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ABSTRACT

Focusing on the potential use of 9-12Cr martensitiels
for vessel application of the future gas-cooledctaa, this
paper deals firstly with a major key issue for thpplication,
namely the weldability of large and thick forgeagithat
would serve to built the final vessel. This pomtdentified as
critical because the first GTAW (Gas Tungsten Areltihhg)
thick weldments have exhibited significant hot &iag
located in the weld zone. We have studied the hatking
sensitivity of this steel with the Varestraint madh This work
allows us to give some metallurgical solutions émnt of
chemical composition of the filler wires used witirc
welding processes.

Moreover, aiming at characterizing the mechaniedlavior
of this steel and of its welded junctions in repreative
loading situations of a future pressure vessel gascooled
reactor, we present here the more recent residiwiaf to
characterize and predict
properties of this martensitic steel, as well as blasic data
allowing to anticipate the propagation of possitidects in
representative conditions of temperature and l@pdih a
reactor vessel.

the creep and creep-fatigu

Starting from the requirement to improve the medwn
resistance of this kind of material for higher temgiure
applications, the last part of this paper is dedote the
description of our approach for the developmentef low
activation martensitic steels with improved creepperties.
To illustrate the potential of this method, we r@shere a
new family of martensitic steels reinforced by wdioa
carbonitrides.

INTRODUCTION

High-Cr ferritic/martensitic steels are promisingndidates
for nuclear applications because
irradiation resistance, good physical and chenpcaperties
as well as satisfactory mechanical strength ateghigh
temperature. Among them, 9Cr-1Mo martensitic stakis to
the 91 grade specifications appear as promisingnepri
candidate alloys for the following critical compaoit® of the
future nuclear power plants [1]: the unirradiated &ircuits
of SFR, the weakly irradiated RPV and internals
VHTR/GFR gas reactors and the highly irradiatedalgexal
cans of SFR core.

Focusing on the potential use of 9-12Cr martensitiels
for RPV application, this paper deals firstly wiahmajor key
issue for this application, namely the weldabitifylarge and
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thick (up to 200 mm) forged ring that would sergebtiilt the
final 25 m high vessel of the future gas reactdtss point is
identified as critical because the first GTAW thiskldments
have exhibited significant hot cracking locatedtte weld
zone. Starting from a given geometry of weldinggsth first
experiences had clearly highlighted the fact that defects
were firstly linked to the hot cracking suscepttiilof the
material used as filler wire. To understand thigmmenon
and to propose industrial solutions in view of dhiteg
satisfactory weldments, we propose to study thechaxtking
sensitivity of this steel with the Varestraint siation
method. This approach will allow us to test diffare
commercial heats of filler wire and thus, to deringortant
relationships  between hot cracking tendency
metallurgical variables as initial chemical compiosi or d-
ferrite presence in the weld.

In parallel to this work, studies are in progresorider to
check if this material is able to withstand the rapiag
conditions planned for RPV and internals and i§ itovered
by the existing design codes. In particular, we aimn
characterizing the mechanical behavior of thislsied of its
welded junctions, in representative loading situai Regard
to a previous paper on this subject [8], in thiatdbution we
will present the more significant results obtained the
following  topics: negligible creep characteristics,
experimental determination and modeling of cychd areep
behavior including welded junctions, validation ofeep-
fatigue design rules, and defect assessment methods

In order to satisfy Generation [V criteria’s about
environmental and economic performances of therdutu
nuclear systems, new advanced alloys have to bignées
beyond the 91 grade specifications. In this paper,will
present our approach for the development of new low
activation martensitic steels with improved creepperties.
This methodology is based on neural-network modelt
from a large database of creep properties combimitial
thermodynamic calculations. To illustrate the ptigdrof this
method, we will present here a new family of masién
steels reinforced by vanadium carbonitrides.

and

WELDABILITY STUDIES

The “Submerged Arc Welding” (SAW) and “Gas Tungsten
Arc Welding” (GTAW) processes are widely considersd
the reference processes to assemble reactor vewgel The
first welding tests we have carried out with thgsecesses
were performed with commercial filler metals. Fidifferent
welding filler wires have been tested (table 1).

C |[Mn| P S | Si| Ni| Cr| Mo/ Nb| V N

1/0,08 1 | 0,004/0,0050,180,71{9,03 0,9 /0,04 0,18| -

2|0,05 0,8 0,002|0,0030,31 0,7(9,22|1,01/0,02 0,15|0,011

w

0,12 0,6
0,08/1,07

5/0,14/0,57

0,007/0,0010,270,56/8,95/0,95|0,06 0,21| 0,05

N

0,004
0,006

0,0030,030,33
0,0010,240,71

9,06
8,85

1,02|0,04 0,24|0.043
0,98/0,050,2040,034

Table 1: Chemical composition of 5 tested filler wires (wt %)

The welding procedure used to realize these joisitthe
following: before welding both the parts to be vwesdare
heated to 200°C and the temperature is maintaineitiis
temperature between each pass. After welding, thieimg
joints are characterized to test the requiremeftdefects
absence and to check if the mechanical propertiethe
weldment belong to the dispersion band requirednftbe
standard codification rules.

