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1.1 EXECUTIVE SUMMARY

The overall objective of the STYLE project has bdéerassess, optimise and develop the use of
advanced tools for the structural integrity assesgmof reactor coolant pressure boundary
components relevant to ageing and life time managenThe range of assessment tools considered
has included those for assessment of componentrdaily advanced fracture mechanics analyses,
validated on small and large scale experimentsptification of weld residual stresses by numerical
analysis and by measurements, stress corrosiok and@tion/growth effects, and assessment of
RCPB components under dynamic and seismic loading.

Several technical issues have been addressed ihESThhese include:
e Dissimilar metal weld integrity,
e Effect of weld residual stress on fracture and damage modelling,
¢ Weld residual stress simulation and measurement with and without weld repairs,
¢ Transferability of material properties,
e Stress corrosion cracking,
¢ Thermal fatigue through turbulent mixing,
¢ Dynamic impact testing and FE analysis,
¢ Benchmarking of engineering assessment methods and leak-before-break approaches.

The STYLE project has been largely centred on sirat mock-ups and supporting experiments
from small to large scale. The overall aim of th®jgct was to establish enhanced tools and
methodologies to be applied in lifetime assessmehtsipes and associated components. Highly
sophisticated experimental and computational metfaowl advanced tools have been developed, in
order to realistically describe the complex phylsinachanisms leading to ageing and failure of the
reactor coolant system piping and components. ariBuropean Leak-before-break (LBB) and
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engineering assessment (EAM) methods to predictirttegyrity of welds and weld repair issues,

including manufacturing procedures, qualificatidnirmspection techniques and mitigation measures

have been compared within the project and validagzinst the mock-up experiments.

The STYLE project has made significant achievemeis there is still further work required in

order to enhance the structural integrity undeditanand best practice guidance for nuclear piping

systems and associated components. This work iesiud

e Properly quantifying and understanding the levels of conservatism in current integrity

assessment methods with a view to revising guidance and procedures using data which have
been produced during the STYLE project

¢ Consolidating results in the form of best practice guidelines for harmonization of procedures
for fracture toughness assessment (testing and integrity) of dissimilar metal welds

¢ Further developing advanced tools for structural integrity assessment and plant lifetime
management

¢ Benchmarking safety assessment methodologies including comparison of outputs from
deterministic versus probabilistic methods and integration into the safety assessment

¢ Completing the knowledge of material properties and their testing techniques for relevant
materials.

1.2 PROJECT CONTEXT AND OBJECTIVES

The safety and reliability of all systems has tonb&intained throughout the lifetime of a nuclear
power plant. Continuous R&D work is needed in tégdeareas to meet the challenges of long term
operation of existing designs and for the GEN-#sidns. A special focus is placed on reactor
coolant pressure boundary, because its integrity fanctionality from the time of first operation
until end of life is required to ensure plant safet

The overall objective of STYLE has been to assegsimize and develop the use of advanced tools
for the structural integrity assessment of RCPB pomnents relevant to ageing and life time

management and to support the integration of tlwviedge created in the project into mainstream
nuclear industry assessment codes.

The project concept has been based on carefukcteel research topics, which thematically cover
the complex multidisciplinary character of strueurassessment of RCPB components. The
prioritisation of the work reflects the needs oflustrial end-users and assessment of currently
available techniques and data at European andnattenal level. The "STYLE TOOLS" End
Product consolidates the results in the form of pesctice guidelines on structural assessment and
life time management of the RCPB in European nugewer plants.

STYLE has comprised of 7 main work packages, whibe following objectives:

WP1 Experimental Work

The main objectives of the WP1 have been to perfoanufacturing and material characterization
for all planed mock-ups, which have been dedicétedhe further development and validation of
numerical and analytical assessment tools. Undemntbst challenging tasks within WP1 has been
the preparation and execution of three large Jcat¢ure tests:



-The first Mock-up provided by AREVA was a pipe i narrow gap dissimilar weld (DMW). The
pipe thickness was approximately 40 mm and theraliteneter 352 mm. This first Mock-up was in
effect, a continuation of the ADIMEW project andattewvith the improvement of the assessment for
DMW and Leak-before-break procedures.

- The second Mock-up, provided by EDF Energy (farmBetish Energy), was an austenitic steel
butt-welded pipe with a weld repair austenitic wgliiter diameter: 180 mm — thickness: 35 mm).
This mock-up was aimed at the development and atidid of defect assessment techniques for
austenitic steels in the presence of weld residtr@sses. Other complex factors, such as the
consideration of crack tip constraint also came aunsideration.

- The third Mock-up was a cladded ferritic pipe\pded by AREVA GmbH (Outer diameter: 424
mm — thickness: 31 mm + 5 mm stainless steel ategdwhich focused mainly on transferability
problems in the assessment procedure and the gethcladding.

Mock-up 4 was dedicated to develop more realigtiidual stress profiles. Such profiles are used to
assess the integrity of pipe girth welds. The efi@gfcthe heat input (10 and 25 kJ/cm) on the
resulting residual stress profile was investigat®®. measurements such as iDHD measurements
were performed and compared with each other artdre#tults of numerical weld simulations.

Mock-up 6 was a 1:5 scale modified replica of théER-440 primary feed water nozzle safe end
dissimilar metal weld, which was dedicated for @ation of the weld simulation approach developed
in a combination with the performed residual stressasurements (Barkhausen noise, DHD and
neutron diffraction).

Mock-up 7 was designed to evaluate the influencdyofimic effects (wave propagation and inertia
effects) on crack tip loading in a pipe. The matenised was 16Mo3 high quality ferritic
construction steel. The wall thickness of the gipeB.5 mm and the outer diameter D = 114 mm.

A part of the STYLE program under WP1 was the nialtetharacterization under environmental

conditions. The work was focused on crack initiatand crack growth rate tests of an industrially
produced narrow gap IN52 weld on a steel block. different corrosion tests were aimed to reveal
whether this material is susceptible to stressostwn cracking or not. Corrosion tests were carried
out under simulated PWR primary water conditions.

WP2 Numerical Analyses/Advanced Tools

The main goal of WP2 was to develop highly soptégéd methods and advanced tools, which are
able to describe realistically the complex physim@chanisms leading to ageing and failure of the
reactor coolant system piping and components. fhéurimportant objective was to perform design
of mock-ups and specimens as well as the intetpataf tests conducted within WP1.

WP3 Engineering Assessment M ethods (EAM), L eak-Before-Break (LBB) Analyses

The general aim of the WP was to firstly estabtish state of the art national practices (including
evolution, particularly in terms of LBB) and appcbas in LBB and EAM, both from a deterministic
and a probabilistic point of view. The approacfies procedures and codes where applicable) were
then applied/validated against Mock-up experimemtd analytical case studies. The information
obtained from these was intended to enable bestiggaguidance to be recommended on the various
elements of LBB and EAM



WP4 Knowledge and Data M anagement

The main goal of WP4 was to establish a comprelersssessment of the available technology
related to the Leak Before Break concept and o#ssessment methods as well as to collect
information on selected aspects related to weldimd) weld repair in primary piping components of
nuclear power Plants. Further task of WP 4 wasteelbp and maintain the project web site.

WP5 Training activities

The main goal of WP5 was to facilitate the trainiofy eligible new scientists and engineers.

Training has been provided in the development ojget end product via short visits to the relevant
partner establishments. In addition to the trainigits dedicated workshops have also been held
during the project.

WP6 End User Group

The objectives of the WP6 was to establish a fimaed for information” basis in the form of an
issue matrix in the area to validate the projectrdview the outcome of the respective work
packages and to establish a platform under whiehrgbults could be implemented and put to use for
the end user participants and other relevant partifehe STYLE project.

WP7 End Product

WP7 was intended to integrate the work undertakedVP’s 1 to 5 in a form suitable for wider
dissemination and adoption. This end product idedal'STYLE TOOLS" and has two key
objectives:

- To provide detailed examples of the use of thhacstral integrity assessment tools developed
within STYLE in the context of ageing and lifetirmanagement of pressure boundary/pressure
circuit components

- To suggest best practice guidance for ageing lgdetime management of pressure circuit
components at a European level

1.3 DESCRIPTION OF THE MAIN RESULTS

The description of main S & T results reflects thematic structure of the project, rather than
strictly following the Work Package structure désed in the previous chapter. Thus the following
sections report the key activities surrounding eaftlthe STYLE mock-ups, and the three major
cross-cutting themes (weld residual stresses stiooland measurements, stress corrosion cracking
and LBB).

1.3.1 Narrow Gap Dissimilar Metal Weld Integrity - Large scale test on Mock-up 1 (MU1)

MU1 was based upon an EPR type Alloy 52 narrow@&AW dissimilar metal weld between AlSI
316L stainless steel and 18 MND 5 ferritic stedentified as DMWinc. MU1 as provided by
AREVA-NP France had a thickness of 40.5mm and aeradiameter of 352mm. This large scale
mock-up was representative of a surge line in tARR Bnd corresponds to the scale %2 of the coolant
primary circuit pipes linked to the reactor presswessel and of pipes connected to the steam
generator. This mock-up was in the scope of a noation of the ADIMEW project [1] and dealt
with improvements in the assessments for DMW araktleefore-break procedures.

The central part of the pipe had a through-waktwinferential EDM notch (Figure 1). Due to the
very low angle of the narrow gap weld (2°), theckrplane put at the interface was in fact located a
about 0.3mm from the interface in the Alloy 52 mgtleon the outer surface and, at about 0.2mm
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from interface in the clad ferritic steel on th@én surface. Two extension arms were welded to the
central test section containing the DMW. The tégabth of the mock-up was about 7.8m. A chevron
shape was machined. After the pre-cracking stdge stitable two straight front lines were well
obtained and formed the desired angle ff=290°.

