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|. Material Requirements and Candidate
materials for Heavy Liquid Metal Cooled
Fast Reactors



Materials requirements for the innovative reactor systems (1)

The main requirements for the materials to be used in these reactor

systems are the following:

L The in-core materials need to exhibit dimensional stability under irradiation,
whether under stress (irradiation creep or relaxation) or without stress (swelling,
growth).

 The mechanical properties of all structural materials (tensile strength, ductility,
creep resistance, fracture toughness, resilience) have to remain acceptable
after ageing.

 The materials have to retain their properties in corrosive environments (reactor
coolant or process fluid).

Other criteria for the materials are their costs to fabricate and to assemble, their

composition should be optimized in order for instance to present low-activation (or

rapid deactivation) features which facilitate maintenance and disposal.

These requirements have to be met under normal operating conditions,
as well as in incidental and accidental conditions.



Materials requirements for the innovative reactor systems (2)
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Materials requirements for the innovative reactor systems (3)

W Another tough challenge is the high irradiation doses sustained by the in-core materials. Also, it
can be difficult to find materials compatible with some of the coolant or process fluids considered.

U The combination of high temperature, high neutron dose and environment could prove to be a
major obstacle for the viability of some of the systems.

U Finally, the toughest demand is the lifetime expectancy, which is 60 years, where the maximum
design life of reactor materials is more in the range of 30 years

SFR GFR LFR
Coolant Liquid Na He Lead alloys
P (MPa) 0.1 7 0.1
T (K) 625-825 755-1125 825-1075
Core structures Wrapper F/M steels Fuel & core Target, Window Cladding

structures
Cladding Adv Aust &

F/M steels
F/M ODS Si1C/S1C F/M steels ODS
composite
T (K) 665-975 875-1475 625-755
Displacement Cladding 200 60 =90 Cladding ~00 dpa, ADS/
dose (dpa) target —100 dpa
Other IHX or turbine
components Ni alloys

Summary of materials considered for the different systems



Candidate materials for innovative reactor systems (1)

Ferritic/martensitic steels

U Ferritic/martensitic steels (9-12% Cr) are promising
candidate materials for sodium or lead cooled reactors
with a high temperature (<875 K) and compact primary
system, as well as for the pressure vessel of high
temperature gas-cooled reactors.

U There is a strong push to reach high burn ups to
optimize the use of resources and to minimize the
waste, and the swelling of alloys currently used for fuel
cladding in fast neutron reactors limits the burn up,
because of geometrical constraints and also the loss of
mechanical strength.

U This limitation could be overcome with improved
materials such as ferritic/martensitic steels which
exhibit a much lower swelling as shown in Fig. which
shows that the maximum hoop deformation of
austenitic steels increases rapidly after an “incubation”
period when that of F/M steels remains low even at
displacement doses above 150 displacements per
atom (dpa).
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Candidate materials for innovative reactor systems (2)

Ferritic/martensitic steels

U Austenitic steels like AlSI 316L that are used in water cooled reactors are not only susceptible to
irradiation induced swelling and creep, but also show limited corrosion resistance in Pb-alloys at
high temperature. Ferritic—-martensitic steels have better corrosion behaviour in liquid Pb-alloys than
austenitic steels. They also present a better behaviour under irradiation and thus appear to be
candidate materials for fuel cladding and structures in high flux zones.

U The 9%Cr martensitic steels with their Low Activation (LA) variants for fusion are foreseen for
operating temperatures up to 825 K. A large set of data issued from the various Fast Neutron
Reactors programmes exist for the classical 9—12% Cr martensitic steels for doses 100dpa in the
range 675-825K.

U The resistance to swelling is excellent due to the bcc crystalline structure and the high density of
sinks of the martensitic microstructure. The hardening and embrittlement are negligible when
irradiation occurs in the range 675—825 K.

U Finally, these alloys exhibit better mechanical properties, lower thermal dilation and are cheaper
than alloys used previously in the intermediary circuit of sodium cooled fast reactors, which would
help design a much more compact circuit and make the system more competitive economically.



