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Highlights

Study of liquid metal embrittlement sensitivity of the martensitic T91 steel by Pb, Bi and LBE
The most embrittling liquid metal is LBE, then bismuth while the less one is lead

T91 steel loaded in Bi, Pb or LBE presents a ductile behaviour at 300 &t 400 °C except in LBE
at very slow strain rate

According to the temperature and the strain rate, observation of localized brittle fearfansin

presence of LBE and Bi
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Abstract

The liguid metal embrittlement (LE) sensitivity of themartensiticT91 steel by B, Bi and LBE has

been studiethy small punch tests at differet@mperatures and strain ratéhe LME occurrence in
thethreeliquid metals dependsnthe strain rate anonthe temperature. The T%teel loaddin Bi,

Pb or LBEpresentguctile behaviourat 300 °C and at 400 °C except in LBE300 °Cat very slow

strain rate for which fully brittle fractureurfacewas observedt appears that the LME setigity of

the T91 steel by LBE and bismuth is more important at 30@&@ 400 °C. No LME by lead has

been observedhe mosembrittling liquid metal is LBEthen bismuttwhile the lessone islead.

Some differences in the reactive wetting of the T91 steel by the saturated oxygen liquid metal could

explain the difference ihME sensitivity in the three liquid metals.
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Electron Microscopy

Fracturemode

1. Introduction

For several years, the compatibility of the T91 martensitic steel, a structural material, with liquid lea
or liquid eutectic leadhismuth (LBE) has been studied for the development of accelerated driven
systems (ADS) and also some international Generational IV fission reactorsci@ad Fast

Reactor (LFR)) [1,2]. In this context, degradation of materaperties by liquid metal is one the



issues to be clarified, especially corrosion and liquid rretsisted fracture. Loading a ductile
polycrystalline metal while immersed or after immersion in a liquid metal can give rise to the well
known liquid metal mbrittlement (LME) phenomenon. The material is considered sensitive to LME
when its elongation to fracture is reduced when deformed in the liquid metal instead of inert
environment or when deformed in inert environment after having been in contact withuitienetal

[3-7]. Moreover, the fracture surface turns to brittle aspect in the liquid metal such as cleavage or
intergranular fracture instead of ductile fracture in the inert environment. The occurrence of LME in a
ductile material stressed in a liguinetal has required an intimate contact between the liquid metal

and the solid metal and the application of a plastic deformation. As LME is a kind of environment
assisted fractures, it occurs for a specific set of parameters which includes the chtcaaéthe

solid metal, those of the liquid metal and the experimental conditions. Concerning the solid metal, the
most impacting parameters are the microstructure (heat treatment, grain size, cold worked or
annealed), the presence or not of an oxiderlay the surface, and the roughness of the specimen. The
purity and the physicahemistry of the liquid metal influence the LME occurrence. The most
influencing experimental conditions are test temperature, loading rate and loading type (uniaxial, bi
axid or tri-axial). The high number of parameters and the possible dependence between them
complicate the interpretation of the LME phenomenon. For instance changing tests temperature can
modify as well plasticity properties of the solid metal and at the siameviscosity of the liquid

metal or oxygen content in liquid metal. Thus, a LME case pointed out for one set of experimental
conditions may disappear if one of these conditions has been changed even slightly.

Legris et al. were within the first in the@inting out of LME by LBE and lead of T91 steel18]. By
numerical simulation at atomic scale, they estimated the effect of Pb and Bi adsorbed atoms on the
surface energy of an iron surface. They concluded that LME of T91 steel by lead or LBE refilected t
Rebinder effect i.e. a decrease in the surface energy of the solid alloy caused by adsorption of Pb and

Bi atoms. The occurrence of LME by LBE in T91 has been reported later on by other researchers for



other sets of conditions and the fractography ndeeply studied11-23]. The brittle fracture

discussed at the mesoscopic scale was either at prior austenitic grain bouhtld8ekb[21] or
transgranular. For the latter case, subtle distinctions were suggested such as cléavmgH [1

inter-lath fracture R0,24], quasibrittle [20], pseudecleavage [25]. Occasionally, a ductile fracture

with submicron dimples distinguishable from the ductile fracture in inter environment was observed
[20]. From these, the range of LME mechanisms of T91 steel Wwaged and involved: reduction of

the steel surface energy, and adsorpiimuced reduction of the bond strengti, [IB,15,21],
adsorptiorinduced dislocation emission modificatior2[19], [20,22]. Though lead and bismuth

atoms exhibit close similaritiethe role of each element of the liquid LBE in the occurrence of LME
has been little studied. According to Legris et al calculatit@sBi atoms should be more reactive

than Pb atoms in the LME. However, the recent-BtfAS analysis have pointed out @eferential

role of lead atoms in the LME as they were linked to oxygen dissolved in LBE [26].