South Side of Crack ! ’

EDM :
graphite tool

North Side of Crack

18MNDS

Outside Diameter
Inside Diameter

7T mm

Figure 1: Through wall defect on M ock-up 1: a) Machining of the V-shape, 2 holesfor endoscopic observations
inside the pipe and 3 clip gage grips, b) Crack located at the Alloy 52/ FSinterface.

The test was successfully performed in two stefggi(E 2). A maximum load of 435kN was reached
corresponding to a value of 330mm of displacem&né test was performed in two steps due to the
high value of displacement. The heating and coofipgstems developed in order to achieve and
maintain a homogenous temperature of 300°C in ¢méral part of the mock-up during fracture test
have been efficient. The temperatures are staltleeircrack front area, gradients of temperature are
low in the thickness (gap less than 7°C comparimgide and inside thermocouples) and along the
pipe axis (between 270°C and 304°C).
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Figure2: Load vsLLP, Test in two steps, Deflectionsvs LLD along the DMW mock-up



In the central DMW part of the extended mock-upe theflection measurements show the
unsymmetrical configuration of bending due to tifeecence of elasto-plastic properties between SS
and FS (Figure 2). The CMOD are similar for the tlip gages in North and South sides, which
means quite symmetrical crack propagation on biut& sf the through wall defect. The first non-
linearity appears near 120kN on the clip gageseasufiglobal” plasticity). Only one unloading step
is recorded with clip gages data, no significaniateon of complaisance has been observed. The
DDP measurement indicates a change of shape otrdek due to propagation and also other
changes of geometry or non-linear phenomenon likstipity.

In order to determine the crack initiation load tielationship between deflector sensors and CMOD
has been interpreted with the assumption thatelaionship is linear until the crack is propagatin
The slight modifications in the linear relationshigave indications when the crack is propagating.
With the help of DDP measurement, the initiatioaddhas been also estimated. Finally, surface
crack observations are compared with estimatedkdratation load range. 375kN appears to be a
guite reasonable estimated value. (Figure 3).
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Figure 3: Evaluations of crack initiation load: L oad, DDP versus CMOD and surface crack observation.
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Figure 4: Comparison of the fracture surface of mock-up, with CT specimens: effect of crack distance.



Post-mortem investigations were done, a comparigomock-up fracture surface was carried out
with fracture surfaces on CT specimens (FigurelTAg crack stays in his fatigue pre-cracking plane
when the crack is located at the interface FS/A@y(zone I1). Nevertheless, the crack propagation
by ductile tearing at the interface of FS/ Alloy B2restricted at about 2.5mm. When the distance
between EDM crack plane and the interface is irgnga(zone IV- distance 0.64mm on CT
specimen), the crack is propagating only in all@ &hd quickly is deviating to cross the weld
thickness and to join the SS material; the reststda ductile tearing is great. These observatzoas

in accordance with the fracture properties analyre@T specimens (Figure 5).
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Figure 5: Comparison of J0.2 and Gfr values, depending on the location of the crack relative to theinterface, (data including
FEM benchmark on corrected eta function).

After the first unloading step, the crack planeléviating in the Alloy 52 very quickly at a load of
410KN. Between 410kN and the maximum of load dbkM8 the crack is located in the stainless
steel. At the end of the test, a large propagatias been observed in the stainless steel material
(Figure 6).

Figure 6: Fracturetest: view of the South side of bending device at the end of step 2



Fracturetest interpretation by FEM: global approach

An analysis has been carried out by AREVA, and destrates that the J/Gfr approach can be
applied on a DMW. The analysis has shown the ggHfatt of SS behavior law on the Load versus
CMOD response. The test on base material has eot performed in axial direction. It was decided
to add new tensile tests on specimens cut in tlellmiin the bottom and in the top of the thickness
of the pipe. The results have shown a gradienfasft@ plastic properties within the thickness, and
the SS_lawl had underestimated the three new siess curves (Figure 7). New computations
were performed with the new mean stress-strain fawghe SS behavior at 300°C. The results were
in very good accordance with the experiments (lEg)r The calculations are undergoing in order to
estimate the updated J value at initiation of tlaek.
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Figure 7: Load versus CMOD: comparison between test and F.E. depending on Stress-strain curveson SS base
metal.

Achievements, lessons learned, and progress ag@iMitE objectives are:

» Detailed materials characterisation of all the titunsnts of a DMW is required to design and
accurately interpret a large scale fracture testafefect at the Alloy 52 to ferritic steel
interface.

» The complexity of the material behaviour makeseitessary to interpret the characterisation
tests using detailed finite element analysis.

 The MUL1 large scale fracture test was successpgljormed at a temperature of 300°C by
applying four-point bending loading to a mock-um@ning a circumferential through-wall
crack nominally positioned at the Alloy 52 to féiristeel interface.

* The test was extensively instrumented. In additioactuator displacement and applied force
measurement, the instrumentation consisted of I3 teigperature clip gauges attached to the
mock-up at the centre of the crack and close toeti@h tip, 2 electric potential difference
sensors (DDP measurement), 11 deflection sensdrd4athermocouples.

* The post-test analysis indicated that crack indratoccurred at levels of the J-integral
consistent withghmeasured in multi-material CT specimens.

* The global mock-up behaviour during the early stagkductile tearing can be described
using the G criterion, based upon crack growth along the AB@yto ferritic steel interface.

» Subsequent global behaviour is controlled by thetlioad of the AISI 316 portion of the
mock-up.



1.3.2 Effects of residual stress and thermal ageing on ductile fracture - Large scale test on
Mock-up 2
Welds made from austenitic stainless steels araowhally post-weld heat treated before entering
service, so they will contain weld residual stresskyield magnitude. The presence of high residual
stresses has led to a number of ageing-relatednioss of in-service cracking in operating nuclear
plant. Prominent, and costly, examples are highpteature creep cracking in heavy section AlISI
316H welds in advanced gas cooled reactors (seecaétheat cracking), and primary water stress
corrosion cracking in PWR primary circuit dissimilmetal welds made using Alloy 52 alloy 82 or
182. The presence of weld repairs exacerbates gneb&Ems, because the residual stresses in a weld
repair are higher than in a plain girth weld, witbth significant membrane stress components in
weld longitudinal and transverse directions, ammléased triaxiality.
Material ageing driven by prolonged high tempematexposure reduces the initiation toughness and
ductile tearing resistance of austenitic materi#tlss therefore possible to encounter conditions
where ductile tearing could occur under conditimissmall scale yielding or well-contained
yielding. Here assessment procedures such as R&gulicit J-integral estimates, both predict that
residual stresses will impact crack initiation @ndwth.
Designing validation tests to underwrite or disngash predictions is extremely difficult, sinceythe
must combine high residual stresses with relatil@lyductile tearing resistance, and crack initiati
and growth must take place under conditions of ksealle and contained yielding.
The STYLE MU2 test was designed to achieve thesglitons, by combining high repair-weld
residual stresses with ductile tearing resistaneednough to expect crack initiation and growth in
conditions of limited primary load induced pladijciThe predictions made by R6, conventional
cracked body analyses, and ductile damage modald tdwen be tested against observed behaviour
in a loading regime where generalised plasticity hat reduced the predicted impact of residual
stress to levels hidden by experimental scattee fBst would also provide a benchmark for the
assessment of LBB methods, and the mock-up itsetlaable case-study for the prediction and
measurement of weld residual stresses.
The MU2 test was originally intended to be perfodno& aged material. Austenitic weld metal and
castings often contain delta-ferrite. High tempamatexposure of these materials can cause large
falls in the fracture toughness and an increasthényield strength. The same high temperature
exposure also causes relaxation of the as-weldsidiua stresses due to creep. However, in
austenitic steels at AGR steam temperatures tlagaton is never complete, so significant stresses
remain.
In the event, the impact of the chosen accelerageihg conditions on the fracture toughness of the
chosen austenitic weld metal was so severe thantterial became macroscopically brittle, with a
very low fracture toughness. The same high tempesaxposure reduced the residual stresses, but
sufficient remained to have two effects. Firstldmge scale test would involve sudden brittle fuaet
of the entire mock-up under small-scale yieldingdibons where the impact of residual stress is
already well understood — there would be no advamdbe state of the art. Second, it was judged
likely that the mock-up would fail during fatiguegpcracking due to the combined effects of residual
stress and low toughness. This was deemed unnebesisky, so the aged MU2 mock-up was
replaced with an identical but unaged equivalehe Tepair weld residual stresses in this mock-up
were at a very high level. The weld material wallyfductile, but also had high yield strength,
meaning that crack initiation and ductile tearingrev predicted to occur in small scale yielding
conditions, with residual stresses having a lafgeeon the crack initiation load.
MUZ2 was based around a thick-walled pipe sectibmtal length 600mm, wall thickness 35mm and
outer diameter 180mm, containing a central J-pegpmar girth weld with a short, deep weld repair.
The test pieces were manufactured from Esshete, 1@5Qustenitic stainless steel with added
vanadium and niobium to increase its strength g hémperature, which is used for AGR boiler
support structures operating at temperatures &8@6C. Both the girth and repair welds were made
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with matching weld consumables using manual meta(MMA) techniques. A completed mock-up
is shown in Figure 8.

Repair Weld
»short length
»>0.75t depth

»offset repair

»High transvers

stresses
Q > Girth Weld

1%

(a) completed rﬁck-p (b) general arrangement

Figure8: STYLE Mock-up 2

A chevron starter notch was then inserted intortteek-up at the centre of the weld repair using
specially designed EDM tools, and making use ofdineular hole left at the repair centre by the
prior iDHD measurement. The notch profile was clnoseensure fatigue pre-cracking resulted in a
radial final crack front, despite the large gradiehprimary stress intensity factor through thpepi
wall caused by the combination of global bendirapiog and low R/t. The notch geometry is shown
in Figure 9.