Candidate materials for innovative reactor systems (3)

Oxide dispersion strengthened steels

d

d

Oxide dispersion strengthened ferritic/martensitic
steels are considered for cladding materials for high
burn-up fast neutron reactor fuels.

Figure shows the benefits of a ferritic/martensitic
matrix  with respect to swelling problems. The
nanosized dispersoids of yttrium oxide give these
alloys a good creep resistance at high temperatures.
The ODS grades currently developed in the frame of
the SFR or fusion contain 9-12% Cr.

However, these alloys could show some limitations In
terms of internal corrosion (oxide clad reaction) and
temperature (phase transition around 1075 K).
Therefore, ferritic steels with 14% Cr and more could
be used up to 1175 K. Although irradiation data are
scarce, the bcc crystalline structure should present an
excellent resistance to swelling.

-eeyé-== F17Ct SL

25 +  F17CrST
ﬁt [] MI2Cr(HT9)SL
{4 H MI2Cr(HT9)ST
+*, A M9Cr(EMIO)SL
A -eef-== MOCy (EM10) ST
E -50
~ % 17%Cr
E [
175 H
- 12%Cr
O
9% Cr
-275
P Y W
unirradiated %&& = z Fay
Pk
375 O]
675 725 775 825 875

Irradiation temperature (K)

Ductile to brittle transition temperature (TDBT) for
F/M steels with different Cr contents as a function of
irradiation temperature



Candidate materials for innovative reactor systems (4)

Ceramic materials

Geal: 3 m (length) x 10 mm (inner diameter) x 1 mm (wall thickness)

O Ceramic materials are needed for very
high temperature components (>1275
K) such as heat exchangers and
thermal insulations in the primary
system, as well as core components
such as control rod sheath (V/HTR and
GFR) and fuel constituents (GFR as
shown in Figure).

O The main goals of the studies on non
metallic materials such as graphite or
ceramic matrix composites (C/C, C/SiC,
SiC/SiC) are to select and characterize
various core materials for structural Wall thickness: 1.0 mm
applications (reflectors, fuel structures,
control rod cladding, core’s support
plates) at high temperatures (T =1375K L ,
up to 1875K in accidental conditions) SIC/SIC fuel pin or fuiel plate IOFEES
under irradiation and impure helium
environment,

Fuel Plate




Il. RATEN ICN research activities
concerning on the
Liquid metal embrittiement (LME)



II.1 Overview oh the Liquid Metal Embrittlement
phenomenon (LME) (1)

In the research area for the Generation |V nuclear reactors, a vital task is to manage the structural
integrity of the nuclear components under representative environment conditions.

The damaging factors as irradiation, high temperature and corrosion, constitutes a priority even from
the design stage. In the literature the degradation mechanisms of the mechanical properties by liquid
metals were mainly classified as LME, liquid metal-assisted damage (LMAD) and environmentally
assisted cracking (EAC). Common features of those degradation mechanisms involve a physico-
chemical and mechanical process connected with the wetting phenomenon.

It seems that no single mechanism appears to control LME. Also, a good sort of conflicting results
possibly originates from the characteristics of the testing procedure.

Moreover, a major gap exists between the atomistic simulations at the nanometer level and
experimental results at the macroscopic level.




II.1 Overview oh the Liquid Metal Embrittlement
phenomenon (LME) (2)

O The subsequent definition for the liquid metal embrittlement is accepted: LME is the loss of tensile
ductility of stressed normally ductile metals or metallic alloys in contact with a liquid metal
that may lead to brittle fracture.

O LME is taken into account as a specific sort of a case of brittle fracture, inter-granular or trans-
granular, by cleavage and it is among little or no penetration of the embrittling atomic species into the
solid metal.

0 LME behaviour is strongly influenced by the variables affecting material (e.g., solid metal
microstructure and chemistry), stress state (e.g., notched vs. smooth bars) and environment
(including the numerous factors that affect wetting), which underlines the importance of test
conditions on the LME phenomenon.