Thus, in the present paper, one of the motivations is to contribute to a better understanding in the role
of lead and of bismuth in the occurrence of LME of T9d steel by LBE. The work aimed also to
determine the LME sensitivity of the T91 steel in contact with Pb, Bi and LBE and to understand the
difference in the influence of the 3 considered liquid metals. Small Punch Test (SPT) has been
employed as mecharmaiktest. Indeed, this test has appeared very sensitive to evidence liquid metal
embrittlement [27]. Thus, some SPT were performed in the 3 liquid metals and in air. Because it has
shown that the strain rate and the temperature are parameters whicloininibiease the LME

sensitivity of T91 steel by LBE [222], tests at different temperatures and different strain rates have

been carried out.

2. Material and experiments

2.1.Material



Thematerialwe study herés the T91 martensitic steabhich issumplied in theform of rolled plate.
Its chemical coposition is given in Table T.he material is considered its standard heat treatment
performed in the laboratorya normalizing at 1050°C for 1h followed by air cooling antgmpering
for 1h at750°C. The microstructurgvasrevealed byillela 1V U H I dda<pswf tempered
martensitic with a prior austeittgrain size ofL5+5um which was determined by planimetric

procedurgFigurel). The Vickers hardness (hbyis 278:11 Hv.

2.2.Experiments

To study the effect of the liquid metala the mechanical properties of the steafall punch tests
(SPT) were performed-he test idased ompunching a flat small specimeb mmx10 mmx0.5 mm)
by a ball until fractureTheusedSPTset up compriseaspecimen holder, a pushing rod and a ball
(Figure 2a). The speanen holder includes a lower die amal upper dieThey ardixed by four
clamping screws. The upper die with the specimersésl as the tank for the liquid met@bntrary to
the majority ofSPT setup, the load is transferretere by contact with the lower surface of the
specimen. Thus, the puncher with a 2.5 mm diameter tungsten carbide ball is under the specimen. So
the upper surface of the specimen in contact with the liquid metabmsited to tensile loadinggPT
were performed using an INSTRON electro madbal machine undeontrolledcrosshead
displacement velocities of 0.0005 mm/min, 0.005 mm/min, 0.05 mm/min and 0.5 mwiAnim
corresponds respectively average strain rate anod of5 x 10° sf,5 x 105s’ | 5x 10 s’ and 5 x
108 s’

SPT were performeith an oxygen saturated LBE4 wt% Pb and 5&1t% Bi) bath in oxygen
saturated bismuth bath and in oxygen saturated leadTaa#void any contamination which could
affect the results, a specific SPT specimen holdesdedicated to each liquid metal. Furthermore,
between each test, the SPT specimen heldscleanedTo obtainan homogeneous temperature of

the SPT seup (lower die, upper die, specimen, ball, and emvitent) and séor small punch testst



high temperature, keat ringwasused.To perform testat different temperatures: 258G, 300°C and
400°C, the temperature was controlled by a thermocouple pliackeé environmenttfe liquid metal

or air),and3 mm away from theppersurface of the specimen.

The LME occurrence depends on the surface state of the solid alloy. Thus, in order to avoid effects
due to the roughness of the surface and residual stresses developed during the mechanical polishing,
SPTspecimens were mechanically polished with SiC paper up to 1200 grade, and then polished step
by step with suspensiatiamond pasteliquid to 1 um The final thickness of the specimen before
testing was around 50010 pirhe proceduréor heating theSPTspecimenconsisted in the heating

up the specimeand the SPT setp fromroom temperature to thargetedest temperature at a

heating rate, between°C/min and 9 °C/min and in holding then for 10 minutes before SPT. After
test, the cooling down to roorarhperature was performed without temperature comtoald +cross

head displacement curves were recdrdigring tests

After test the fracture surfaces were analysed by scanning electron microscope (SEMp the

SEM examinatiog, to remove the sdlified LBE, bismuth or lead present on the fracture surface and
on the surface of the sampthe SPT specimentested ifliquid metalwerecleaned in a solution
containing CHCOOH, HO; and GHsOH at a ratio of 1:1:1

Given the literature data, the refece conditionsvere air or LBE at 300 ° C and 400 ° énd for0.5

mm / min. For these conditions at least three tests were carried out. For the other cprdéitasts
wereat least duplicattwhen gghenomenon or evolution suggestamgeffect of tie liquid metalwas
observedThe curves shown in tHellowing figures are the curve of a test representative of all the
SPTcurvesobtained withthe same condition3he values in Tables 2, 3 andepresent the average

of the values of all the tests pemed for the condition if several tests and otherwise the value of the

single test.

3. Results



3.1.Tests at 300°C

Figure 3 presents thead *crosshead displacement curves recorded during the SPT tests in liquid
bismuth and in liquid LBE at 300°for the four differendisplacemenspeeds

In bismuth, the SPT curves (kige 3a) exhibited for the four displacement speeds a ductile behavior
[27-30] with the presence of the 4 typical stages of the SPT curve of ductile ma@riR/iH G ~
30" P~ 39  ontheschematicurve(Figure2b). Thestages correspond : 1.the elastic bending

2. the plastic bending, 3. tlséretching of the membrané the formation and propagation of the main
crack Note that microcrackiitiation for ductile metallic magrialsoccursduring the stag8 [31].