The first welding tests performed with the GTAW pegs
have highlighted the presence of large cracks énwhlded
zone. Then, optimized weldments have been obtained,
essentially by decreasing welding energy. Althouije
standard non destructive tests show no large dgfebe
metallographic observations revealed the presencéhé
melted zone of micro-cracks (150-200) that could be
explained via a significant hot cracking tendencypwn to
occur in modified 9Cr-1Mo steels welded by narroapg
welding techniques. Seeing that such defects, ereall,
cannot be accepted for nuclear vessel applicatiansore
fundamental study has been launched to identifyotigen of
these micro-cracks and to suggest possible wagsdi any
defects. In our specific case of welding of thi&&r%ections
(average thickness of the vessel: 180 mm), it hesnb
evidenced that the first parameter playing a maeyte on hot
cracking phenomenon is the nature of the fillererat. That
is why we present now the preliminary study perfednio
test the hot cracking sensitivity of 9Cr filler e# used during
standard arc welding processes via the Varesttaisting
procedure

Varestraint characterization of the hot cracking sensitivity
of the modified 9Cr-1Mo steel used asfiller wires

The characterization engaged is on the commertiat f
materials advised for this steel.

“TIG tgrqh,_,'

Varestraint
sample

Figure 1: Varestraint device

The principle of the Varestraint method is the duling:
one end of a rectangular bar (X20.77 mnT) containing in
its center the representative weld metal to beietid firmly
mounted in a fixed position while the oppositetiaehed to a
hydraulic plunger. A GTAW torch produces a meltede on
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the top side of the plate, along its longitudinahterline,
beginning at the unsupported end and moving towhed
fixed end. When the welding arc reaches a predétetn
location, the plate is bent to conform to the radifi the die
block. This induces a defined longitudinal strain the
welded surface of the specimen. Various die bloakth
different radii are used to characterize the stiewel at
which cracking begins. The GTAW welding parameters
applied are close to the parameters used to flviklding
joints. For each filler wire, the welding energyaidapted in
order to keep constant the geometry of Varestraiatted
zone that must be less wide than the width of ithiedf zone.
After this welding simulation procedure, a SEM
characterization of mean values of total crack tiehgumber
of cracks and maximum crack length is carried dttis
method allows us to compare, in the same weldimglsition
conditions, the hot cracking sensitivity of diffatematerials,
particularly the different filler materials descgibin table 1.

All the cracks induced by the Varestraint test lacalized
in the weld metal and are perpendicular to theddaation
isotherm. The results obtained and the comparigbtige hot
cracking sensitivity between each filler wire aieeg in the
figure 2. This representation shows firstly thag strain at
which cracking begins is inferior to 1% for all ted alloys
and secondly, that we observe very significantedéhces in
the hot cracking sensitivity of these commercidgffialloys.
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Figure2: Varestraint results, number of crack

In the classification that would be derived frome th
Varestraint tests, the filler wire 1 is thus muchrenprone to
give hot cracks than the other filler wires.

In addition, SEM and EDS chemical analysis havenbee
carried out around the Varestraint welding crackalbthe
materials. Depending mainly on initial sulfur anénganese
contents, we generally observe near the cracks and
important increase in the chemical composition loése
elements.

Discussion

It is now well established (for a comprehensivetisgsis
on the subject, see for instance the referencelja}) for this
kind of steel, a strong relationship exists betwées hot
cracking sensitivity and the nature and distributad micro
segregations observed during solidification. Themgnts
clearly identified as promoting the cracking viaeitfiacial

segregations are mainly sulfur, phosphorus andrb@nmong
them, sulfur could be particularly detrimental \passible
formation of the low melting eutectic MnS. Duringvelding
run, these segregations will depend on the sotuhili the
different elements in the solidification microsttwre. So, to
assess the solidification cracking sensitivity, prepose to
study the influence of both the chemical composiiio S, P
and Mn, and the solidification microstructure.
In agreement to this approach, the tested fiverfithaterials
will be classified from the following informations:
=  Firstly from the results of the Varestraint tests.
= Secondly, one side from the dedicated criteria and
diagrams of the literature, as the Lippold diagf@8m
- 5] shown figure 3, that are capable of predicting
the solidification microstructure and the ferrite
content for the mod.9Cr-1Mo steel, and to the other
side from the prediction, using the THERMO-CALC
software, of the solidification microstructure by
measuring the width of the fully ferritic zone imet
solidification path (figure 4).
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Figure 3: Positioning of tested filler wires on the Lippold

diagram (the blue symbols on the diagram indicate each

filler wire reference)
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Figure 4: example of the THERMO-CALC analysis of filler
wire 2
= Thirdly from the initial content of elements sulfur
and phosphorus, known to promote cracking.
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= Figure 3 shows that whereas the filler wire 2 is
localized in the martensitic-ferritic zone, fillesires
1, 3, 4 and 5 belong to the fully martensitic regio
The diagram predicts about 10% of ferrite for fille
wire 2. The position of these materials varies ihyain
with the equivalent nickel. The material 4 is clése
the ferritic border.