0 The need for LME modelling of stainless-steel systems is emphasised in the scientific dedicated
literature. In the meantime, the lack of models, in this case, is owing to the complexity of modelling a
multi-component engineering alloy (in opposition to a pure material).

0 Taking under consideration the resistance of stainless steels to LME, modelling can be instructive to
the overall understanding of LME resistance, but also to use it in the practical applications associated
with assessing the structural integrity for the systems in Generation |V reactors.




I.1 Overview oh the Liquid Metal Embrittlement
phenomenon (LME) (3)

0 Thus, the purpose of the works

performed at ICN is to highlight
the changes In the
thermomechanical behaviour
induced by the contact between
the 316L austenitic steel with
liqguid lead, as well as Its
modelling through the equation
of the Ramberg-Osgood-type
mechanical stress-strain curve.

It should be noted that there are
still no systematic studies in the
specialized literature carried out
for the evaluation of the
thermomechanical behaviour of
316L  steel under @ tensile
mechanical stress in the liquid
lead environment, Iin the range
of temperatures 350C — 400C.

Model The main features Model support Limitations Constitutive
equation
o~&
Reduction in Thermodynamic Experimental support, Does not take into No
Surface Energy approach, the defect is consider the effects of account the
usually intergranular experimental observations mechanisms
of atomic degradation
Adsorption Adsorption of liquid Qualitatively consider the No more No
Induced metal reduces the effects of many experimental
Reduction in strength of cohesion on | experimental observations observations can be
Cohesion the atomic planes Fractographic support explained
Enhanced Defect occurs by Experimental support, No math analysis, No
Dislocation localized micro- ductile strong fractographic based on complicated
Emission coalescence support fractographic
analyzes
Enhanced Work Adsorption of liquid Experimental support for No math analysis, No
Hardening metal atoms facilitates discontinuous crack Lack of experimental
dislocation motion growth support for improved
hardening
Localized Liquid metal diffuses Correctly predicts that Lack of experimental No
plasticity that along the grain LME rupture is support
favors LME boundary before the accompanied by extensive
crack tip plasticity
Dissolution- Crack growth by the Limited experimental Predicts the wrong No
Condensation stress-assisted support dependence of LME
dissolution of solid on the composition of
metal into liquid metal liquid metals
at the tip of the crack
Grain Boundary Promoted stress Can qualitatively consider No math analysis, No
Penetration diffusion of the liquid the effects of many lack of experimental
metal along the grain experimental observations, support
boundaries before the
crack tip
Present study Adsorption of liquid Experimental support, Does not take into Yes

metal reduces the
strength of cohesion in
front of microcracks

strong fractographic
support

account the oxygen
effect in the liquid
lead on LME

Ramberg-Osgood




I1.2 Slow strain rate testing of 316l stainless steel in the air and in
the liquid lead environment (1)

0 The experimental tests on the 316L stainless steel specimens, used in Generation |V reactors
were performed in both the liquid lead and the air environment to highlight better the material
behaviour under the liquid metal embrittlement.

d In this regard, it was preferred the Slow Strain Rate Test (SSRT). According to ASTM - G129-
00 the SSRT is used for the relatively screening or comparative evaluation of environmental
variables, that can affect the resistance of a material to environmentally assisted cracking.
(EAC). The slow constant extension rate produces a gage section strain rate, which is usually
in the range from 10%—4) to 104(-7) s-1 .

0 The SSRT is a comparative evaluation and therefore it was conducted in two environments:
(1) one in which the material under evaluation is not susceptible to EAC (air), and (2) the other
in which the resistance to EAC of the material is being determined (liquid lead).




1.2 Slow strain rate testing of 316l stainless steel in the air and Iin
the liquid lead environment (2)

0 An  important facility
has been designed
and built up for the
Instron Testing Facility
(Fig. (a)) for the liquid
lead experiments.