(a) Showing overall EDM notch geometry (b) DetdiE®M notch and clip

gauge mounting grooves
Figure9: EDM pre-fatigue notch inserted into M ock-up 2

The MU2 test was performed on™9une 2013. The mock-up was instrumented with tim c
gauges recording CMOD at the outer surface forwhecrack tips, and dc potential drop equipment
at the two outer surface crack tips, see Figure 10.
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The specimen was loaded under displacement cohiakling was interrupted at intervals and the
specimen unloaded both to record the elastic campdi at the CMOD gauges, and hopefully to
mark the fracture surface, thereby providing furinéormation on crack growth.

Significant crack tip deformation was observed gihe test, although it proved difficult to viskyal
distinguish between crack tip blunting and ductdaring. The test was stopped after achieving a
peak load of 213.1kN at a ram displacement of 242mm

After the test was complete, the crack was extend@ay fatigue loading, and the fracture surfaces

removed for fractographic examination.

(c) clip gauges during large scale test (d) Crgmkning behaviour during an unload-reload sequence
Figure 10: Mock-up 2 test instrumentation, and crack opening behaviour during an unload-reload cycle

The global load displacement response measureaigdtine test is compared with the final test

prediction in Figure 11. There are two obvious obsgons:

1) Global non-linearity was observed much sooner dutire test than predicted. The reasons for
this are not yet clear. Visual observation of thefodned shape of the pipe during testing
suggested that plastic deformation occured at tiaelament welds between the central Esshete
pipe and the AISI 304 extensions. This observatieeds to be underwritten by detailed post-test
analysis of the measured deformations along thekrapc(rather than the ram displacement,
which is remote from the pipe load points).
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2) The peak load achieved, 213kN, is lower than tlaelcinitiation load predicted using primary
load alone. Thus if crack growth occurred during tést, it must have been strongly influenced
by the weld residual stresses.
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Figure 11: Predicted load vs. load point response compared with measured load vs. ram displacement response for
Mock-up 2 test

Achievements, lessons learned, and progress aggiMdtE objectives:

The MU2 test design criteria were:
* The material should be ductile (rising\a-curve).

* The yield strength should be high, to delay plasidistribution of the residual stresses.
» The residual stress measurements should be resableiverse.

* The residual stresses should be high and relatiw@fprm across the test defect.

* R6 should predict crack initiation ajd0.5 (SSY conditions).

» The predicted initiation ratio with/without residsress should be as large as possible.
» The test should reach 2mm of ductile tearing int&imed yielding conditions.

The MU2 experiment achieved all these objectivep. td 3mm of stable ductile tearing was
observed at loads below the predicted initiatioadldor primary load alone. Despite the delays
caused by changes to the material condition seldiatetesting, overall the test was a significant
achievement.

1.3.3 Transferability in Clad pipes - Large scale test on Mock-up 3 (MU3)

Usually, material data necessary for fracture meichanalyses are obtained by testing small
specimens, which are subsequently used for thessmeemt of large scale structures (real
components). This approach is believed to be cuatiee since the material fracture properties are
obtained on highly constrained standard compaati@en(CT) specimens. The strategy followed in
STYLE is to investigate the influence of specime scrack shape and type of loading on fracture
mechanics properties like crack initiation load antbunt of crack growth.
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Figure 12: Constraint modified specimens
The experimental programme on constraint modifipecenens consisted of uniaxial and biaxial
small scale specimens with different crack shapesadW ratios (see Figure 12). Additionally tests
on standard specimens were performed in ordertiromaterial properties for design and post-test

analyses of MU3. The crack orientation for all drsahle specimens was the same as the orientation
of the initial crack in MU3.
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Figure 13: Resulting J-Aa curves and direction of crack propagation in small scale specimens (M ock-up 3)
Figure 13 shows the resulting fracture resistanoges (JAa curves) obtained by testing different
standard and non-standard specimens and MU3. Téeinspns’ orientation (crack propagation
directions) related to MU3 is identified as (c) the crack propagation in the pipe’s circumferdntia
direction and (r) for the crack propagation in tadial direction (through-wall).
To be on the safe side, the conventional fractuirehanics assessment (using the J-Integral as single
parameter) is based on lower bound toughness fighiyhconstrained specimens, typically CT or
SEN(B). It can be seen thatAd curves obtained by testing small scale speciméthsdeep cracks
are conservative (they have considerably lowertdirec toughness) for the fracture mechanics
assessment of large scale components (compare¥alcurve of MU3). The experiments on small
scale specimens have also shown that crack ioiiati the ductile regime is rather independent of
the crack constraint and that a biaxial loadingsduat significantly influence the crack initiatiand
crack propagation.
The MU3 experiment was performed on 13th March 2@t2room temperature under ram
displacement control (see Figure 14), with sevardbadings during the test (see Figure 15), four
partial unloading (20 % unloading) and a last nwgaificant unloading (80 %).
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Figure 14: View of Mock-up 3 during the test
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Figure15: MU3Load vs.LLD
The test proved to be very successful with thedtiete of crack growth initiation occurring near the
deepest point of the flaw (~3500kN). Significanttilke tearing crack growth was evident, first ie th
radial and then in the circumferential directiomdidwed by the final instability (cleavage) with
significant brittle propagation and arrest, withéult failure of the pipe.
Figure 16 shows the comparison of the post-tediysisawith the experimental results (CMOD vs.
Load). The predicted crack initiation is 3800kN,iethis somewhat higher than the measured crack
initiation by electrical potential drop method. $hieviation is probably caused by a relatively sear
finite element mesh (average element size is 0.3rArbgtter agreement would be possible by using
smaller elements (0.2 or 0.1mm). The price howeveuld be a substantially longer calculation
time.
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Figure 16: A comparison of the post-test analysiswith the test (M ock-up 3)
The last stage of the MU3 test, the final brittigcture, cannot be described accurately by theeappl
micromechanical model. However, interestingly, tesults of the post-test analysis show a drop in
the reaction force at the time of the brittle @itbn (see the comparison in Figure 17a). The
following crack propagation is considerably slowan that observed for brittle fracture at the end
of the test. Nevertheless a qualitative statemieatiathe expected crack form, propagation direction
and stress distribution can be given.
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Figure 17: Crack propagation: post-test analysisvs. experiment (M ock-up 3)

Figure 17b shows a comparison of crack shape aemideof the test with the result of the local
approach simulation. It can be seen that the iratk shape at the end of simulation has a similar
form to that observed in the test (compare with creck shape developed at the end of the test).
Moreover the high principal stress emerging in frohthe simulated crack shape indicates quite
accurately the form and direction of further (ubsh crack propagation. Hence the simulation
confirms the trends effect observed in the testpénticular the crack propagation inside the wall
described as “tunnelling”).
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Achievements, lessons learned, and progress aggiMdtE objectives:

In summary it has been shown that the classicalaylapproaches like &a or plastic limit load lead

to conservative prediction of the large scale wmsicome. If J-Aa predictions are made it is
recommended to use fAa curves obtained from standard CT specimens.iénctise even a large
extrapolation of ductile crack growth gives consgife results.

The crack growth simulation based on the modifiattsBn local approach method constitutes a
valuable help in both design and post-test (intdgtion) phases and provides quite accurate
information in terms of the real crack growth extend the limit load of the component respectively.
The micromechanical material model applied in thewk is particularly suitable for simulation of
ductile tearing problems. However, some limitatiomscur in cases where there is a smooth
transition from ductile to brittle fracture regimBecause of the complexity of the local approach
methods, experience is necessary in the corredicappn. To facilitate the broader use of these
advanced methods to complex assessments it is meended to that adequate benchmarks and
training should be performed.

Regarding the transferability of material propestien structural integrity assessment it was
confirmed that Ba curves obtained by testing small scale specinwitis deep cracks are
conservative for the fracture mechanics assessaidatge scale components. The experiments on
small scale specimens have shown that crack ioiian ductile regime is rather independent of the
crack constraint and that a biaxial loading doessignificantly influence the crack initiation and
crack propagation.

1.3.4 Weld residual stress simulation and measurement (MU4 results)

(Because of prescribed limitations on the lengtthidf report only residual stress result relatethéo
MU4 are presented in this chapter. However simitark has been undertaken for other STYLE
mock-ups: MU1, MU2 and MUG)

The objectives were as follows:
* Provide data on welding residual stresses for mgrkssessment.

» Collect data for validation of the WP2 activities welding residual stress prediction.

e Undertake weld simulations to predict as-weldedidied stresses for comparison with
measurements in girth welded pipes.

MU4 comprised four stainless steel pipe welds, g@gpimanufactured using low heat input and two
with high heat input, all provided by 1dS. For edeat input one pipe had a weld repair introduced.

The results of residual stress measurements at=sbaiath MU4 are confined to samples MU4-1
and MU4-2. Both these as-welded pipes were measisied deep hole drilling through the centre
of the weld. Measurements were also made usingrareudiffraction and the contour method.
Results from MU4-1 are shown in Figure 18 and itlate that all three measurement methods
produced similar trends in the distribution of tfesidual stresses. However, the details obtained
from each technique are different.

Both DHD measurements on MU4-1 and MU4-2 pipesisitiated in Figure 19 show a typical
sinusoidal distribution of a welding residual st&es from outer weld surface. This means that from
the outer weld surface, both hoop and axial ssts$ in tension, decreasing to compression near th
inner weld surface. The results show that the @eecd membrane residual stresses was increased to
about 150MPa by the presence of the repair weld.
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Figure 18: Measured through-wall residual stressesin an as-welded stainless steel girth weld
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Figure 19: Measured through-wall residual stressesin as-welded and repair welded stainless steel girth welds
(Mock-up 4)

The MUA4 pipe girth welds were made in AlSI 316Lngsa mechanised TIG technique. A wide weld
preparation with a backing plate was used, andvblds were made with two different heat input
levels. Figure 20 gives details of the overall mapklayout and the weld pass sequence for MU4-1,
a low heat input girth weld. MU4 differed from tistort girth-welded pipes primarily in the weld
preparation design, which resulted in significaistattion during welding. Figure 21(a) shows that
the final weld was only 11mm wide at the root, camga with an original preparation width of
20mm. Note that the simulations reported here tisedriginal weld geometry, so modelled a final
weld that was too wide.
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Figure 20: General layout, weld preparation design, and weld pass sequence for mock-up MU4-1

The simulations performed on the MU4 girth welddlofeed exactly the same approach used
successfully for the MU2 welds presented aboveakk found that the axial restraint imposed on the
model during welding was a significant analysisiatale — the correct axial contraction was only
achieved by preventing axial expansion during wejdisee Figure 21(b)). Radial contraction at the
weld remained slightly under-predicted, see Fidir).

