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Abstract

The influence of liquid lead on mechanical propertiéaustenitic stainless steel 31Bl) and its weldshave been
studiedinthdd oi nt Re s e(@ R© blgud tead LAmIGtery (LILLA). LILLA allows testing of mechanical
and corrosion properties of materials in liquid lead with controlled dissolved oxygen concentratiatisrapératures
up to 650°C. The load is generated by pneumatic bebased device For the present study, 316\) subsize flat
and round tensile specimens from both the base metal and the TBick submerged arc welded (SAW) joint were
preparedPrior to tensile testing, polisheghecimensverepre-exposed in liquid lead at 50C for at leasB80h. During
this phase, the oxygen content in liquihd was maintained below -#@vt.% with the cover gas control system
implemented in LILLA through flushing of AHz mixture Tensile tests wersubsequentlgonducted both at 40
and 5B °C at initial strain rates oP&.0° s and 510° s, respectively. During all tensile tests, trantent of oxygen
dissolved in lead wasontinuouslymonitored and actively controlled bebelow 168 wt.%. Theresults anghosttest
analygs have shown no evident impact of liquid Pb on the tensile propartéesnicrostructuref the investigated
steels and welds exposed to the abdescribed conditions. The papaiefly describeghe observed results with
respect to the literature datehi¥ research supports resolution of key safety and licensing aspects tekttedtural
materials and components for heavy liquid metal cooled fast reactor technology demorwsiraesed in Europe,
MYRRHA (with leadbismuth eutecticoolant) and AERED (with lead coolant), andas embedded in th eEMMA
Euratom Horizon 2020 collaborative project.

1. INTRODUCTION

The Lead cooled Fast Reactor (LHR)s been selected in Generation IV International Forum (Gléies
of the six promisinqadvancedeactor cacepts.The use ofiquid leadallows operation at close to atmospheric
pressure, without the neeal thaintain robust structures to providperassure boundarjLead is also chemically
relatively inertin contact with air and wateA high boiling point oflead(1749°C)as well as high thermal inertia
and natural convection characterisfiggher contribute togood passive safefipatures of LFRs[1].

In the context of the LFR technology, material behaviour in heavy liquid metals has historically been a
main research topic. This paper first briefly describes activities of the European Commission, Joint Research
Centre (JRC) in this domain.uizomes of the slowstrain rate tensiléSSRT)tests conducted in Ar and liquid
lead environment in the LILLA facily atthe JRC Petterj2] are thereafter discussethe research wam part
performed in collaboration with partnersthin the GEMMA Horizon 2020 collaborative project [JJogether
with other GEMMA partner 6s r esul tesfirst rechrementiddds fdrat a we
guidelines and design rules on how to incorporate environmental effects with respect to liquidheddG&

MRx Design Codé€Design and Construction Rules for Mechanical Components inteigherature structures,
experimentateactors and fusion reactofd].


mailto:kamil.tucek@ec.europa.eu

FR21: IAEA-CN-291/510

2. JRC PETTEN ACTIVITIES RELATED TO STRICTURAL MATERIAL INTEGRITY FOR LEAD
COOLED FAST REACTOR

Safety and technology aspects related to material degradation in heavy liquid metals are at the forefront of
the JR® Bitermational collaborative efforts. These include:

0 European Committee for StandardizaticdBo(mité Européen de Normalisatian CEN): The JRC
coordinates Prospective Group 2 of the CEN Workshop 64, which aims at further development of the
RCC-MRx Design Code foandvanced reactor systems, consideringgragnothers, licensing needs for
heavy liquid metal cooled fast reactor technology demonstratmisagedn Europe MYRRHA (with
leadbismuth eutectic [LBE] coolangnd ALFRED(with lead coolant)Recently, twWdRCCG-MRx Code
Evolution and R&D proposals were developed with the JRC contribution on:; (i) inclusion of
environmental effects related to heavy liquid metal coolants in the Code (in cooperatitreBittgian
Nuclear Research Centi® C K A ¢)EaNd (ii) ue of the small punch test (SPT) for design and health
monitoring;