To evaluate the influencd the strain ratethe typical values measured from the curiféigure D)

such the maximum load.k, the displacement #te maximum loadk and the energy at the
maximum load #hax (areaunder the load versuBsplacement curve until.&) were determinedTable
2). The maximum load fx the displacemeratthe maximum loadd: and he energy at the maximum
load Jnax decreased with the decreasing of stvain rate Then, the mechanicadsistance and the
ductility were more important for the higher displacement speedhe higherstrain rate. It was
possible tdink this evolution with the fracture mode of the specimg@igure 4) At 0.5 mm/min, the
main crack was circular accompadiwith a very small radial craskFigure 4a) thefracture was
ductilewith the presence of dimpl€Bigure4b). At 0.05, 0.005 and 0.0005 mm/min, some radial
cracks decorated the main circular créfeigures 4e and 4cYhe fracture was ductile but sormettle
fracture surfaces were observed near the surface of the sample in wathtéce liquid bismuth
(Figures 4dand 4).

Forthetessin liquid LBE, the SPT curvegFigure3b) showeda strong dependence on displacement
speedFor the 3 highest stimrates, the SPT curves exhibited a ductile behaviour tBaigurve of

the test perfomed at the lowest speed (0.80@m/s)was clearly distinguishable from the three other



ones First,the maximum load wastrongly reduced as compared to the othes testformed at
higher speedby a factor of twethird. Secondly, thdisplacement ahe maximum load was
decreased in the same wairdly, the curve exhibited pop-in during the beginning of the stage 2
These results were confirmed tpeating threimes thetest.As well, the typical values of the test
performed at the lowest speed were strongly smaller thuese flor the three higher spetedts. For
the three latte no significant variation wasbserved between theffiable 2) Thissuggests &alling
of the mechanical resistance and of the ductiliten the displacement reaches 0.0005 mm/Adin
the SPT specimens fracturigdLBE exhibited circular and radial crackEhe decrease in thatrain
ratepromoted radial crackingFigure5). So,the nunber of radial crackir the test performed at
0.0005 mm/mirwas much reduced as compared to the other tests and the radial cracks were also
much longel(Figure 5g) In addition the fracturesurface presentddlly brittle aspec{Figure 5h)
Forthe hicher displacement speeds, the fracture surface was ductderebrittle fracturezones

wereobservedutonly near the surface of the specimen in contact with the ligBikl

3.2. Testsat 400°C

The macroscopic behavior of the T91 steel in the ligischuthreflects aductileresponsdFigure

6a). The curvegxhibit the same shapadthe typical valuesf the SPT ag of the same orddFigure

6¢ and Table B But, the maximum load& the displacement at the maximum lahdnd he

fracture energyt the maximum loadmwdx were less important & 005 mm/min and more important at
0.0005 mm/mir(Table 3) It was impossible to make a link between these observations and the modes
of fracture Indeedjn all conditions, the main crack was circu{gigure 7a, Figure 7c, Figure 7i,

Figure 7j),the fracturesurface ductile (Figure 7bkome radial cracksereobserved for the

specimens tested at 0.0005, 0.005 and 0.5 mn{ffgare €, Figure 7i, Figure Jj The radial cracks

were longer at 0.005 mm/miand very small at 0.0005 mm/m(Rigure 7i, Figure 7j)Very local

brittle fracture zongwere observed at 0.5 mm/m(Rigure d).



In LBE, for al studied displacement speetise SPT curve@-igure ) exhibita ductile behaviour
No popin wasobservedThe displacement velocitid not affect the mechanical behavior even
though some of the typical values measured from the c(ifvesd:r andJmay) have varied a little bit
(Table 3. The main crack was circular with some radial cracks observed &iréeehigher
displacement speedBigure &, Figure 7l. The facture surface was ductile. Some very localized
brittle fracturesurfaceshas been observed near the surface in contact with the liquid metal at 0.5 and
0.05 mm/min(Figure ).

The macroscopibehaviour of the T91 steel in liquiddd at 400C suggests ductile behaviour
(Figure6c) confirmed bythe fracture moderheredimplesand a main circular crackan be seen
(Figure 7gFigure h, Figure 7). Only the SH specimen tested at a speed®©®05 mm/min
contained a&ircular cra& decorated by very small radial crack. Macturesurface with a brittle
aspechas been observeaad presence of liquid lead he characteristic values of the curves vary very
little according to strain rate except 0005 mm/min (Table 3). This coherentvith the
observations of theurfacefractures.