Comparisons of predicted and measured residuatsstseshowed broad agreement in the hoop
direction (see the MU4-1 results in Figure 22(aj)hough the peak stresses were under-predicted.
Stresses in this direction are normally most semsito the material hardening model and the
assumed yield stress. In this case, the mater@epties are considered to be correct, since the
materials are the same as those used in NeT TGK. lhelieved that the under-prediction is
associated with modelling an over-wide weld geowein the axial direction (see Figure 22(b))
agreement is relatively poor, even when axial a@stiis employed. Weld transverse stresses in girth
welds are relatively insensitive to the materiatdeming behaviour, and it is judged that the poor
agreement is due to differences between the FE Isiadd the actual weld geometry.
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Figure 21: Comparing completed weld cross-section with original weld preparation, comparing predicted and
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Achievements, lessons learned, and progress aggiMdtE objectives:

The measurements performed on plain girth welds walll repairs were made using diverse
methods, and provide valuable additional data sidual stresses in these welds. Because they were
made using diverse modern techniques, they proaidémportant supplement to historical data,
much of which was obtained using less capable esgldiverse techniques.

The residual stress simulations showed that aceymadictions of residual stresses in conventional
austenitic plain girth welds can readily be achieviethe simulations are controlled by detailed
protocols and if appropriate mixed isotropic-kingéimanaterial hardening is used.

Where welding distortion is significant, it is madéficult to obtain accurate predicted stresses] a
the simulations must incorporate details of thei@civeld profiles. Axi-symmetric simulations must
be restrained against axial expansion during wgldin

1.3.5 Stress Corrosion Cracking

Due to the ability of Ni-based alloys to offer gomakchanical properties, corrosion resistance and
compatibility to other materials, Alloy 182 is fngently used as weld metal for internal components
of PWRs. However a significant number of invesiigad have shown that Ni-based alloys are
susceptible to Primary Water Stress Corrosion GnacPWSCC). This phenomenon is responsible
for the structural damage and macroscopic faildreestain reactor components. One mitigation
technique for PWSCC is the application of weld tayerWeld overlays of Alloy 52 are believed to
possess excellent stress corrosion cracking rasestdue to their higher Cr content and are typicall
applied over susceptible dissimilar metal weldsg IAlloy 182, with the expectation that they will
act as a barrier to SCC.

For life-time prediction it is important to ascentathe time-to-failure for a given stress and
environment. Generally, the time-to-failure duesttess corrosion cracking consists of three parts:
(1) incubation-precursor stage, (2) crack initiatiand (3) crack propagation. Final mechanical
fracture will occur due to overload of the remagaross section of the component.

The research work has been focused on crack initiand crack growth rate tests of an industrially
produced narrow gap Alloy 52 weld.

The different corrosion tests should reveal whethés material is susceptible to stress corrosion
cracking in the given environment or not. A possiblutcome of this study can be that the material
has a high resistance to stress corrosion craciiog susceptible at all). If there is a certain
susceptibility to stress corrosion cracking, crge@wth rates and crack initiation tests t{ime-to-
failure tests) should reveal the boundary conditionder which the material can be used.

The experimental results obtained in WP1.4 haven kiegnsferred to WP2.3 Stress Corrosion
Cracking modelling to support the models develotiede. Alloy 52 has however a high resistance
to stress corrosion cracking. That means that ttperemental data are difficult to use for an
empirical model. Therefore the modelling work isdesed on Alloy 182, for which a lot of data are
available. Empirical laws for crack growth (like NRL15) and crack initiation (Win-PRAISEOQ7 and
XLPR) for this material are available as well. Thedels for Alloy 182 can then be transferred to
Alloy 52 models with so called "improvement factor®Vith these "improvement factors" an
engineering curve like a crack growth rate law bardecreased. For instance the crack growth rate
of Alloy 52 can be up to a factor of 100 lower thithe crack growth rate of Alloy 182 under similar
conditions.

So at the end of the project these "improvemeribfat would be determined from the experimental
data and transferred to WP2.3 Stress Corrosionk@rgenodelling, where they could be used to
adjust/modify some of the existing models for SCC.

In addition, a crack growth rate model for Ni-basdidys in a PWR-relevant environment has been
proposed and applied to Alloy 600. It belongs te thass of film-rupture/dissolution/re-passivation
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models. However, the lack of data on experimeraatiions related to published crack growth rate
data meant that the model is not fully parametdrayet.

Corrosion tests have been carried out under sistilBWR primary water conditions. That relates to
a test temperature between 300 — 340°C, a pressw®0bar and well-conditioned feed water (high
purity water with addition of Li, B and hydroger§ommonly used water chemistry is 2 ppm Li,
1000 ppm B and 30 cc/kg dissolved hydrogen. Susts tare typically carried out with a water
recirculation loop connected to an autoclave. Aesadtic is shown in Figure 23. The water is
prepared and then stored in the storage tank. Enenstorage tank the water is fed to the autoclave
by a high pressure pump. The water is heated uyy @spre-heater and heater around the autoclave.
After the autoclave the water is cooled down ansspa a back pressure regulator before it is fed
back to the storage tank. The low temperature, pogssure part of the loop contains sensors to
measure the water chemistry of the inlet and outlater. Most laboratories measure the pH,
conductivity, oxygen concentration and dissolvedirbgen concentration of the water. An ion
exchanger (pre saturated with the Li and B coneéintr of the feed water) cleans the water before it

re-enters the storage tank.
{ ion exchangerk—

storage tank

<&
<

A

. measurement load
measurement inle
. outlet water
water chemistry .
chemistry
A L autoclave

cooler heater

> high pressure pre-heater
pump

Figure 23: Schematic of a water recirculation loop and autoclave for SCC testing
In the autoclave a loading rig is installed to gaout the mechanical tests. Experimental techniques
will be carried according to ASTM standards andiibernational guidelines, where available.

The SSRT tests showed that Alloy 52 has a higlstasie to SCC in PWR water. An example of a
result at 340°C is shown in Figure 24. There iglifi@rence in strain to-failure between the test in
PWR water and argon. This has been confirmed by HE pictures of the fracture surfaces of the
tensile specimens.
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Figure 24: SSRT test results of Alloy 52 in PWR environment and argon
Crack growth rate tests were carried out with smiak DCTs. One example is shown in Figure 25.
As only part of the DCT is made out of Alloy 52 hiappens that the SCC crack started in the base
metal (carbon steel) and then entered the AlloyaG2r some time. However for none of the
specimens, was there a measurable crack growthTrageal with this, we set an upper limit for the
crack growth rate, based on the resolution of éis¢ équipment and test time. In this way, a typical
crack growth rate of 10°mm/s & < 0.03mm/year) could be defined.
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Figure 25: Crack growth ratetest with a DCT specimen of Alloy 52
Four-point bending tests with Alloy 52 plates un@®#%R conditions were carried for 12 months.
None of the four-point bending plates failed aft@rmonths of testing. If the non-failures are @odtt
on a time-to-failure plot, a result as shown inufe& 26 is obtained. An apparent threshold is then
obtained of approximately 570MPa. Notice that thiseshold can be higher, if testing were to be
repeated with higher applied stresses, or lowemvitieger test times are used.
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Figure 26: Time-to-failure plot showing an apparent stressthreshold of 570 M Pa
Achievements, lessons learned, and progress aggiMdtE objectives:

The SSRT tests showed that Alloy 52 has a higlstasie to SCC in PWR primary water: there was
no difference in strain to-failure between the te®®WR water and argon (= inert environment). The
crack growth rate tests showed similar behavioter& was no measurable crack growth in Alloy
52. An upper limit for CGR could be set, basedtmnresolution of the test equipment and test time.
A typical upper bound crack growth rate<o10° mm/s € < 0.03mm/year) was obtained.

The crack initiation or time-to-failure test showdtermine a stress threshold below which no stress
corrosion cracking will occur. With the four-poinénding test eight specimens were tested, but none
of them failed after 12 months testing. Thereforgitical stress limit has been $e670 MPa.
Experimental results obtained here show that AB&@ has a high resistance to stress corrosion
cracking. This means that the experimental datalidfieult to use in an empirical model. Therefore
the modelling work is focussed on Alloy 182, foriatha lot of data is available and empirical laws
for crack growth (like MRP-115) and crack initiati¢WinPRAISEQ7 and XLPR) are available. The
models for Alloy 182 can then be transferred toolb2 models with so called "improvement
factors". With these "improvement factors" an eegiing curve like a crack growth rate law can be
defined. For the crack growth rate of Alloy 52 eprovement factor can have a value of 300 to 800
lower than the crack growth rate of Alloy 182 undenilar conditions.

1.3.6 Thermal fatigue through turbulent mixing

Turbulent mixing of hot and cold water may leadhigh-cycle thermal fatigue in nuclear power
plant components. The fatigue phenomenon involedstively high-frequency fluid temperature
fluctuations near a solid wall, resulting in cyclgtresses in the wall material. This fatigue
phenomenon is rather complex and of multidiscipynaature, and no generally and fully accepted
assessment procedure yet exists. One of the mtioutfies in the modelling is determining the
thermal load experienced by the structure.