W The Walter+Bai
Machine (Fig. (b))
allows the tensile tests
in the air.

0 Also, one may see the
typical specimen
aspect before and after

testing in| the liquid
lead im0 Eig e Figure a) Instron Testing Facility for SSRT in the liquid lead; b)

respectively Fig. (d). Walter+Bai Machine in the air; ¢) 316L specimen before testing; d)

316L specimen after testing



I1.2 Slow strain rate testing of 316l stainless steel in the air and in
the liquid lead environment (3)

Comparison Lead vs. Air 375
] |

H[I | |

& The tensile tests in air and liquid lead were
carried out at deformation rates of the sample in
the range 10%(-3) s-1 ~ 10%(-5) s-1, following
ASTM G129 and ASTM ES8, in a temperature
range of 350°C - 400°C.

O The diagrams obtained during the "Slow Strain
Rate Testing" (SSRT) tests were converted into
real mechanical stress-strain curves.

Stress [MPa]

O Figure shows a set of curves o=f(g), which were
represented up to the necking points of interest,
points where the tangents to these curves take
zero value.




I1.2 Slow strain rate testing of 316l stainless steel in the air and in
the liquid lead environment (4)

T=350°C

SEM
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I1.2 Slow strain rate testing of 316l stainless steel in the air and in
the liquid lead environment (5)

T=375"°C,
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I1.2 Slow strain rate testing of 316l stainless steel in the air and in
the liquid lead environment (6)

T =400 °C,
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Il.2 Slow strain rate testing of 3161 stainless steel in the air and In
the liquid lead environment (7)

O The experimental tensile mechanical tension-deformation curves will be processed according to
the Ramberg - Osgood model.

O From practical considerations, related to the use of the constitutive equation in the analysis with the
finite element method, the equation of the stress-strain curve in the Ramberg — Osgood format has

the form:
m
£ g 0]
€o Oy oy

d It is characterized by parameters a , respectively m=1/n, which is the inverse of the hardening
exponent.

0 Using a specific methodology described in some own papers, from the curves o=f(¢) the following
quantities were extracted: the coefficient a of the Ramberg-Osgood relation, the parameter m,
which is the inverse of the hardening exponent, n.

0 At the same time, the database also contains the yield stress values, 00.2 , respectively of the
maximum stress corresponding to the localized deformation, ou , which were determined for all

tested specimens.




I1.2 Slow strain rate testing of 316l stainless steel in the air and in
the liquid lead environment (8)

Air - alpha dependence vs. strain rate and temperature range

L The values obtained for the coefficient a of the

Ramberg-Osgood relationship following tests
performed in the air on 316L stainless steel
samples, as well as the parameter m, which is the
inverse of the hardening exponent, n; depending
on the strain rate in the temperature range 350°C -
400°C in air.

For the coefficient a of the Ramberg - Osgood
equation, for the entire temperature range (350°C
— 400°C), the value of the parameter a increases
slightly with the increase of the strain rate; with the
increase in temperature, regardless of the strain
rate, the value of the parameter decreases.

For the parameter m of the Ramberg -
Osgood equation, for the entire temperature range
(350°C — 400°C), the value of the parameter m
increases slightly with the increase of the strain
rate; with increasing temperature, regardless of the
deformation rate, the value of the parameter
Increases.
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I1.2 Slow strain rate testing of 316l stainless steel in the air and in
the liquid lead environment (9)

D The Va|ueS Obtalned from the tests performed in Liquid lead - alpha dependence vs. strain rate and temperature range
the liquid lead environment on 316L stainless /
steel samples for the coefficient a of the Ramberg- 28 .
Osgood relationship, and the parameter m, which .
is the inverse of the hardening exponent, n.