d Joint Programme on Nuclear Materials of the European Energy Research Alliance (EERA JPNM): In the
frame of EERA JPNM, the JRC deads the SulProgramme on praormative research (S®)
coneerning codes & standards, materials and component qualification. A key goal is to shorten time to
qualify materials for operating conditions of the European Sustainable Nuclear Industrial Initiative
(ESNII) demonstrators (incl. ALFRED LFR) and the MYRRH&search fatity. The JRC contributed
toseveral EERA JPNM strategic development documents, including the Vision Paper, Strategic Research
Agenda[5], and MulttAnnual Work Plan. In the frame of the ORIENNM (Organisation of the
European Research Commuyndn Nuclear MaterialsiHorizon 2020 project, the JRICtogether with
other key partners in materials resedraxplores the possibility of establishing a-Eonded European
Partnership (CEP) on nuclear materials

8 GeneratiorlV International Forum (GIF)Within the GIF LFR provisional System Steering Committee
(pSSC), the JRC contributed to the drafting and updates of severatrsddideyl documents which were
prepared in the collaboration with tii&F Risk and Safety Working Group (RSWG) and addressed
apects related to leaidduced material degradation comprehensively. This included the LFR System
Safety Assessment document (issued in 20PGand the LFRspecific Safety Design Criteria (published
in 2021 [6]). In parallel, the JRC contribute® the GF Advanced Manufacturing and Materials
Engineering (AMME) Task Force, which aims at reducing the time to deployment of advanced reactor
systems by, among others, promoting agility in codes and standard development, and sharing of practices
for design optirizations

8 OECD Nuclear Energy AgenciMEA) Expert Group on Reactor Coolar@emponents Technology: The
JRC actively participates in the work of the Expert Group with the contribution to theoStateart
Report on the liquid metal environmental effects materials for liquid metal cooled reactors. In this
context, the JR®ettenspecifically contributes to drafting of sections related to: (a) description of the
LFR systemand (b) identification of main needs to suppthe development of Design CodeRCCG
MRX).

The JRC Petten hassocollaborated with partners in numerous European R&D projects rétateaterial
qualification and structural material integrityrhis includes the Euratoni"#ramework Programme projects
MATTER (MATerials TEsting and Ras, 20112014) and MatISSE (Materiald Innovations for a Safe and
Sustainable nuclear in Europe, 2€R17), as well asheEuratom Horizon 2020 projeBtATRICIA (Partitioning
And Transmuter Research Initiative in a Collaborative Innovation Action, i2024). In the frame of the
GEMMA H2020 projectin addition to material qualification tests in lead environment, the JRC also performed
neutron diffraction masurements to determiresidual stresséis welded coupons at its High Flux Reactor (HFR)
in Petten These data were used for the validation of welding models in the finite element structural integrity
analysis codes
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The JRC Pettenas wellprovides an opeaccesgrogramto its Environmental &echanical Materials
Assessmen{EMMA) Nuclear Research Infsructuré. This includesthe AMALIA laboratory, Structural
Materials Performance Assessment (SMPA) laboratories, Mibiaracterisation Laboratory (MCL), and Liquid
Lead Laboratory (LILLA).

3. SLOW STRAIN RATE TENSILETESTSOF 316L(N) AND WELDED MATERIAL IN LIQUID
LEAD

This section reportsn the results of SSRiEstsof austenitic stainless steel 316L(N) and its welding joints
in liquid lead environmentBecause othe combination otfheir high dutility, mechanicaktrengthsfracture
toughnessand performance under irradiatjcusteniticstainless steels of the 318ype (and its variants) are
commonly used for structural componentstted sodiurcooled fast reactorfgl], and are envisaged fose in
LFRs as well.