A simplified method for predicting the phenomeneantle sinusoidal (SIN) method, where the
thermal load is reduced into a sinusoidal timeatsn having frequency which results in the
shortest lifetime. Temperature range is usuallysehoas the difference between the hot and cold
fluid (or 80% of this) and the Heat Transfer Caaéfint (HTC) may be e.g. scaled up conservatively
from engineering correlations of fully developegeiflow. The thermal stresses and the fatigue
lifetime are then calculated with a 1D model repreimg the wall material. The SIN method is easy
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to use but its validity in different situations &ill unclear and it has been proposed overly-
conservative in some cases.

The phenomenon may also be modelled by using Catipoal Fluid Dynamics (CFD) with a
Large-Eddy Simulation (LES) turbulence model. THeDCcalculations may be coupled with a 3D
FEM model of the structure to determine the fatigagnage. In addition to being already a practical
analysis tool for certain cases, this approachatan yield valuable information for the validation
and development of simplified methods.

High-cycle thermal fatigue in a mixing Tee was stddby calculations with the SIN and CFD-FEM
methods. The aims were to study the phenomenorttendealistic HTC with detailed numerical
simulations as well as to assess the validity & 8IN method by using different boundary
conditions and input parameters.

The thermal mixing experiment performed by VattériResearch and Development separately from
the STYLE project in 2006 was considered. The fasility shown in Figure 27 consists of a
horizontal cold water pipe with inner diameter d¢01lmm and a vertical hot water pipe with inner
diameter of 100 mm. A constant flow rat@q/Qnot = 2 was used which resulted in approximately
equal flow velocities in the cold and hot pipeseTdold and hot temperatures were 15°C and 30°C.
The tests were carried out with Reynolds numbetheérinlet pipes of approximately 0.5X1ax10

and 2x16. Velocity profiles were measured with Laser Doppléelocimetry (LDV) about 3
diameters upstream as well as about 2.6 and 6.6etisis downstream of the T-junction.
Temperatures were measured with thermocouplessd@iout 1mm from the pipe wall.

For performing numerical thermal fatigue studid® following procedure was used: i) the LESs
were validated against the experiment by assumidigbatic walls, ii) coupled CFD-FEM
calculations were performed where the pipes weseiraed to consist of stainless steel with wall
thickness 9.6mm and iii) the temperature differesmceé hence also the thermal stresses were linearly
scaled up to obtain significant fatigue. This résailin fairly realistic turbulent mixing loads wiht

the need to run many computationally expensive LEHSe properties of water and steel were taken
at room temperature according to the experimemtadiitions.

High-lewvel
reseryolr

—

Stagnation
chamber
DR300

Figure 27: Vattenfall thermal mixing test facility

The conjugate heat transfer simulations were pexddrfor three different flow rates as shown in
Table 1. The cases with lower flow rates were olgtdifrom Case 100% by linear scaling of both
inlet flows. Note that only Case 50% and Case 10@&%¥e considered in the experiments.
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Table 1: Flow ratesin the simulated cases. The Reynolds number and the viscous length scale are presented for the

main pipe after the T-junction

Case Cold flow rate Hot flow rate Revnolds number Viscous length
Qcoiq [I/5] Qnor [I/5] y scale [m]
15% 1.8 0.9 25569 9.92x10°
50% 6 3 85231 3.41x10”
100% 12 6 170461 1.83x10°

The FEM analyses were performed by using the cdupdenperature-displacement method of

Abaqus, i.e. the transient temperatures and sgesgbe structure were solved simultaneously. The

backward Euler method was used for direct timegraton of the thermal field. Linear eight-node

hexahedral elements with reduced integration wepdied.

In the 3D models, the CFD meshes of the pipe wallewused as such. Fixed boundary conditions

were applied only at the cold inlet end to prewégitt body motion. No pressure load was applied,

since the effects of static loads vanish in theg@et calculation due to linearity of the model. The

time step was the same as used in the load transfer

The 1D model represented a sector of material coltimough the main pipe wall. Two different

boundary conditions were used in the 1D model:

» BC 1: the tangential direction is fixed, while thgial planes are free to expand but forced to
remain planar and oriented perpendicular to the pixis. This corresponds to the axisymmetric
case of a long pipe with free ends.

 BC 2: the tangential and axial directions are Hothd. This corresponds to the axisymmetric
case of a pipe with both ends fixed in the axiegction.

BC 2 gives higher stresses than BC 1 for low fregies, while for high frequencies the results
become practically identical.

RMS temperatures are shown at the steel pipe suréace in Figure 28. The results for the different
cases appear quite similar. The highest temperdiuctiations are found at the corner and right
after the T-junction. When the flow velocity is lew higher wall fluctuations are obtained near the
corner. On the other hand, with a higher flow vélothe wall fluctuation intensity spreads longer
along the main pipe. Interestingly, even for Ca88% the distributions with the coarse and fine
meshes are quite similar, although for this flowecthe near-wall density of the coarse mesh may be
considered insufficient.

From the fatigue lifetimes calculated with differemodels the following main conclusions can be

drawn from the results:

* Locations closest to the T-junction experience égjtatigue, as expected from the distributions
of RMS temperature at the pipe inner surface.

* The lifetimes get generally shorter with increasitgy velocity due to increased HTC and
frequency content of the fluctuations.

» The fine mesh yields shorter lifetimes than thers@@ne. The differences are largest at the sharp
corner. The trends are generally similar for bo#shes.

* The 1D model yields shorter lifetimes than the 38del for the corresponding temperature load.
Differences between the 1D and 3D models are daitge at the sharp corner, since the 1D
model describes a straight pipe section. For treagstt pipe sections, the 1D model is fairly
realistic.
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 BC 1 is more realistic than BC 2 in this particutase, as it reduces the conservatism of the 1D
model.

» Compared to CFD-FEM, the SIN method yields partyconservative results for the lowest
flow velocity while overly conservative results ftre highest flow velocity. Reasons for these
differences are discussed below.

h &
Case 15% coarse Case 15% fine

Case 50% coarse Case 50% fine

NS | —

Case 100% coarse Case 100% fine
Figure 28: Normalized RM Stemperature fields at the steel pipe inner surface

Achievements, lessons learned, and progress agaiMdtE objectives:

The mean and fluctuating components of velocity temlperature were in good agreement with the
experiment when using the fine mesh. This showssttitability of LES for modelling the turbulent
mixing phenomenon. With the coarse mesh, in germualitative agreement with the experiment
was found. The adiabatic and coupled wall boundanditions showed practically no differences in
the logarithmic layer and upwards, whereas at th# surface the difference becomes significant.
Wall-resolved LES should be used in the CFD-FEMculalions rather than LES with wall
functions, but the computational cost may stilldrae prohibitively large for many real-life cases.
The highest wall temperature fluctuations and taig@ccurred near the T-junction. With a lower
flow velocity, somewhat higher wall temperaturectluations were obtained near the T-junction,
whereas with a higher flow velocity the wall temgiere fluctuations spread longer along the main
pipe. The lifetimes got generally shorter with g&sing flow velocity, which can be attributed te th
increase of both HTC and frequency content. Theseomesh resulted in notably longer lifetimes
than the fine mesh, although the distributions afl wurface RMS temperatures were quite similar.
Thus, the near-wall CFD-FEM mesh needs to be fina¢curate fatigue prediction.

Comparison of 1D and 3D models having correspondémperature loads showed that the 1D
model yields conservative lifetimes. The 1D modekveverly conservative at the corner of the T-
junction, while for the other locations agreemestineen the 1D and 3D models was quite good.

In the SIN method, the HTC was assumed to be 3stithe Colburn correlation based on HTCs
deduced from LES. This resulted in lifetimes raggifilom being non-conservative to overly
conservative, depending on flow velocity, when canepl to CFD-FEM. Lifetimes obtained with the
SIN method dropped more rapidly than in the CFD-FEAculations when the flow velocity was
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increased. Firstly, results of the SIN method wseasitive to the HTC, for which best-estimate
value was used. Thus, accurate estimation of th€ I8Tof great importance. The scaling factor of 3
was determined close to the corner, but the fatigselts indicate that right at the corner a higher
scaling factor should be used. Also, the Reynoldslver dependency of the HTC was weaker in the
CFD-FEM calculations than in the correlation. Seitpn as noted above, the wall surface
temperature fluctuations near the T-junction desdasomewhat with increasing flow velocity.
Thirdly, the mesh density near the pipe inner s@rféor both the fluid and solid domains in the
CFD-FEM calculations may become insufficient foe thigher flow velocities, thus showing
possibly non-conservative lifetimes.

1.3.7 Dynamic and impact effects - Mock-up 7

Mock-up 7 (MU7) was designed to investigate effeitist have to be considered in a dynamic
loading condition, and their implications on a LBBsessment. Although a seismic event would
result in a more general cyclic loading case, ¢ programme was addressed specifically at impact
loads that may occur in a sudden singular moverokrfor example, the end of a pipe, due to an
impact. A key parameter is the crack tip loadintg ralK/dt, which can vary with the assumed
loading condition and component geometry. For impawents, dK/dt is approximately
10° MPaVm s* for an impactor speed of ¥ 5m/s.