- For the parameter a of the Ramberg-Osgood
equation, in the tests performed in liquid lead, for 15
the entire temperature range (350°C - 400°C), the . 410
value of the parameter a remains almost constant Strain rate (x10-5) s-1 70 120 arec
at each value of the strain rate; The same can be s
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Osgood equation, in the tests performed in the 7
liquid lead for the entire temperature range (350°C
— 400°C), the value of the parameter m decreases
significantly with the increase of the deformation
speed; With increasing temperature, the value of 150
the parameter m remains almost constant for a 0 39
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the liquid lead environment (10)

Yield stress dependence vs. strain rate and temperature range in air

230 -

220

210

200

Yield stress (MPa)

190

180

410

100
Strain rate (x10-5) s-1 R

390
380
370

360 Temperature C

350

(a)

I1.2 Slow strain rate testing of 316l stainless steel in the air and in

Maximum stress at necking (MPa)

Maximum stress at necking vs. strain rate and temperature range in air
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(b)

Yield stress (a) and maximum stress corresponding to localized deformation (b), for 316L steel
depending on the strain rate in the temperature range 350°C - 400°C in air.

Yield stress dependence vs. strain rate and temperature range in liquid lead
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Yield stress (a) and maximum stress corresponding to localized deformation (b), for 316L steel
depending on the strain rate in the temperature range 350°C - 400°C in the liquid lead.



I1.3 Multilayer feedforward neural network used to model the
parameters for ramberg-osgood stress-strain curve equation (1)

d In  function approximation, the
Multilayer Feedforward Neural  Random a0p | | Theremiss Input valne
Network (MFNN) is probably the of weights bias ] e by weight
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I1.3 Multilayer feedforward neural network used to model the
parameters for ramberg-osgood stress-strain curve equation (2)
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I1.3 Multilayer feedforward neural network used to model the
parameters for ramberg-osgood stress-strain curve equation (3)

O Processing of experimental data obtained for 316L steel in the air environment. After processing the data
through the MFENN network methodology, the functions obtained for the R-O coefficients are

Xair (T' é' 00.2, Gu) and Mair (T) é, 00.2, O-u)-

MFNN Prediction vs. Experiments for m (Air)

MFNN Prediction vs. Experiments for alpha (Air)
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I1.3 Multilayer feedforward neural network used to model the
parameters for ramberg-osgood stress-strain curve equation (4)

O Processing of experimental data obtained for 316L steel in the liquid lead environment. After processing the
data through the MFENN network methodology, the functions obtained for the R-O coefficients are

Hlead (e 00.2, O-u) A mmn (e 0.2, Uu)-

" MFNN Prediction vs. Experiments for alpha (Liquid Lead) - MFNN Prediction vs. Experiments for m (Liquid Lead)
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I1.3 Multilayer feedforward neural network used to model the
parameters for ramberg-osgood stress-strain curve equation (5)

0 Some comments are needed regarding the prediction accuracy of the MENN model for a
and m values compared to the experiments performed in the liquid lead environment.

O It was found from the preliminary analysis a considerable scattering for the values of the
parameters a and m, both for the air environment and, especially, for the liquid lead
environment.

0 However, modelling by the method of artificial neural networks of the MFENN type leads to
obtaining fairly accurate prediction functions for a and m, a remarkable fact all the more
since they are based on four modelling parameters: temperature, deformation rate, yield
stress, the maximum load corresponding to the localized deformation.

O Such modelling, in which several input parameters enter, is very difficult to achieve with the
usual fitting methods that are provided in the statistical packages of various programs.




1.4 Application of Ramberg - Osgood MFNN model to assess the
stress-strain behaviour of 316l in the air and in the liquid lead
environments at the temperature of 375 °C (1)

For the prediction of the tests carried out in the air environment, we apply the following conditions
to obtain the numerical values of the parameters of the Ramberg-Osgood relationship in the analyzed
case study: Temperature 375 (units °C); Strain rate € = 5 (units 107> s71); Yield stress gy, =
221 (units MPa); Maximum stress at necking a,, = 497 (units MPa).