3.1. Material and methods

3.1.1. SAW 316L(N) wekt couponi material composition

Weldedcoupons were produced using submergedwelding (SAW) technology by Walter Tosto from
75 mm thickness plates of 316L(If]. Thegeometry of the weld is siplayed in Figl.
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FIG. 1. SAW weld geometwith weld bead shapes and dimensions indicffed

The base material was produced by Industeel France (ArcelorMittal) in accordance with the ASME SA
240M (ASTM A240/A240M[8]) specifications. The original @le had dimensionsf 15004000 mn? with a
thickness of 75 mm. The plate was solution annealed at1108°C for 60 min and then quenched in water (for
detailscf. [7]). The chemical composition of the plate base metal is given in Table 1. The mategaponds to
the specification of the austenitic stainless steel with-l@xycarbon and controlled nitrogen content, denoted as
X2CrNiMo17-12-2(N), 316L(N), and A3.1S group material as given in the RMORX DesignCode for nuclear
components.

TABLE 1. 316L(N) SAWWELDED COUPONi CHEMICAL COMPOSITION (IN WT.%) OF THE BASE
METAL TOGETHER WITHTHE MINIMUM AND MAXI MUM RANGESAS STIPULATED IN THE RCG
MRX CODE [4,7].

C Si Mn P S Cr Ni Mo N B Cu Nb Co
Min - - 1.60 - - 17.00 12.00 2.30 0.060 - - - -
Max 0.030 0.50 2.00 0.025 0.0100 18.00 12.50 2.70 0.080 0.0010 0.30 0.01 0.050
Heat 0.025 0.39 1.72 0.017 0.0008 17.29 12.17 2.40 0.070 0.0007 0.12 0.01 0.024
NB.ftod enot es fimot specified

1 Cf. https://ec.europa.euljrc/en/reseafahility/openaccess
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The selected wirflux combination for the SAW welded coupon is a Thermanit33EL and Avesta Flux
805, respectively. The chemical composition of the weld deposit is displayed inZT'able

TABLE 2. 316L(N) SAW WELDB> COUPONi CHEMICAL COMPOSITION (IN WT.% OF DEPOSITED
WELD MATERIAL [4,7].

C Si Mn P S Cr Ni Mo Nb N Co
Min - - 1.00 - - 18.00 11.00 2.00 - - -
Max 0.030 1.00 250 0.025 0.025 20.00 14.00 3.00 info info 0.15
Heat 0.015 055 134 0016 0.006 1949 1216 2.48 0.013 0.053 0.03

NB.ftod enot es fmot specified

The content of ferrite in the deposited weld metal is 11%, which is within the required rantj8%{4].
Non-destructive examination of the weld included visual inspection, liquid penetrant examination and
radiographic examination. No irregularities or other peculiarities were refd8tted

3.1.2. SAW 316L(N) welded coupbrinitial microstructural characterisation

Two specimens were extracted from the cresstion of the 75 mm thick 316L(N) SAW welded plate for
electron backscattered diffractiggBSD)analysis in thenning electron microscog8EM) [9]. The obtained
inverse pole figure (IPF) maps ftre austenite phase can be observed in.Figs The rolling direction was
perpendicular to the displayed plane.
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FIG 2. EBSD analysis of the base metal area of SAW 316L(Ngdelslipori9].

The EBSD scan of a @racteristic base metal area Q1% mnf) with 1 um stepsize ca. 8 mm away from
the weld linein depicted in Fig. 2The grains have an averagige of ~80 um and apparently exhibit a random
crystallographic texture. A relatively high number of annealing twins are visible within the grains.
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FIG. 3. EBSD analysis of the base niateeld interface of SAW 316L(M)elded coupof9] .

The EBSD orientation map acquired from the side of the imelddingthe weld line andhe heat affeatd
zone (HAZ) isdepictedin Fig. 3. The mapped area size wa®.3xmnt and an identical scan resolution (j.k.
pm) was employed. Large grains within the weld area are visible on the left side of the micrograph. -The heat
affected zone, i.ethe notional transition area between the base and weld metal materialallyhéatures a
wide grain size distribution with no preferential grain simhich gradually decreases towards the base material
region. The presence of annealing twins is documented in the recrystallized grains within HAZ.