Fracture properties such as the fracture toughvedsss K. {T), and fracture-resistance curygs
R(T) change with increasing loading rate. For ferrsteels such as the tested 16Mo3, dynamic
toughness vs. temperature curves ) are shifted in the lower shelf and transitiamge towards
higher temperatures b&T(dK/dt), which results in a decrease in fractuvaghness due to the
dynamic embrittlement. On the other hand, in theempshelf range R values increase with
increasing loading rate. However, due to dynamidrittement and the shift of the fracture
toughness curve ¥{T) even at these higher temperatures in the ugipelf region a change from
ductile to brittle behaviour has to be considefidds can be seen schematically in Figure 29.
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Figure 29: Material behaviour, fracture toughness resp. fracture resistance vs. temperature, comparison of
guasistatic and dynamic loading

The MUY test set-up consisted of a pipe that iatimbally fixed at one end. The dynamic load was
applied at the other end with a drop weight towdre mass of the impactor is 285 kg. The initial
height was set to achieve a velocityat impact of 5m/s for the first two tests and 6fofsthe third
test, which results in a crack tip loading rateuafund dK/dt: 10°MPaJm s* at the beginning of the
tests. The test set-up including the fixation a& side of the pipe is shown schematically in Figure
30. The distance between applied load and craclsunea | = 400mm.
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Figure 30: Test set-up of Mock-up 7

Figure 31 shows the test set-up of Mock-up 7 wjpli@d strain gauges and high-speed cameras to
measure CMOD. A copper plate was attached at #eednd of the pipe in order to reduce the first
impact impulse between the impactor and the pipe thos to minimise the initial peak in the
measured global force signal.
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Sockupt cameras
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Figure 31: Mock-up 7 after testing under the drop weight tower
As can be seen in Figure 32, the measured globee l.na(t) from the first and second test with
Vo = 5m/s showed large oscillations. Also a brigfdiff between impactor and pipe can be seen in
the diagram where the global force signal is zerafshort interval.
For the test atov= 6m/s it was expected that the global force edsdat the first instance of impact)
the 500kN limit of the load cell. Therefore in thest the load cell was detached and only the local
force was measured.
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Figure 32: Global Fyqpa(t) and local F{ga(t)} force signal of the Mock-up 7 tests at two different loading
velocities

The force over time can also be estimated by assuthat the dynamically loaded system of pipe,
fixture and impactor act as an excited harmonidlaesar. Thus, only the mass and the compliance of
the entire system . need to be known to calculate the global forcetlier elastic case, when no
crack propagation and no plastic deformation tdkeep The result for one half period is plotted as
dash-dotted grey lines in Figure 32 for the case,af 5m/s and shows a slightly higher curve for
Vo = 6m/s.

After the tests, the pipes were opened in the coladition with liquid nitrogen and the fracture
surfaces were investigated. The analysis with argng electron microscope (SEM) revealed a
ductile crack surface. Figure 33 shows the SEM esazpomed to the transition from the fatigue
pre-crack to the beginning of the ductile crackeaston for a test withopv= 5m/s. The area of stable
crack growth was measured afterwards with an dptieasuring microscope.

1 SE 25K =1 mm— § PN

Ductile crack extension

Figure 33: Transition from pre-crack to ductile crack extension (test at vo =5 m/s)
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Achievements, lessons learned, and progress aggiMdtE objectives:

In summary the following conclusions can be dravemfthe experiment and the evaluated

numerical simulations.

Test set-up and measurements:

» Elastic wave propagation that leads to locally éased crack tip loading J(t) compared to the
quasistatic J(t) curve played only a minor role NMwck-Up7, but could usefullly be considered
for other test arrangements e.g. with longer spi@ans the | = 450mm used here.

» A strain gauge attached on the opposite side ofriek was used for a local force measurement.
The signal is not affected by the vibrational bebarof the impactor and the load cell, and thus
shows fewer oscillations and represents the actaak tip loading more correctly.

» Near crack tip strain gauges showed clear devidtimm the numerical results that assumed a
stationary crack, thus indicating the time of craugkation.

« CMOD(t) was captured with highspeed cameras, and wsed along with the local force
measurement k{.ca(T)} in order to evaluate the crack tip loading &xperimentally.

Dynamic material behaviour:

» Embrittlement due to dynamic impact loading wasestigated here. Contrary to the possible
brittle fracture behaviour at room temperaturet tvas predicted by the extrapolated Master
Curve approach with small SE(B) specimen tests28fC, the actual MU-7 tests at room
temperature showed ductile crack extension andk@eaest. This can be explained by the lower
triaxiality (ie low constraint) at the crack fromt the case of the pipe geometryxH.6) when
compared to the tested small scale SE(B) specinfers 2.25) with a different constraint
condition. Thus, concerning the transferability fafcture properties: fracture toughness from
standard tests need to be adjusted when compaEhtponent tests due to different constraint
conditions, but enable a conservative fracturessssent.

* A dynamic J-R curve was roughly 10% higher than dhasistatic one and should be used to
predict crack initiation.

« The strain rate effect showed an increase of tredtress-strain curves by 20%/( = 100 &)
and has been considered in the numerical simukation

Numerical simulations:

* An assumed stationary crack in the FE simulatieasl lto higher J(t)-curves than the J(t)-curves
obtained from the experimental data and the amalytformulas. Therefore, numerical
simulations should also consider a propagatingkcrac

LBB assessment:
* LBB assessment of the pipe showed through wall tpatien before the critical crack length was
reached, i.e. leak before complete failure.

1.3.8 LBB approaches and Engineering Assessment Methods

Qualitative comparison of leak-befor e-break methodologies and licensing position:

A qualitative overview of leak-before-break (LBBational practices and the regulatory position for
the different participants was undertaken earlthin STYLE project. The organisations which took
part were AREVA-GmbH (Germany), CEA (France), AMBAK), AEKI (Hungary), UJV (Czech
Republic), TEC (Spain), NRG (Netherlands) and ORMISA). (ORNL is linked to the STYLE
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project on a “contribution in kind” basis.) Eachrji@pant was asked to compile an overview of
LBB practices for their respective country undex thllowing headings:
* Outline of LBB practice

» Outline of regulatory position

* Ouitline of evolution of LBB

» Application of LBB

» Past, present and planned future LBB researchiiesiv
» Future LBB plans.

The review indicated that the main distinction bew different countries is in what procedure is
adopted. The two main LBB procedures adopted ageLBB procedure as a part of the Break
Preclusion Concept/Integrity Concept (BPC/IC) ofriBany and SRP 3.6.3 of the USA. LBB
procedures contained in the R6 and RCC-MRX proasiare also used, but only generally in the
UK and France, respectively.

All LBB procedures adopt a similar approach in makthe basic case for an LBB argument. The
argument simply states that a crack should be largrigh so that the loss of fluid escaping the
through wall crack can be detected, whilst remarsmall enough that structural failure of the pipe
does not occur. Some further commonalities arettiee is a minimum pipe diameter requirement
and a restriction to high pressure piping. Thisagalty limits the use of LBB to the main coolant
lines, surge lines, accumulator lines, Emergencye@ooling System, steam lines and feed-water
lines (note the last two are excluded by SRP 3fG8n quantifiable flow assisted corrosion (FAC)
occurs).

The use of LBB in both the UK R6 and German BPGIffproaches share many similarities in that
they are adopted as defence in depth approacheseTapproaches are therefore more general and
allow greater freedom in applicable conditions aafety requirements, whereas the US SRP 3.6.3
approach places more stipulations on suitable gjmnvironmental and loading conditions.
Historically, all of the approaches were develogigdugh the 1970s and 1980s with initial versions
of the existing procedures in place between 19%9 E990. A number of programmes, computer
codes and experiments performed during this dewsdop have been identified.

Current and future plans on LBB research are lidnéted primarily confined to the critical crack size
assessment and crack opening area (COA) deteromnaliwo additional research areas are
identified as application to Dissimilar Metal Wel@3MWSs) and Weld Overlays (WOLs), as well as
probabilistic assessments, potentially allowing L&iproaches to be negated.

It is also clear that, especially in countries veheBB is not currently adopted, future plans ineud
the use of LBB for new-build power plants.

Qualitative overview of Engineering Assessment M ethods:

A qualitative comparison of Engineering AssessnMethods (EAMs) was undertaken by collating
relevant information collected from the varioust#pants. The organisations which took part were
AREVA-GmbH (Germany), AREVA-F (France), CEA (FrafpcAMEC (UK), University of Bristol
(UK), NRG (Netherlands), UJV (Czech Republic), TESpain), VTT (Finland) and Ringhals
(Sweden). The main aspects of the study were celmeMock-Up Experiments 1, 2 and 3. The
individual partners were thus asked to provide fbdescriptions of their EAMs for structural
integrity evaluations of dissimilar metal welds,pa& welds and clad ferritic pipes. In their
contributions, special attention was intended tddogissed on such aspects as mismatch of material
properties, residual stresses, mixed-mode loadidgcanstraint effects.
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In studying the contributions received from thetiggrants, several types of commonalities were
evident. The first commonality relates to the ugeaocommonly adopted assessment code or
methodology. Nearly all partners reported using AIBME Code (either as their main assessment
code or in addition to their national codes). Usehe R6 methodology and the KTA standard
outside the UK and Germany (respectively) was relonot to be very common and the French
standards RCC-M, RCC-MRx or RSE-M are mainly spet¢d France. For assessing the three types
of structural features considered though, manyefdarticipants reported that they would undertake
detailed finite element analyses, as a supplementaas an alternative to their codes or procedures
Another common feature was identified as being frattically all of the assessment methods and
codes (ASME Code, R6, VERLIFE, KTA and others) sipett the use of conservative material
properties, at least in the first instance. A fartcitommonality relates to the fact that in assegssin
flaws in clad ferritic piping, the actual cladding generally not taken into account which is
considered to be conservative.

Several differences between the various EAMs weeatified. One difference is the definition of
flow stress relating to limit load analysis. Flotess is defined as the average of the yield stneds
ultimate tensile stress in R6 and Appendix C of ASM. In the German approach, flow stress is
derived from data obtained from a large numbermélsscale and structural specimens. Another
difference between the individual EAMs is assodatéth the provision of guidance for treating
weld residual stresses when assessing flawed canpowhilst, for example, the R6 methodology
provides detailed guidance on how to determined¢s&lual stress variation in the weld, some other
codes, such as the French, provide practicallyuidagce. Traditionally, only R6 allows for strength
mismatch to be taken in to account but this adpastalso recently been incorporated into the French
codes. Finally, R6 is the only methodology which,ame of its higher level methods, contains a
procedure for allowing for crack-tip constraintesfts.