Qyor (T, € 6o, 0,) = Ager (375,5,221,497) = 1.75

Myer (T, E,042,0,) = Myer (375,5,221,497) = 5.55

5.55
g o o
_:_+1.75.(_)
€0 Op Og




I1.4 Application of Ramberg - Osgood mfnn model to assess the
stress-strain behaviour of 316l in the air and in the liquid lead
environments at the temperature of 375 °C (2)

i Air 375C 150 Air 375C o
I I I |
¢ Residual
500 - O Standardised Residual | | 6
450 - 100 -
-4
400 - ——Ramberg-Osgood| |
——Experimental — 50
. 350 = © 2
: -
S 300 b Qg Q@8@88888888
2 I e AP S 5 3 3 At b -0
) 250 T
3 88¢88 2
200 - € 5l
150 - i
100 -100 -
-6
50
0 | | | | _150 | | | | | | | | | -8
0 5 10 15 20 25 30 0 25 5 7.5 10 12.5 15 17.5 20 22.5 25
Strain [%] Strain (%)

Standardised Residuals

(a) (b)
Comparison between the experimental mechanical stress-strain curve and the Ramberg-Osgood
relationship for SSRT tests in the air at 375°C (a) and the residual and standardized residual

parameters (b) (S_res<3).



I1.4 Application of Ramberg - Osgood mfnn model to assess the
stress-strain behaviour of 316l in the air and in the liquid lead
environments at the temperature of 375 °C (3)

For the prediction of the tests carried out in the air environment, we apply the following conditions
to obtain the numerical values of the parameters of the Ramberg-Osgood relationship in the analyzed
case study: Temperature 375 (units °C); Strain rate & = 5 (units 107> s71); Yield stress gy, =
209 (units MPa); Maximum stress at necking g,, = 462 (units MPa).

Qyor (T, € 6o, 0y) = Ager (375,5,209,462) = 1.83

Myer (T, &,04,0,) = Myer (375,5,209,462) = 5.61

5.61
g o o
—=—+1.83-(—)
€0 Op Og




I1.4 Application of Ramberg - Osgood mfnn model to assess the
stress-strain behaviour of 316l in the air and in the liquid lead
environments at the temperature of 375 °C (4)

Liquid Lead 375C Liquid Lead 375C
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Comparison between the experimental mechanical stress-strain curve and the Ramberg-
Osgood relationship for SSRT tests in the liquid lead at 375°C (a) and the residual and
standardized residual parameters (b) (S,.5 < 3).




I1.4 Application of Ramberg - Osgood mfnn model to assess the
stress-strain behaviour of 316l in the air and in the liquid lead
environments at the temperature of 375 °C (4)
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Comparison between the experimental mechanical stress-strain curve and the Ramberg-
Osgood relationship for SSRT tests in the liquid lead at 375°C (a) and the residual and
standardized residual parameters (b) (S,.5 < 3).




I1.4 Application of Ramberg - Osgood mfnn model to assess the
stress-strain behaviour of 316l in the air and in the liquid lead
environments at the temperature of 375 °C (5)

L o
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1.5 Normalization data reduction to assess the fracture
mechanics behaviour of 316L in the air and in the liquid lead
environment (1)

O According with ASTM E 1820 the fracture toughness test (FTT) is usually done by unloading compliance
(UC) or potential drop (PD) method, or both at the same time. Both methods require the use of a clip gage
extensometer.

O Unfortunately, these conventional methods are not always readily available for tests in the liquid lead.
Common clip gage extensometers are difficult to be used because the liquid lead is conductive and
chemically attacks the clip gage.

O For this reason, UC and PD methods are not easily applied to FTT in the liquid lead . This forced us to
use normalization data reduction (NDR) method to analyze the test results obtained by monotonical load.

O Starting from load-load line displacement data and initial and final crack lengths, the crack opening
displacement could be calculated and a J-R curve is obtained. Many studies have proven that
normalization data reduction (NDR) method produces comparable results with UC method.

O The procedure of fracture toughness tests in the liquid lead environment should be developed to take into
account all the technical difficulties and to provide means for investigation of the effect of the liquid lead
on fracture properties.