FIG 4. EBSD analysis adheweld metal area 68AW 316[(N) welded coupor9].

A larger area (ca.>®1 mnf) was also analysed across the weith a stepsize of 10 pum. Fig4 displays
the resulting EBSD orientation map. The individual weld beads are not clearly distinguished, however, the
grooving directions are noticeable. Elongated grains within the weld have a high aspect rdtibIofFence,
anisotropy and/or inhomogeity in the mechanical properties of the weld can be anticipated.

3.1.3. Test matrix and specimens fible SSRTiesting
The following specimen geometries were used for SSRT tests:

8 Round: g 2.5 mm, gage length 7.2 neh Fig. 5) I base metal samples, cut in tbagitudinal direction
of the coupon;

0 Fat: 2 mm x 1.5 mm, gage length 5.6 meh. Fig. 5) 1 weld metal 90° samples, cut in the transversal
direction of the coupon.
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FIG. 5. Specimeshapes andimensionsdr the SSRT tests.

The test matrix for the SSREsts is given in Tabl® The strain rates used for the tests were based on the
previous fAcode of pragifi sed employed by SCKACEN

TABLE 3. TEST MATRIX FOR THE $0OW STRAIN RATE TESTS.

Temperature Strain rate [sY] Zone Environment
400°C 5.10° Base metal Ar and Pb
400°C 5-10% Weld metal (90°) Ar and Pb
550°C 5-10° Base metal Ar and Pb
550°C 5.10° Weld metal (90°) Ar and Pb
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Tensiletests in Ar were performed ageferencdor the tests performed in liquid Pb.
Pretest conditions for the specimens followed GEMMA-recommended specifications to perfotime
pre-exposure in molten Pb for at least 30 hours at°&8D@ith the oxygen conteriielow 108 wt.%.

3.1.4. The LILLA facility

TheLILLA experimentafacility consists ofwo cylindrical tanks: aneasuringdnk andstoragetank that
are connected by pipirtg transfer liquid lead between the tafiRs A 3D drawing and an actual photograph of
the facility are displayed in Fig.

The main characteristics of the LILLA facility are:

Operating temperatures in lead: up to 860

Operating range of oxygen concentrations in lead: from saturation to less tHamt 20;

Lead inventory: ca. 35 [;

Surfaces in contact with molten lead gueotected by AIOs; coating (using the pack cementation

technology);

8 Active control of gagixygen injected to cover gas space and to molten lead (below surface) by an
appropriate admixture and delivery of Ar,-Bp, and synthetic air to the facility;

8 Up tofour test sections (with possibility to conduct foucorrosionmechanical tests independently);

8 Two reserve ports (diameter 35 mm) with a possibility for multiple-feeaughs

Qx Ox Ox Ox

Measuring tank

Pressure relief valves

Gas conditioning system
Draining and

Valves and filter oven sampling

Dump tank

Supporting
frame

Vacuum pump

Ventilation and cooling system

FIG. 6. Drawing(left) and view (rightpf the LILLA experimental facility fanaterialtesting in liquid lead.

As a special feature of the LILLA facilityhé natural convection flow déad in the measuring tank can
be regulatedhrough varying thepower of external heaters and heat lossemtiternal cooling channerhis
feature facilitates ime-efficientdistribution andcontrol ofthe oxygendissolved in liquid lead. El&émchemical
sensors based dhe yttria-stabilised zirconia(YSZz)/Pt(air) reference electrade used to monitor dractively
controlthe oxygen content in lead.