Qualitative overview of probabilistic methods:

A gqualitative overview of state-of-art probabilsstipproaches to Engineering Assessment Methods,
including Leak Before Break, in various countrieaswundertaken. Whilst it was intended for the
overview to be relevant to all European countrieg@rimarily focuses on France, Germany, UK,
Spain, Hungary, the Netherlands, Romania and treciCRepublic. The overview includes LBB
applied to PWR, BWR, VVER, PHWR and AGR types ohat®rs. The overview includes such
aspects as specific failure events and methodsnafysis for piping, uncertainties of input
parameters (e.g. loading conditions, material ptogee flaw size, flaw detect ability) using diféet
methods (Monte-Carlo, FORM, SORM). The positioritef USA is represented by ORNL, which is
running a parallel project with similar objectiviesSTYLE (as previously stated, ORNL is linked to
the STYLE project on a “contribution in kind” basis

Each participant was asked to compile an overviewBB practices for their respective country
under specific headings. Based on the input reddien the STYLE partners, it could be concluded
that there are two great poles of systematic ssudie probabilistic approach in the EAM (LBB)
domain, namely in the UK and the US. Both approacie based on the probabilistic fracture
mechanics principle, and use similar steps as t@raenistic assessment methodology. Probabilistic
approaches of EAM (LBB) of other countries in thiga revolve more or less around either of these
two approaches.

Despite the fact that probabilistic fracture medbstechniques have been developed over a number
of years in the UK, Germany, the US and other aceemtas a possible means of quantifying the
integrity of structures, probabilistic approachésEdM and LBB are still under development. In
principle, the regulatory position is generally ¢onsider the probabilistic EAM for sensitivity
studies and estimation of margins as additiondlyarea to the conservative deterministic analyses.
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Computer codes have been developed and used &arciotnparative analyses (STAR 6, PROF,
PRAISE, and PROSINTAP). Recently, in the UK a nenftvgare code, PFMAD (Probabilistic
Fracture Mechanics and Design), based on probtibifiscture mechanics using the R6 procedure,
has been developed by AMEC (for R&D studies onlyhed stage). Also, in the US a multi-year
XLPR (eXtremely Low Probability of Rupture) Projastunderway with a focus on developing a
viable method and approach to address the effé@8USCC and on defining the requirements for a
modular-based assessment tool.

Achievements, lessons learned, and progress ag@iMtE objectives:

For LBB assessments, the main distinction betwe#erent countries is in what procedure is
adopted. The two main LBB procedures adopted ad_.BB procedure as a part of the Break
Preclusion Concept/Integrity Concept (BPC/IC) ofrBany and SRP 3.6.3 of the USA. LBB
procedures contained in the R6 and RCC-MRX pro@siare also used, but only generally in
the UK and France, respectively. Whilst there aeesl commonalities and differences in the
detall, all the procedures adopt a similar appraachaking the basic case for an LBB argument.
The argument simply states that a crack shouldtggelenough so that the loss of fluid escaping
the through wall crack can be detected, whilst iemg small enough that structural failure of
the pipe does not occur.

For EAM assessments in general relating to stratiategrity evaluations of dissimilar metal
welds, repair welds and clad ferritic pipes, sevemammonalities and differences are evident.
The commonalities include the use of a commonlypsetb assessment code or methodology,
usually supplemented by detailed finite elementlyses, the use of conservative material
properties and in the case of clad pipes, excluthegactual cladding in the evaluations which is
considered to be conservative. The differencesid®the definition of flow stress, the provision
of guidance for treating weld residual stressesthadncorporation of higher level methodology
such as weld strength mis-match and crack-tip camsteffects.

Deterministic EAMs for evaluating fracture condit®in complex geometries like dissimilar
metal welds, repair welds and clad ferritic pipas provide a variety of results depending on the
method and the selection of input data used. Thkl Edsults have generally been shown to be
conservative with respect to the Mock-Up experirabrgsults, particularly for evaluating such
aspects as Crack Opening Displacement and apptied for initiation of tearing. Not
surprisingly, the input data which can have a sigaunt influence on the EAM results are the
tensile and fracture properties used and variosisnagtions on weld residual stresses.

Probabilistic evaluations applied to a case studged on the Mock-Up 2 experiment have
indicated that the calculated probabilities of igguinitiation are in good agreement between the
various participants. Overall, the probability gictions for net-section collapse have been found
to be in reasonable agreement with respect to iatyaof different methods used. Sensitivity
studies have indicated that the variability in &raze is more sensitive than the variability in
residual stress in relation to tearing initiatisakeiation.

Recommendations:

Where possible, sensitivity studies should be ihetlin EAM (and LBB) evaluations in order to
assess the significance on the results of varyiadgrtput data, particularly for defects locatea in
region of composite material and/or of significeagidual stress.

Additional EAM, finite element analyses and analysf the Mock-Up experimental data needs
to be undertaken in order to pave the way for dmgiaf general unified guidance for
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undertaking fracture assessments in complex gemsdikke dissimilar metal welds, repair welds
and clad ferritic pipes.

* In association with the developed guidance, workegguired in order to be able to recommend
conservative (but not too conservative) weld residiress profiles for the structural features
under consideration.

1.3.9 Training

Training has been based on the experimental anigt@ah work carried out under other STYLE
project work packages and has generally takendima bf dedicated visits, typically a few days in
duration, to the relevant host organisations’ dislhament. The various training topics include
experimental work, numerical modelling and simwlat(residual stress, welding, environmentally
assisted cracking and the effects of dynamic/seistoading on components), engineering
assessment procedures, probabilistic fracture réchand materials behaviour.

Training course proposals were developed by thevaglt hosting organisations and provided to the
candidates. The content of these documents incladeescription of the training task to be
performed within the project, a list of relevanference material including technical papers and
relevant code and standards, together with detaited schedule and reporting arrangements. A
structured process was established to coordingikcapons and selection of eligible persons. The
STYLE project general assembly approved the nononabtf training candidates, following
consideration of the goals and expected resultcaged with each training visit.

An extensive suite of documents has been develtpespecify and record training events. This
includes training proposals and presentations mediuby host organisations and also reports
provided by attendees to record feedback followeggipt of training.

A Training Handbook has been produced, based oaerrahtleveloped to support the training events.
Seven training modules are included in this manbated on case studies described in previous
sections, the technical topics addressed in theualdreing as follows:

* Module 1 Transferability

* Module 2 Dissimilar Metal Welds

* Module 3 Leak-Before-Break

* Module 4 Stress Corrosion Cracking

* Module 5 Seismic/dynamic effects

* Module 6 Thermal fatigue due to turbulent mixing
* Module 7 Residual Stress

It is intended that the manual will be used by argations that have participated in the STYLE
project to facilitate future modular training inykareas of structural integrity assessment of ogact
coolant pressure boundary components relevantdimg@nd lifetime management.

1.3.10 Main project conclusions (final summary)

1) On narrow gap dissimilar metal weld integrity

Implications
* The stress-strain curves for all the materials Hmen tested in STYLE and the results
highlight the gradient of properties in these muoiaterials.
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» From the fracture test and interpretation of muitéterial CT specimens it could be seen
that there is a large scatter in the fracture toegh values. A large effect of the distance
from the interface Inconel/ferritic steel (FS) liee®n observed.

» The large scale test was a case study on a 4-peirting test with a through crack at the
weakest location (interface of Inconel/FS). The les been performed at 300°C.

Recommendations
* A combination of micro-hardness test and of expental and numerical methodologies
to determine stress-strain curve for all mateiml®commended.

» FE support is essential for the evaluation multtarial CT specimen results.

* An energy approach called J/Gfr can be used tagiredhck growth in the large scale test
for initiation and ductile tearing.

Open issues
» A further development of numerical tools to prediet complete fracture behavior of

components (ductile tearing with deviation from ihié&al crack location) is necessary.
EAM tools and advanced tools including local applobave to be considered for this
purpose.

2) On effectsof residual stresson ductile fracture and damage modelling
Implications
» Localised repair welding introduces high membragsedual stresses that contribute to
initiation of ductile tearing but are rapidly accomdated by plastic deformation.

Recommendations
* In ductile materials the presence of residual sthes no influence on global collapse but
has a significant influence of local collapse (andtile crack initiation). It is
recommended that local collapse solutions shouldeased in structural integrity
analyses.

Open issues
» Ageing embrittlement lowers fracture energy fotiation and growth of defects. Ageing

will also reduce repair weld residual stress, hasé may still play an important role in
long term ageing.

3) On transferability of material properties
Implications
» J-Aa curves from small scale specimens with deep srigeld to conservative fracture
mechanics assessment of large scale components

» Experiments on small scale specimens confirm tdependency of crack initiation of
crack tip constraint in the ductile regime. Cruaificand 3PB specimens show no biaxial
loading effect on crack initiation and crack prog@gn in small scale specimens.

» The cladding affects considerably the component# load, there is approx. 12%
additional safety margin gain if the cladding imsiered in the limit load analysis

Recommendations
» All standard fracture mechanics specimens can &e igs conservative assessment of
components in ductile regime.

» Ductile crack initiation can be treated as indepenaf crack geometry and loading

» Biaxial loading need not be considered on ductigek initiation and growth
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Open issues
» Further development of numerical tools to prediomplete fracture of components
(ductile to brittle transition - change of crackehanism)

4) On weld residual stress simulation and measur ement

Implications
» The simulation of the welding process needs muokgssing power and long time.

» The material data are quite often incomplete, fijpatly data at all relevant temperatures
up to melting temperature.

» The numerical simulation can be numerically ungtabbme solvers, although quicker are
not as robust as others - an example is the nrohitdl sparse vs. the iterative sparse.

Recommendations
» Time, disk space and high processing power shalprdvided for a successful
simulation of welding.

» The missing material data should be identified miecdsured if possible.

Open issues
* For the weld residual stress modelling of austesitnilar metal welds it is necessary to

handle correctly large distortions in thin-walleggs.
» The reliability of 3D analyses of repair-weldedgsgs still quite improvable.

* The impact of load history (especially residuaéss) on ductile damage models and
actual behaviour is not fully understood.