For testsaat 400°C in bismuth andn lead,the SPT characteristicalues were layer at 0.0005 mm /
min, without the fracture surface being able to explain thfsisithe valuegTable 3) This effect is
also observed in presence of LBRt less drasticallyAt 300°C, the highest values are tainedfor
tests in bismuth and LBE performed at the highest speed (0.5 mn{fralsie 2).For each liquid
metal consided separately at a given strain rabecept these two peculiar situatiotit®e mechanical
propertief the T91 steedo not vary so muciThe tests performed 400°C and at a speed of
0.0005 mm/mirasted aboub0 hourswhich resulted iran importanbxidation of the liquid metal
especiallyfor thelead This presence of a large contain of oxides could be expléyad increasef

the load (Fay for the tests at the lowest strain rate.

3.3. Tests at 250 °C



Complementary Small Punch tests at 260n LBE were carried out in the same range of

displacement speeds for the T91 steel (Table 4, fidiaesl9). For all the studied cases, thawes

reflect a ductile behavioDifferencesin the characteristic values were minor except for the test

caried out at the displacement speed of 0.5 mm/min whereddf..xwere much higher. In addition,

radial cracks were absent for this test while they formed for the other ones and their length increased
with the decrease in displacement speed. The frastufacewasductile. Except the specimen

fractured at 0.5 mm/min, local brittle fracture surfaces near the surface initially in contact with the

liquid metal was observed.

4. Discussion

The present investigation employed the small punch test techniddeaatographic analysis to
investigate the sensitivity of T91 steel to LME by Pb, Bi and LBE at 300 °C and 400 °C and for a
displacement speed range between 0.5 mm/min and 0.0005 mm/min. At first glance, the mechanical
response suggests a ductile behavafithe material except when loaded in LBE at 0.0005 mm/min.
However, paying close attentibmthe variations in mechanical valuéscrack pattern at the

specimen dome and the fracture surface allow pointing out a certain degree of sensitivity to
enbrittlement according to the considered liquid. And for a considered liquid metal, it depends on the
test conditions, strain rate, temperature.

To evaluate the sensitivity of LM&ccordingto the liquid metal (lead, LBE or bismuthye

determined according the SPT load/displacement curves the normalized energy at the maximum
force (fracture energy per thickness unithdiorm This value represents the ene(ggr thickness) for

the elastic deformation and plastic deformatiothef sample antbr the nitiation of the micrecracls

and cracksvhich can lead to macroscopic damage of the sarhRjgjeres 10 and11 showrespectively

at 300°C and 400°@e evolution of the normalized fracture energyomaccordingo the



displacement speednd accordingo the environmentA representation of the fracture mode is
present for all case¥he valueof Jnaxnormfor the diferent conditiongarereportedn Table 2 and in
Table 3in which previougesults of SPT performed in air and at 0.5 mm/h@rme beenncluded

From the literaturell3,14,32], the monotonic mechanical properties in ai#@0°C ancat 300°Cdo

not change so much withe studiedstrainrates. Thus, one can consider the values obtained during

SPT in air and at 0.5 mm/min. representati/the datan air at the othethreestudied strain rates.

For allconditionsof temperature anstrain rate, the presence of liquid mefib or Bi or LBE)
impact the characteristic valueksthe SPT curves oT91 steelAll the valuef Frax tf andJmaxnorm
decreasavhen the tests were performed in a liquid metal instead akdtrhas been reported in the
past by Ye et ald1] for LBE. Fracture modes in T91 steel tested in LBE at 300°C exhibitefditiie
brittle fracture surfacata displacementelocity of 0.0005 mm/mimo mostly ductile fracture for the
other displacemenelocities At 300°C in liquid bismuth, the fracture is fully ductile for the test
performed at 0.5 mm/min but contains some brittle zones localized near the surface irvgtnthe
metal liquid for the other displacement speéds100°C, no fully brittle fracturesurfacehas been
observedThefacture surfaces are generally ductbecept in liquid bismuth at 0.5 mm/min and in
liquid LBE at 0.5 and 0.05 mm/min for whiglmme brittle zonewereobservedFor the martensitic

T91 steelLBE appears to be the most embrittling liquid metal at 300 °C and at 400 °C

The test temperature has a great importance in the appearance or not of tfe LMt fact, the
ductility of the solid metal in air, the wetting tife solid alloy by the liquid metal, aride liquid
metal / solid metal chemicaiteractions which influencéhe LME occurrencedepend on the
temperatureAn increase in temperature generally favors the ductilithaterialsindeed, acrack
propagates more difficulh a ductilematerialbecause of plastic deformatiahthecracktip which

blunts Thus, generallyi. ME is manifested by a troughf ductility more or less wide in temperature,



the starting temperatud which is the melting temperae of the liquid metalL ME gradually
disappears at temperatures for which the dislocation activity is sufficient to promote plastic
deformdion and sauctilefailure. Furthermore, it is known that sensitivity to LME iffe;m maximum
close to the melting point of the liquid metd].[In the present studyhe most embrittling liquid

metal seemt be LBE andhe leasbnelead However, théhreeinvestigatediquid metals have
different melting temperatur¢Phb: 327°C, Bi: 271 °C,LBE: 125°C). We can not exclude thatr
conclusionis distorted by the relationship between the considered test temperatures and the melting
temperature of each liquid metdhis is why we evaluated the position of the test temperaitures
respect to the ductility tough, for each of the three liquid metals.

