w/0,s = 1, 2 or 3). This family represents an austemyje of stress-strain
curves. In that case,s = 143 MPa;
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0 The second one corresponds to a low hardening medliland 15 GPa respectively for base
and weld metal) and a smaller mismatch ( &#oy,s = 1.2, 1.6 or 2). This family represents
a C-Mn ferritic type of stress-strain curves. Iattbasegys = 241 MPa;
In both material families, the mismatch was caltedafor 0.2% plastic strain. Fig. 5 gives a
representation of those simplified stress-stramesi The Young modulus is E = 176.5 GPa.
- Different types of mechanical loading are imposeternal pressure, axial tension (for 2D models)
and global bending (for 3D models).

500 500
450 ’ 450 ,
! /
400 , s )
= 350 2 350 3
[ / = ;
2 300 F 2 20 )
- 7 H
g 220 7 — 250 //
w
g 2% ’ 9 200 ,
Y 150 U # 150 ) l
100 4 e Base metal 100 e Base meta
/
>0 7 Weld metal 50 . Weld metal
0 2 o L
° 0002 0.004 e 0 0.002 0.004 0.006
Strain Strain

Figure 6: Simplified bi-linear stress-strain curves
on left ‘austenitic’ type of stress strain curve, right ‘ferritique’ type of stress strain curve

4.2 Mainresults

Figures 7 and 8 represent some examples.gk.&(0) evolutions (ks normalized by its value before
imposing the mechanical loading) for different getries, different mechanical loadings and the two
types of material. Nine different curves are repnésd corresponding to three values of mismatch and
three different RS distributions.

For most of them, the RS distributions and the raisim levels have an effect on the dvolution, the
impact of the RS distribution being globally moraportant. This is due to the fact that those RS
distributions through the thickness are signifibardifferent (mean stress over the crack depth is
equivalent but on the remaining ligament the seesare different). However, despite the dispersion
between the curves, it is important to notice thatoth graphs, the curves trends are similaafgiven
configuration, which confirms that the mechani@ading is the parameter governing the attenuaton (
enhancement) of the RS contribution. This effectR& is not discussed further since it needs more
investigations to explain those different trends.

For the ‘austenitic’ type of material (Fig. 7 and & global attenuation ofkis observed when increasing
the mechanical loading. Some enhancement is olikdoresmaller cracks, but it remains moderated
(almost 10%). This tendency is obtained whatevertyfjpe of mechanical loading, the geometry of the
weld joint (narrow gap or V shape), and the cragpth.

For the ‘ferritic’ material (Fig. 9), the trend dfferent with a strong enhancement (sometimesoup) tof
the kes coefficient, and again, for all geometrical configtions and types of mechanical loading. Thus,
from those examples, it is clear that the matdrédlaviour is the major parameter governing thexatian

or enhancement of the RS contribution to the Jrpatar. All other parameters such as weld joint
geometry, crack depth, or type of mechanical logdire of second order.

One can notice on Fig. 9 that, for the same crasith] weld joint geometry and loading nature, the
enhancement for the semi-elliptical defect is semathan for the axisymetrical defect. Additionalfgr
the ‘ferritic’ material, what is important to notids the very low hardening module for the baseamet
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leading to the conclusion that this enhancememiaimly due to a loss of rigidity in the base methkn it
enters in the elastic-plastic domain. In such dionli the defect can open more easily, thus inangahe
contribution of RS to the J parameter.

For the ‘austenitic’ material, the elastic-plasterdening module of the base metal is significahiijher
and a relaxation of the RS contribution similathie one observed for through thickness thermalitgad
is observed.

1.2 1.2 ‘L
1 B—G— 1 gy
~08 -~ 08
e e
X
\mO.G ‘ imo 6 ‘
"30 4 Austenitic weld geometry-2D, a=t/2 o~ Austenitic weld geometry-2D, a=t/2
. ('stainless steel’ material) 0.4 + ('stainless steel’ material)
0.2 | =—t=—m=3, L:o.s o M=2, 1=0.3 ‘ — M =1, 1=0.3 02 | ——Mz3, =03  =—@==M=2,1=03 =—=—M=1, L=0.3
' et M=3, L=0. A M=2, L=0. s M =1, L=0 : e M =3, L=0. e M=2, L=0. g M=1, L=0.
s M=3, L=-0.3 M=2, L=-0.3 M=1, L=-0.3 s M =3, L=-0.3 —M=2, L=-0.3 M=1, L=-0.3
0 + 0 F f f i
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 08 1
Membrane stress / 150 MPa Internal pressure / 30 MPa
Figure 7: ks evolution for different types of loading
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Figure 8: k.s evolution for different types of defect and weldtj geometries
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Figure 9: kes evolutions for the ‘ferritic’ material

5 SYNTHESIS

From the numerical parametric study performed hiélis, clear that the material behaviour has angfro
influence on the interaction between the RS andrbehanical loading. The parameter suspected to be
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the most influencing one is the elastic-plastialeaing module of the material which is very smailthe
ferritic material.

Given that observation, it also appears that tlsesaway to provide a simple and accurate analytic
formulation for our industrial applications is toopide two separate formulations for austenitic and
ferritic materials. This is important to avoid sifigant over-conservatism in stainless steel appilins
where the magnitude of RS is the highest (fervititds of HIC are post weld heat treated).

For that purpose, two main tasks will be perforrf@dhe continuation of this work:

- The complement of those F.E. reference resultsctmtified material behaviours, pertinent RS
distributions (RS distributions considered in thdAj and weld joint geometries. Both internal and
external defects will have to be investigated,;

- From those results, definition of envelop atteraratioefficients for both families of materials.

6 CONCLUSIONS

This paper deals with the actual R&D performed imithREVA-NP, EDF and CEA for the development
of an analytical scheme for the consideration afidwal stress fields within the fracture mechanics
assessment of High Integrity Components of UK-BPgroject.

In a first step, a proposition consistent with three for through thickness thermal loading was made.
However, the R&D developments have shown that phigosition is pertinent for austenitic stainless
steel configurations, but not for the ferritic oiide expected main reason for that is the low ielqdstic
hardening modulus of ferritic base metal whichwaican enhancement of the crack opening and thus the
residual stress contribution.

From that observation, the developments are cadntnwith a strategy based on two separate
formulations: one dedicated to the austenitic famsteel configuration and the other for ferstieels.
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