1.5 Normalization data reduction to assess the fracture
mechanics behaviour of 316L in the air and in the liquid lead
environment (2)

‘ 1

L The method was used for evaluation
only by a few specialized laboratories
in the past, recently the method was
included in the latest version of the
ASTM E 1820-01 standard.

& The fracture mechanics tests were
carried out some the steps presented
in the ASTM E 1820, adapted for CT
samples made of 316L steel. ﬁ 7,

I

& The experiments carried out on these
CT samples at a temperature of 350
°C, In a molten lead environment,
using the @ LILETIN @ installation,
adapted on the |Instron tensile
machine.

a)

(a) CT specimen assembly for fatigue tests; (b) CT specimen assembly
after toughness tests in lead; (c) LILETIN (Instron) installation with liquid
lead container for testing




I1.5 Normalization data reduction to assess the fracture
mechanics behaviour of 316L in the air and in the liquid lead
environment (3)

O The experimental data of the type
"Force-Displacement on the load line"
expressed in kKN and mm respectively
are saved in files to be used by the
normalization program
(Normalization_Application) in the
MATLAB programming environment.

0 They constitute input data and after
the program analysis the curves of
resistance J-R and the fracture
mechanics parameters K;- and J;. are
obtained.

0 0.5 1 1.5 2 2.5
Deplasarea (mm)

Typical mechanical stress diagram in the fracture mechanics test of a CT
sample made of 316L steel




I1.5 Normalization data reduction to assess the fracture
mechanics behaviour of 316L in the air and in the liquid lead
environment (4)

Proba 337 in Pb la T=350C
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Sample 337: Force-displacement curve on the load line
of the CT sample during the fracture mechanics test
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Sample 337: CT sample normalization curve and
convergence values according to ASTM E1820



I1.5 Normalization data reduction to assess the fracture
mechanics behaviour of 316L in the air and in the liquid lead
environment (4)
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The agreement test regarding the normal distribution  The agreement test regarding the normal distribution
of the values obtained for the K;. fracture toughness of the values obtained for the J;. fracture toughness
of 316L steel in molten lead, T=350°C of 316L steel in molten lead, T=350°C




I1.5 Normalization data reduction to assess the fracture
mechanics behaviour of 316L in the air and in the liquid lead
environment (5)

O In the statistical analysis of the data obtained for the fracture mechanics parameters K; .
and /;- , a confidence coefficient a=10% will be used.

O For t-Student distribution, the confidence interval, bilaterally symmetric, containing the real
value of the parameter y, with probability (1-a), is

X+ ta < <x—
b,y m= -1l
0 For the toughness parameter K;. the following results are obtained:

170.74 MPa\m < K < 216.46 MPa\ym

O For the toughness parameter K;. the following results are obtained:

kj kj
134.16 i <Jic = 211. 4-4-m2




Conclusions

The use of heavy liquid metals, and especially of lead-cooled or lead-alloy-cooled (primarily LBE) fast reactor
(LFR) concepts of Generation IV requires an assessment of their compatibility with structural materials under
the fast-neutron spectrum typical of fast reactors.

Because the 316L austenitic stainless steel has been preselected for the design of future European
transmutation facilities (EFIT, XT-ADS) and eventually also for the lead-cooled fast reactor, the effect of LBE
or lead on the mechanical behavior of these steels is being extensively investigated in Europe and worldwide,
and results are available, but they are not yet exhaustive.

Today, and in spite of a lack of quantitative results on fatigue and fracture, based on analysis of the data
collected on the tensile and fatigue tests, the question of the susceptibility to LME (embrittlement) of structural
materials in contact with lead or LBE can be addressed, particularly how to proceed from the metallurgical
and chemical points of view to prevent LME.

Information on fracture mechanics, from fracture toughness to crack growth behavior in contact with LBE,
does not exist.

For these reasons, the presentation showed several aspects of the studies that are underway within RATEN
ICN regarding the behavior of structural materials in contact with molten lead.
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