In the case of the T91 stestlidied in contaawith LBE, the intensity and the temperature for which
the effectof LBE is the most important vaaccording the authors and so the expenialeconditions
(strain rate, type dbading sample geontgy, oxygen concentration i n LBEURXJKQHVYVY VWDWH «
[13,17,18,33,34. Accordingto the differentresultsthe temperature range for which the LME
sensitivity of theT91 steel by LBE ishe most importantis between 300 °C and 35C?° From this

study, it appears thAME sensiivity of the T91 steel by LBE is more important at 300(fiQures 3b
and 5)than at 250°GFigures8 and9). Theseresultsarein agreement with otheesearchewhere it

was observedhat LME of T91 steel is more pronounced between°g8and 35CC.

No datahas beefiound on the behavior of the T91 steethe presence of liquid bismuth. Some cases
of LME by bismuth forother steels have beenly reported byOld [5]. Furthermore the LME

sensitivity by the liquid bismuth of the Armco irblasbeen studied by Popovi@tal. who have

shown a large effect of the temperature on LME occurrg3&&4. In the present studyhe effect of
bismuthis more important at 308C thanat400°C. Furthermore hte melting temperatui@ bismuth

is 271 °C,a temperature cloge the test temperature 300 ‘& we can assume that the studied
temperature range corresponds to the ductildygh of the T91 steel in the presence of liquid

bismuth.



In someresearchef9,37-39], the susceptibility of T91 steel to LME in liquid Rls been studied.

Vogt et al studied the behavidretween 350 °C and 550 °C in oxygen saturateddétue T91 steel
hardened by a tempering at 500B¥Cusingnotched tensile specimen. Hojna et al. investigated the
LME sensitivity of the T91 stedin its standard heat treatment annealed at 778ft€) surface pre
treatment to obtain Pb wetting, in lead with a low content of oxyigem 10’ to 10" wt. %) by
appling dow loadingrate with smooth and notchespecimens. With notched specimens, LME has
been observed between 350 °C and 20by Hojna andi Gabriele The severity of LMBwvas
expected tdoe greater at 350Cthan at 40 °C [37,38]. Vogt observed thdhe return to ductility is
progessively effectivestarting from 425C (mixed ductile brittle fractursurfacg and the steel is
ductile in the lead at 450 °[@]. Note that he conditioms of the tests in the present stuztg different
from the studiepreviously cited in terms of microstructure of material, surface conditions, presence
of notch, content of oxygen in ledd. particular, the most importadifferenceshavinga significant
effect onLME occurrenceare 1. the initial surface stadéthe T91 steel, in termof wetting effect

[16], 2, strain rated1], 3. preence or nbof anotch and thereforii-axial stress§]. So the

comparison between the different results isaasty In the present study, the experimental conditions
of tests are dse to those of Vodh terms of strain rate and oxygen content in |eadi, the
microstructure of the stefrlom that of Hojna an®i Gabriele.But SPT specimens are not notched.
So, accordingo the different results, we can assume thatest temperatre of 400 °Cof the present
studyis in the ductility tough but is natecessarilyhe detrimental ondor LME.

The test temperature 300°C is in the ductilibugh of he T91 steel in contact with LBE aBd and

is the most detrimental in terms bME. At 300°C,we can conclude unambiguously that LBE is more
embrittling than the liquid bismutlror the testemperature of00°C and for eacliquid metal, T91
steel is in thauctility toughbut weobservea return to ductilityClearly, at400°C,LBE is the most

embrittling liquid metalBecause of the surface observations laechuse00 °C isa temperature



muchcloser to the melting temperature of lead than bismuth, we can conclude that bismuth is more

embrittling than lead fothe T91 steel.

The mosembrittling liquid metal i4. BE while the lesone islead.The present conclusion based on
experimental evidence differs from that given by Legtial[10] who employed h initio atomic

scale simulations combined to a thermodynamic madeélturned th@91 steel to pure ironndeed,
they foundthat bismuth had the most important impaetLME of iron then LBE andinally lead

[10]. In theirstudy, he embrittling criterion was built on a LME model based on the reduction of the
surfaceenegy by liquid metals adsorptiothey also ignorethe presence of oxygen which has an
influence on the sensitivity of the T91 steel by the LBEZ3].

To understand the difference in LME sensitivity of the §8elbetweerPb, Bi and LBE, we
compared th properties fithe thrediquid metals and their interactions with the steel.