The test section load igeneratecby a new type of the pneumaticatlyiven double2bellows (D2B)
devices, see Fig7. Both tensile and compressive loams be generated@he four test sectionare independent
and have théollowing main characteristics

0 Maximum load: 12 kN, push/pull;
8 Operating range ddtrain rates: 19to 102 s?;
8 Test/hold times: up tat least 100 h.

Test sections are equipped witHetachable fixing system fwarioustest andspecimen types, see FR)
A wide range of tests, including SSRT tests, fracture toughness tests, crack growth rate tests, and small punch
testsare possible.
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FIG. 7. The double2bellows (D2B) loading device
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FIG. 8. Main parts of the testection together with the fittings for the crack growth/fracture toughness, tensile, and small
punch tests

3.1.5. Post mortem microstructural investigation

The fracture surfaces were examined in the optical stereomicro@edbe magnification rangieom 4 to
70 times), and in the SEM (in the magnification range from 20 to 20000 times). The specimens were cleaned in
the acetone bath prior to fractographic analysis in SEM. A basic SEM-ghotonentation of fracture surface
was realised, in the form gkts of micrographs at magnifications<5Q00x, 300x, 1000, 3000, and 10008.

The photedocumentation was acquired usitige secondary electron (SE) signal as welltlesbackscattered
electron (BSE) signal. The same procedure was usébgobservabn and photed o c ument ati on of sp
lateral walls in the vicinity of the fracture surfaces.

After the observation of (a®ceived- uncleaned) fracture surfaces and lateral walls, the specimens were
repeatedly cleaned in the solution of {00 OH+GHsOH+H,0, (1:1:1). After each step of cleaning, a basic SEM
observation and photdocumentation of fracture surfaces were realised.

One half of each fractured specimen was longitudinally cut by thin diamond saw approximately in the
middle of the specimen drthe metallographic cut was prepared by the standard procedure (embedding in the
conductive resin, grindinend pol i shing with final step in 0.05 &em
metallographic cuts was carried out in the magnification rémoge 25 to 1000 times using the light microscope
(in normal incident and polarised light mode), and in the magnification range from 20 to 10000 times using the
SEM. For the light microscopy (grain structure characterization), the samples were etchedafutioa of
HCI+HNOs+H,0 (1:1:1).
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3.2. Resultsof the SSRT tests

The SSRT testperformed athe JRC on the sukized samples frorthe 316L(N) SAW welded coupon
were carried out in Ar or in liquid Pb environment at elevated temperatures according to tteriegiresented
in Section3.1.3and Table 3The engineering stressrain curves for all combinations of testing conditions are
shown in Figs. 9 andlO.
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FIG. 9. Tensile curves ofIBL(N) SAW base metal material at: (a) 4@ and (b)550°C.

Fig. 9ashows the representative engineering tensile curves of &SR Tarried out on base metal samples
in liquid Pb and in Ar at 408C, whereaghetests ab50°C are shown in Fig. Q@ he outcomes of the experiments
show agood repeatability angimilar mechanical response in botn and Pb Serrated plastic flows observed
on base metal samples at bd®0 °C and 550°C, most probably due to dynamic strain agefB$A) as also
reportedelsewhere2-14]. The serrations armore pronounced at 55G.
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FIG. 10.Tensile curves ofIBL(N) SAWveld metal90° materialat: (a) 400°C; and (b) 550°C.

The results of SSRTest on the weld metal 90° samples are preserigdlOa (at 400°C) andFig. 10b
(at 550 °C). Due tothe inherent microstructural inhomogeneities of the weld metal material (see also Section
3.1.2), the tests repeatedthesame conditiom(temperature and strain raghibit larger scatteHowever, some
general trends can be observed:sesinducted in Pb show indicationssomewhahigher flow stress (both yield
point and ultimate tensile stress) and slightly lower ductility compared to the tests performed in Ar. Similar
propensities are also observed in the case of S8&J on the wal metal 90° samples at 58C. Analogues
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scatter in the tensile data was also experiemdeththe weld metal 90° samplegere testedh the (reference) air
atmosphere, cf. Fid1.

800 - SAW 316L Weld Metal 90°

—24°C

——24°C
24°C

———400°C
400 °C

400

400 °C
400 °C
——550°C
200 ——550°C

Stress (MPa)

0 T T T T T 1

0.0 0.1 0.2 03 04 05 0.6
Strain

FIG. 11. Tensile curves of 316L(N) SAW weld metal 90° matei&3RTess at room and elevated temperatures in
air. Due to inherent microstructuréhhomogeneitiedarger scatter ofresultsis observe, in particular at 400°C (four
tess) and 500°C (two test$.