* EAM such as R6 should be improved for weld repsseasment.

5) On stresscorrosion cracking

Implications
* Ni-based weld metal alloy 52 has a high resistaon&CC in PWR primary water

» There was no measurable crack growth in Alloy 52

Recommendations
» Upper limits for crack growth rate and SCC stréseghold were defined based on
resolution of test equipment and test time. Forftiere tests it is recommended to set the
test stress limit higher than 570 MPa.

Open issues
* In future projects longer test times and/or a Bdiaaccelerated test method need to be

used when testing SCC resistant materials

6) On thermal fatigue through turbulent mixing

Implications
* LES CFD is suitable for turbulent mixing modellifayt computational cost may still

become prohibitively large for many plant cases.
* For coupled CFD-FEM, near-wall mesh needs to beffin accurate fatigue prediction.

* 1D model gives fairly realistic and slightly consstive fatigue for straight pipe sections
with realistic load, at corners more errors expecte

» SIN method results ranged from slightly non-conagve to overly conservative,
depending on flow velocity, compared to CFD-FEM.
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Recommendations

Wall-resolved LES should be used whenever possibteupled CFD-FEM.
Heat transfer coefficient should be estimated ately for SIN method.

Free pipe ends should be used rather than axigélg pipe ends in SIN method.

Open issues

The heat transfer coefficient was shown to be g iaportant parameter for the
simplified assessment methods and thus accuraengeation of this parameter should
be pursued. It should be studied whether the Regrnuimber dependency of the
maximum heat transfer coefficient is the same dbkercorrelations for fully developed
flows

For the coupled CFD-FEM calculations, the effeatnefsh density near the walls should
be studied further for both the CFD and structaratiels.

7) On dynamic and impact effects
Implications

Assumed quasistatic instead of dynamic loads géyéead to conservative fracture
assessments.

J-Aa curves from standard fracture mechanics speciteadso conservative assessment
of large scale components.

Numerical simulations with stationary cracks ovénaate crack tip loading after crack
initiation.

Recommendations

Possible change from ductile to brittle fracturede@our due to impact loading should be
considered.

FE simulations should include strain rate dependwttrial data.

Depending on the geometry the effect of elasticeMaopagation on crack tip loading
might need to be considered in a dynamic FE arsalysi

Open issues

Prediction of the dynamic Mastercurve considerlmg¢hange from ductile to brittle
fracture.

8) On LBB approaches and Engineering Assessment M ethods
Implications

EAMs for evaluating fracture conditions in complpometries, like DMWSs, cladded
pipes and repair welds, can provide a variety sillts depending on the method and the
selection of input data used.

The EAM results have generally been shown to beemative with respect to the Mock-
Up experimental results, particularly for evalugtsuch aspects as COD and applied load
for initiation of tearing.

Not surprisingly, the input data which can havégaificant influence on the EAM results
are the tensile and fracture properties used andugaassumptions on weld residual
stresses.
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Recommendations
* Where possible, sensitivity studies should be imhetlin EAM (and LBB) evaluations in
order to assess the significance on the resultarying the input data, particularly for
defects located in a region of composite matendlar of significant residual stress.

Open issues
» Additional EAM, finite element analyses and anaysi the Mock-Up experimental data
needs to be undertaken in order to pave the wageweeloping general unified guidance
for undertaking fracture assessments in complergées like dissimilar metal welds,
repair welds and clad ferritic pipes.

» General unified guidance needs to be developedrfdertaking fracture assessments in
complex geometries, like DMWSs, cladded pipes apairevelds.

* In association with the developed guidance, workedgiired in order to be able to
recommend conservative (but not too conservatived)l nesidual stress profiles for the
structural features under consideration.

9) On training
Implications
» The training programme has demonstrated how compkarch projects may contribute
to career development and maintaining a skills lorasiee nuclear industry.

» Wide range of technical training topics has bediveled.

Recommendations

* The STYLE training manual provides a useful reseurcailable to participant
organisations for training in future.

Open issues
e None.

1.4 POTENTIAL IMPACT, EXPLOITATION OF RESULTS AND MAIN DISSEMINATION
ACTIVITIES

The project has contributed to safe operation @ty nuclear power plants and to maintaining
high safety standards due to more accurate assessnethods resulting in increased margin of
safety. STYLE has reinforced the competitivenesstted European nuclear industry by the
achievement of innovative research results in igld bf maintenance of nuclear power plants and
by the participation of leading industrial ngeanies in this field. The project may have
outstanding impact on national and internationaleaech activities concerning the wuse of
advanced tools for structural integrity asses#s, fracture mechanic testing and corrosion
experiments. The project has been actively inwblven specific European networks (e.qg.
NUGENIA), which are fed by national and mmational research activities. Within the planned
training activities all partners (especially unisiies and research organizations) have been
encouraged to promote studentship as well as tdispukhe results of their work in the open
literature. An important part of the project hasetdo give students and young researchers the
opportunity to work on challenging problems sidediye with their more experienced colleagues.
Taking all this into account the project has geteslaa remarkable added-value in maintaining and
improvement of collaborative research activitiesttie field of nuclear energy in the European
Union.
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M ain dissemination activities:

The dissemination of project result has been carduihrough different channels:
» Publications in intentionally recognized conferes)ce
» Organisation of dedicated workshops and
» Presentation and discussion of results in speEifiopean networks.

A list of selected publications:

Title WP No | Date Conference Venue
STYLE: Mock-up3 design - FE 1,2 July 2010 | PVP 2010 Seattle
Simulation of crack growth in a
cladded ferritic pipe
STYLE: Project overview All July 2010 PVP 2010 Beat
STYLE: Study on transferability 1,z PVP 201 Baltimore
fracture material properties from small July 2011
scale specimens to a real component
ORNL Pre-Test Analyses of a Larget 1, 2 July 2011 | PVP 2011 Baltimore
Scale Experiment in STYLE
Csonkmakett: Gyartas, mér 1,z April 2012 | XXI. Nemzetko: | Arad, Romani
szimulacié (Nozzle MU: Gépészeti
Manufacturing, measurements, Talalkozé (XXI.
simulations) - in Hungarian International

Conference on

Mechanical

Engineering)

OGET
STYLE — A European project on All May 2012 | 3rd Salt Lake City
structural integrity: Progress of the International
work after 2 Years Conference on

NPP Life

Management

(PLIM) for Long

Term

Operations

(LTO)
STYLE project: Large scale 1 July 2012 | PVP 2012 Toronto
experiment on a cladded ferritic pipe
STYLE: Transferability of fracture 2 July 2012 | PVP 2012 Toronto
materials properties updated
experimental and analytical results
The influence of long-range residual | 2 July 2012 | PVP 2012 Toronto
stress on plastic collapse and local
yielding of internally pressurised pipes
Effect of ageing on residual stresses|it July 2012 | PVP 2012 Toronto
welded stainless steel cylinders
The Importance of a Strong Training| 5 July 2012 | PVP 2012 Toronto

Element Within the European STYLE

Project
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Analysis of Ductile Crack Growth in | 2 July 2012 | PVP 2012 Toronto
Pipe Test in STYLE Project

STYLE: Comparison of Engineering | 3 July 2012 | PVP 2012 Toronto
Assessment Methods

STYLE: Comparison of Leak-Before: 3 July 2012 | PVP 2012 Toronto
Break Methodologies Applied in

Europe

Mechanical Characterization fora | 1,2 July 2012 | PVP 2012 Toronto

Large Test Design of a Dissimilar
Metals Welding With a Narrow Gap
Nickel Alloy Weld: Experimental and
Numerical Analysis on Specimens

FE Residual Stress Analysis il 2 July 201 | PVP 201 Torontc
Narrow Gap Dissimilar Metal Weld
Prediction and Measurement of Weld 1, 2 July 2012 | PVP 2012 Toronto

Residual Stresses in Thermally Aged
Girth-Welded Austenitic Steel Pipes

The Delivery Of Technical Trainir |5 July 2017 | PVP 201 Paris
Within The European STYLE Project

European Project on Structural All July 2013 | PVP 2013 Paris
Integrity STYLE: Project Status

Manufacture, Residual Stress 1,2 July 2013 | PVP 2013 Paris

Measurement and Analysis of a
VVER-440 Nozzle Mockup

Style Project: Preparation an 1,2 July 2017 | PVP 201 Paris
Interpretation of a Four Points
Bending Tests on a EPR Type DMW
Pipe Containting a Circumferential
Through-Wall Defect (Presentation

Only)

NUGENIA-STYLE - All August SMIRT-22 San Francisco
Structural Integrity for Lifetime 2013

Management — Non-RPV

Components

1.5 STYLE CONSORTIUM, WEB SITE AND CONTACT DETAILS

The STYLE consortium has consisted of 20 orgarosatirom eleven EU member states and one
collaborating Non-EU country (USA) each with a higarcentage of nuclear power in the total
national electricity production. The consortium haspresented universities, research and
engineering institutes, manufacturers, operatots industrial companies playing a long-term and
active role in the field of nuclear technology. Ti®ject partners have covered a well addressed
field of specific expertise, staff and resourcesciwhis suited uniquely to the objectives of the
proposed project. The consortium has been wellnoath due to the participation of almost all EU
countries involved in the research field nucleargmy.

The web site of the project has been designed fasrally user platform that will allow a better

coordination of the activities, and a smoatbmmunication between the partners. It offers
public information such as a project overview, tlublishable information from the project reports,
the list of project participants, etc. There isoaé confidential part of the website accessible to
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STYLE partners only. This area contains the STYld€uient repository and a work area where
documents under development can be exchanged amtrgspartners. Other features in the
confidential area include a STYLE internal calendaud a discussion board.

The website address isttp://style.jrc.ec.europa.eu/

Contact details: Elisabeth Keim, the project cooathr
elisabeth.keim@areva.com
+49 9131 900 95218
AREVA GmbH
Postfach 1109
91001 Erlangen
Germany

41