The chemical and physitproperties of Pb, Bi and LBE, colledtan Chapters 2 and 3 of the
Handbool{40,41], are very closdndeed, i is found thathe affinity of Pb and Bi for Fe and @re
similar[41,42]. The calculated chemical activif(which expresses the difference between the
properties of the pure element or in a mixture compared to a standaresRitegnd Bi in LBE
reported inTable 5are not verynfluenceal by the temperate. The valueare slightly largefor

bismuth than for leadlhis result could suggest a behavior of LBE closer to that of Bi than that of Pb.
The sensitivity to LME depends on the wettability of sodid material by the liquid metaB[6,7.

Among the dferent factors that affect the wettabilityurface tensioplays an important rolelhen,

the higher the surface tension of the liquid metal, the less the liquid metal has the ability to wet
surfaces. From the data given #9], the surface tensions 8i, Pb and LBE at 250 °C, 300 °C and
400 °Chave been calculatédable §. The metal with the highest surface tension is Pb, which could
explain the quasabsence of LMEf T91 steelin contact by lead by comparison with Bi and LBE.

However, at 300 °C,ibmuth has a lower surface tension than LBE whereas LBE is more embirittling.



In addition, the value of the surface tension of bismuth at 400 °C is lower than that of LBE at 300 °C
while a very low sensitivity of the T91 steel by Bi was observed at 400G, the value of the
surface tension, an element to explain the wettability by the liquid meaalsptexplain the
differencedn sensitivity of thestudiedsteel in the three studied liquid metdisirthermoregenerally,
similar values of wetting meared on iron surfaces foiquid Pb, LBE and Bi are reported in the
literature B3-45]. This is due to the resemblance of interactions of Pb and Bi with iron. NBibher
nor Biform intermetallics with iron, and the solubility of iron in liquid-Bbis very close to the
solubilities in liquid Pb and liquid BNo reactive wetting occurs.

The influence of oxygen content in LBE on the corrosion resistancerahé LME sensitivity of the
T91 steel has beatudied[21-23,46]. A low oxygencontentin LBE increases the sensitivityg
corrosion and LMEbf T91 steel in LBE. Indeed, low oxygeonntentlimits the reformation of oxide
destroyed by plastic deformation and then impsmantact between the steel and the liquid metal. In
the present studyheliquid metas werein contact with air andosaturated in oxygeWe calculated
the oxygensolubility limit in molten lead, bismuth and LBE accordiogherecommended formula

in [41] (Table 7). The mai point arethatfor thethreeliquid metals, a50°C, 300°C and400 °C,

the oxygen contentat saturation are close and are sigfitto allow oxide formation dhefresh
surface of the steetleformed in liquid metal and so to avoid intimate contact between the steel and
the liquid metalFurthermore Matinelli et al.[47] showed thathe oxygen solubility in LBE

depended on the lead content. They foundttietomposition ofPb-Bi alloys did notaffectthe
composition and the mechanisms of oxidlenationat the steel surface oxidkeit only the oxidatin
rate.Thus, the differences in results obtaiwegth thethreeliquid metalscannotbelinkedto a re
oxidation difficulty of the fresh surfacesf the T91 steefieformed in liquid m&l. However, despite
some dispersions in the data, it seems to shawthie diffusion coeffient of oxygen is greater in

LBE than inBi and Pb[41]. This could suggeshatoxidation of fresh surfaces easiein LBE and

therefore a lower LME sensitivity in this environment, whigdis notobserve in our studylt has



bean shown that pure Pb without oxygeéa not wetthe T91 steel surface because of the presence of
FeCrO4 oxide film onto the T91 steel surfabat wet the surface of iron free of all oxide laj48].
However it has been shown that Pb, Bi and ldEtainingdissolved oxygeran wet oxides present
on the surface of steels (iron oxide and chromiton oxide)[44,49]. Indeed, ontrary to what is
observed for metht surfaces without oxidesteelscovered byan oxidelayercould bebetter wetted

by a liquid méal (Pb, B and LBE) containing dissolved oxygbercause of the attragh between
oxygen in liguidmetaland oxygen in oxidgiving rise to aeactive wettingThus, thedissolved
oxygenin liquid metal carinfluence LME processither by limiting the meillic surface reoxydation
(very low oxygen), or by promoting reactive wetting between liquid metal containing dissolved
oxygen and oxide surface of the steel. The prestendl fits with the last situation because ours tests
were performed in liquid metahturated in oxygen.

Some aidies report the difference in thele of Pb and Bi o LME by LBE oron corrosion by LBE.
From corrsion experimententhe T91 steel immersed in LBE at 470°C during 3700 hours, SIMS
analyses showed the presence of lead bubismuth inside the oxide layer. In other words, the oxide
OD\HU D FW H Getdinindledd hrl \Albiihg passageisimuth[50]. Note thatlead was
retained onlyin the oxides formed inxygen saturateBbaBi alloy while bismuth was found in the
oxidesformed by oxidation in oxygen saturatéglid bismuth.To~SIMS analyses showebe
penetration of lead and/or bismuth beneath the surface of the T91 steel immersed\ivith By
oxygen content: 1®w%) [26]. The authors concludeo a most lilely lead adsorption at the surface
of the oxide layer than bismuth adsorptiGarthermorexygenin low quantity couldrive the lead
atoms to the surface and then to the lilthe steelThese two studig)26,50] showclearlya
preponderant effect oéad linked to the presence of oxygerthe liquid metalNote thatPbO