3.3. Postmortem microstructural observations

Fig. 12 showsthe complementary posnhortem microstructure observatiofte one of the base metal
specimes tested in liquid Pb at 55TC. The side view of sample surface (Fid.2a) showsductile fracture in
terms of the apparent lateral contraction (ductile necking before the failure)fifidiigy is supported by the
presence of ductile dimples on the fracture surfaige 12b). The crosssection along thtesting axigs displayed
in Fig. 12c, which shows elongated graiimsthe loading directionThe SEM micrographdepicting the detail of
the microstructure and interfabetween the sample and liquid leaghown on Fig. 12d\o liquid Pb interaction
(depletion of alloying elements and/or Pb penetration by diffusion) couldfeered from the micrograph€@n
the other hand, the microstructure is heavily deform@idlocation slip activity is visible in the sample interior
as well as on the sample suddan the form of deformation bands.

FIG. 12. Complementarpostmortem SEM observation of thase metal specimen tested at 860n liquid Pb: (a)
side viewof the specimen after fractu(8E signal) (b) detail of fracture surfacéSE signal) (c) crosssection along the
loading axis (light microscopin the polarised ligh}; and (d) detail of crossection and interfacial microstructu(8SE

signal).
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The microstructure of one of the weld metat 9pecimens aftean SSRTtestat 400°C isdepictedin Fig.
13. Ductile fracture is also observed here as both lateral contraction and dimples are evigémeetcrographs
(Fig. 13a,b). However, in this case, the longitudinal cresstion (Fig 13c,d) shows a dendritic structure typical
of austaitic steel welds as a result of high cooling rates during weldifg Nevertheless, no clear indicaris
of liquid Pb interaction witthe weld 90° material are observed (Hig8e,f).

500 pm

FIG. 13. Complementary poshortem SEM observation of a weld mé&@f specimen tested at 400 in liquid Pb:
(a) side view of the specimen after fract(B& signal) (b) detail of fracture surfac€SE signal) (c) crosssection along the
loading axis (light microscopin thebright field); (d) zoomeen (c) image;(e) detail of crosssection and interfacial
microstructure(BSE signal)and (f) zoomedh (e) image.

3.4. Discussion

During the SSRTs performed othe material from th&sAW 316L(N) welded couponthe base metal
specimens exhited, under the chosen test condiipand aboth400°C and 55CC, practically identical tensa
behaviour when tested in Ar afiquid Pb.This is in line with the observations reported earlier on the tensile
behaviour of 316tgrade steels in leaismuth eutectic [10,16] and by other BEIA partners, who conducted
tests both in Pb and LBE [11]. On the other hatukthe observednhomogeneous weld microstructutae
inherent scatter in the measured tensile ge¢aens drawingany robustonclusions for behaviour of the weld
metal 90°material. Neverthelestje measured tensile curvesem tdndicatesome tendency to havirgslightly
lower flow stress and higher elongation when tested in Ar in comparison with tegfgithRPb (especially at
400°C). The basic microstruate observations bear witness of ductile fractarelthere areno indicatiors of
liquid metal embrittlement and/or environmerdalsisted cracking on fracture surfaces and/or lateral walls of all
analysed specimens.
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4, CONCLUSIONS

This pape summarizesdctivities of the JRC Petten in the domain of structural material integrity for LFRs.
It thereafterdescribes theesultsof slowstrain rate tensiltests o316L(N) and its SAW welded joints in oxygen
controlled liquid lead environmenkt the studied exgrimental conditions he current research results did not
reveal any indications for the existencdiqtiid metal embrittlement and/or environmeraakisted crackingf
316L(N) in liquid lead. Together with oth&@EMMA p a r t meslts,sthds researcdupports resolution of key
safety and licensing aspefts MYRRHA and ALFREDLFRs.
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