exhibits a higher stability than £)s. Furthermore molecular oxygen fQ@lissolves in LBE in the

form of a monoatomic species (O) with electronegativity significantly higher thaoftrestd and

bismuth. Therefore, the electrookthe outermoselectronic shell oPbatomswill be attracted by O



atoms and oxygen will be present in the liquid metal in the form-oio@s In the liquid LBE,

oxygen is preferentially linked to Pb atonagherthan to Bi atomsThus, in LBE, PBO couple can be
preferentially attracted at the oxide layer present at the surface of the T91 steel for adsorption than Bi
ThePbis absrbedin the layer and then in the steel which allows LbtiEurrencg26].

In the present studtheliquid metak weresaturated in oxygen. The difference of LME sensitivity by
lead and LBE coulthe explairedby the presence of more dissolved oxygen link to the Pb in LBE and
S0 more attraction of the RD coupleby the oxide athte surface of the T91 ste€lurthermore, the
resultsarecoherent with results reported by O&] €oncerning the LME sensitivity of th&lS1 4140

steel at 370°CTherefore fothe AISI 4140steel, LME sensitivity is increased by additions of

bismuth to €éad.Concerning théiquid bismuth, a small number of studies have been carried out on

the behavior of the T91 steel in contact with bismuth (corrosion) and on the wettability of this steel by
liquid bismuth. In addition, thiesttemperaturesdiffered fran our tests. The observatiopgesented

in our studytend to show a greater reactive wetting of thielea surface of the steg} lead than by
bismuth. Howeverthis resultcannotbe verified experimentally or cannot be correlated by the results

of the literature. The more important reactive wetting of th@eda surface of the T91 steel by lead

could explain that the moembrittling liquid metal i4. BE andthen bismuth.

5. Conclusions

The LME sensitivity of the T91 steel by Pb, Bi and LBE has beenestwdith the SPT technique and
the observations of the fractured specimdine effects of strain rate (by changing the displacement
speed from 0.5 mm/min to 0.0005 mm/min) and of test temperature (250°C, 300°C, 400°C) on the
sensitivity of LME have been osidered.

The main conclusions are:

- All SPT curves exhibit nearly the same shape which did not allow suspecting LME.



- The normalized fracture energy calculated from the SPT curve depends on the test conditions
but is not satisfactory enough to predict LMé&orrence.

- Three morphologies of fracture surface are observed: fully ductile, fully brittle and small area
of brittle fracturesurfacein a ductile fractursurface

- A pronounced LME th a fully brittle fracturesurfaceis found with LBE at 300°C and a
displacement speed of 0.0005 mm/min.

- T91 steel is more sensitive to LME by LBE and bismuth at 300 °C than 400 °C.

- The most embrittling liquid metal is LBE, then bismuth while lead is the less one.

- Some differences in the reactive wetting of the T91 stethdgaturated oxygen liquid metal
may be the source in the difference in LME sensitivity between the three different liquid

metals.
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Table 1 : Chemical composition of the T91 steel.

Element C Cr Mo

Nb \%

Si P

Mn Ni

Al N

Fe

wt % 0.102 | 8.99 | 0.89

0.06 | 0.21

0.22 | 0.021

0.38 | 0.11

0.0146 | 0.0442

Bal

Table 2 : SPT results at 300 °C in air, in LBE and in bismthie maximum load f the displacement at the

maximum laod g the energy at the maximum loagaJ(area under the load versus displacement curve until

Fmax) andthe normalized energy at the maximum force (fracture energy per thicknessgit)m

Conditions Frax(N) dr (mm) Jimax (J) Jimaxnorm (J/mm)
Bi, 0.0005 mm/min 1130+42 0.78+0.14 0.66+0.03 1.31+0.06
Bi, 0.005 mm/min 1245 0.95 0.77 1.52

Bi, 0.05 mm/min 1384 0.96 117 1.89

Bi, 0.5 mm/min 1428+46 1.29+0.01 1.09+0.06 2.19+0.09
LBE, 0.0005 mm/min 1116+158 0.69+0.03 0.63+0.06 1.24+0.10
LBE, 0.005 mm/min 1458+8 1.05+£0.14 1.05+£0.14 2.10+£0.28
LBE, 0.05 mm/min 1575+112 1.02+0.08 1.09+£0.10 2.18+0.16
LBE, 0.5 mm/min 1720+134 1.38+0.17 1.38+£0.25 2.87+0.20
Air, 0.5 mm/min 1946+190 1.67+0.06 2.14+0.33 4.14+0.52

Table 3 : SPT results at 400 °C in air, in LBE, in bismuth and in lda&maximum load fx the displacement

at the maximum laod:dthe energy at the maximum loagJ(area under the load versus displacement curve

until Fnay andthe normalized energy at the maximum force (fracture energy per thicknessit)m)

Conditions Frmax(N) dr (mm) Jimax (J) Jimaxnorm (J/Mmm)
Bi, 0.0005 mm/min 1522 1.35 1.27 2.47
Bi, 0.005 mm/min 1235 0.92 0.78 1.55
Bi, 0.05 mm/min 1418 1.14 0.94 1.89
Bi, 0.5 mm/min 1285 1.22 0.94 1.83




LBE, 0.0005 mm/min 1384 0.95 0.90 1.8
LBE, 0.005 mm/min 1230+17 0.85+0.13 0.74+0.15 1.47+0.33
LBE, 0.05 mm/min 1167+19 0.92+0.01 0.72+0.05 1.46+0.02
LBE, 0.5 mm/min 1282+88 1.21+0.16 0.94+0.16 1.87+0.33
Pb,0.0005 mm/min 1571 1.38 1.35 2.76
Pb, 0.005 mm/min 1216 1.13 0.71 1.45
Pb, 0.05 mm/min 1220 1.13 0.75 1.13
Pb, 0.5 mm/min 1280 1.42 0.99 1.93
Air, 0.5 mm/min 1707+48 1.64+0.1 1.58+0.12 3.21+0.22

Table 4 : SPT results at 250 °C in air and in LBRe: maximum load fx the displacement at the maximum
laod d, the energy at the maximum loaglad(area under the load versus displacement curve ypijl &d the

normalized energy at the maximum force (fracture energy per thicknessiig

Conditions Frmax(N) di (mm) Jimax (J) Jimaxnorm (3/mm)
LBE, 0.0005 mm/min 1395 1.12 1.08 2.16
LBE, 0.005 mm/min 14344200 0.98+0.03 0.98+0.03 1.91+0.02
LBE, 0.05 mm/min 1497+83 1.12+0.11 1.06+£0.11 2.14+0.20
LBE, 0.5 mm/min 1696+67 1.78+0.14 1.83+£0.02 3.69+0.10
Air, 0.5 mm/min 1796+98 1.64+0.02 1.77+£0.02 3.68+0.04

Table 5 : The lead and bismuth activities in LBE at SPT temperatures (calculated according recommended

formula in[41]).

250 °C 300 °C 400 °C

Bismuth 0.426 0.436 0.450

Lead 0.301 0.312 0.328




Table 6 : The surface tension (N/m) of liquid lead, liquid bismuth and liquid LBE at SPT temperatures

(calculated according recommended formuladig]).

Lead Bismuth LBE
250 °C 406.7 1¢°
300 °C 373.6 1¢° 402.7 1¢°
400 °C 449.9 1¢° 365.510° 394.7 1¢°

Table 7 : The oxygen limit solubility in molten lead, bismuth and LBE in weight % (calculated according

recommended formula id]]).

Lead Bismuth LBE
250 °C 2.311¢°
300 °C 1.6 10° 1.1310°
400 °C 5.47 1¢° 1.810* 1.310*




Fig. 1. Microstructure of the martensitic T91 steel observeapligal microscope.




Fig. 2. Small Punch Test device for sistliquid metal.

WC Ball

o
o
=
on
c
1=
%)
=
a



Fig. 3. SPT loadlisplacement curves of the T91 steel testdismuth (a)) and ihBE (b)) saturated in oxygen

at300°C and at different displacement velocities



Fig. 4 SEM macreview of the dome and of the fracture surfac¢hefT91 steeltested in oxygen saturake

bismuth at 300 °C, at 0.5,d%, 0.005mm/min.
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Fig. 5. SEMmacraview of the dome and of the fracture surfac¢hefT91 steeltested in oxygen saturated lead

bismuth eutectiat 300 °C, at 0.5, 05) 0.005, 0.0005 mm/min.
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Fig. 6. SPT loaddisplacement curves of the T91 steel testduismuth (a)), inLBE (b)) and in lead (c))

saturated in oxygen 400°C and at different displacement velocities
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Fig. 7. SEM macreview of the dome and of the fracture surfac¢hefT91 steeltestedat 400 °Cin oxygen

saturated Bi (a), b), ¢), di), j)), in oxygen saturateldadbismutheutectic(e), f), k)) and in oxygen saturated Pb

(9), h) 1).



Fig. 8. SPT loadlisplacement curves of the T91 steel tested in LBE saturated in oxygen at 250&tC and

different displacement velocities.



Fig. 9. SEM macreview of the dome and of the fracture surface of the T91 steel tested in satgestedead

bismutheutectic at 250 °C, at 0.5,0%, 0.005, 0.0005 mm/min.



Fig. 10. Evolution of the normalized fracture energy at Fwarsus the crosshead speed ancethéronment

(SPT at 300C).



Fig. 11. Evolution of the normalized fracture energy at Fmax versus the crosshead speeccantdhenent

(SPT at 90°C).