This first classification in term of tendency tarfo ferritic
phase can be confirmed and quantified via the ftanud
Kaltenhauser “FF” [3, 6] and equivalent chromium
“Crequivaient [6, 7] criteria or with a THERMO-CALC
analysis. The “FF” and “Gguivaient €quations used here are:

FF = Cr+6Si+8Ti+4Mo+2Al+4Nb-2Mn-4Ni-40C-40N
Crequivalent= Cr+6Si+4Mo+1.5W+11V+5Nb+12AI+8Ti-
40C-2Mn-4Ni-2C0-30N-Cu

The classification of the 9Cr cracking susceptiili
obtained from the literature diagram/criteria, TR@ERMO-
CALC software and the Varestraint tests give strong
similarities. From this global analysis of our riésuthree
groups of materials can be distinguished:

= A first group represented by the filler wire 2
exhibiting a low hot cracking sensitivity from the
Varestraint tests and being associated both to a
strong ferrite tendency and low S and P contents.

= A second group (wires 4 and 1) presenting
conversely a high solidification hot cracking
sensitivity and being correlated to both high S + P
Mn contents and quite low ferrite tendency.

= Then a last group that, with the filler wires 3 ahd
could illustrate an intermediary behavior in terfn o
cracking sensitivity and S + P + Mn contents.

We propose thus to conclude qualitatively that tiee
cracking sensitivity of mod.9Cr-1Mo narrow gap wakhts
can be reduced by modifying the chemical compasitid
filler wire in the following ways: to decrease aswl as
possible the sulfur and phosphorus concentratiorignit the
Mn content at a bottom value allowing to fulfilleghother
metallurgical requirements and finally, to adjubke tother
elements in order to develop a definite amountetfadferrite
during solidification.

MECHANICAL CHARACTERIZATIONS

A large R&D program on mod 9Cr-1Mo steel has been
undertaken at CEA in order to characterize the \iehaf
this material and of its welded junctions. A destioin of this
program was presented previously [8], particuldhg first
results obtained concerning the behavior and damage
fatigue, creep, or creep-fatigue situations, and thefect
assessment evaluations. New results obtained isethe
different fields are summarized below.

Negligible creep domain.

Pressure vessel will operate in the negligible gréemain
in order to avoid developing a specific in-serviteveillance
program. Hence, the determination of this domaima ikey
point, because it will have consequences on thmiteh of
operating conditions and mainly on nominal tempeeat
levels. The planned life is 60 years, with a logdmate of

80%, which leads to about 4°Gours. The maximum
expected fluence for the vessel is estimated tboert 8.16¢°
n/cnf (for neutrons with energy > 0.1MeV), which is lawe
than the end-of-life doses for PWR (Pressure WR&sCtors)
vessels. It is assumed that such a low fluence ¥eillénduce
only negligible effect on the mechanical properti®pecific
programs are running out in the framework of Euespe
collaboration to check this point [9]. In additjisome of the
internal structures will operate in the creep rarssl
consequently they have to be designed relativetreep and
creep-fatigue damages.

In RCC-MR design code, a negligible creep domain is
defined for austenitic steels. This curve has testablished
based on a reference stregsand an acceptable creep strain
€, In practice the values of, for 316L(N) are not very
different from 0.95% (or 1.05%) in the temperature range of
interest. The value considered fgwas 0.01%. In RCC-MR
issue 2002, no negligible domain is given for ma@zt-2Mo
steel. It is only indicated that creep is negligibfor
temperature lower than 375°C, whatever the holce tim
Some studies are in progress in order to checkhéf t
methodology developed for austenitic steels camdssl for
mod 9Cr-1Mo martensitic steel. First evaluationsvgéd that
same criteria to derive the curve are not approgriaainly
due to the fact that firstly, the ratio betweermwatble stress
S» and yield stress,Sis quite different for both materials
(SW/S, = 0.9 for 316 at T > 100°C, but&, ~ 0.5 for 9Cr)
and secondly, that it is necessary to reevaluaeitkep strain
laws at low temperatures and stress levels [10].

First specific creep tests on mod 9Cr-1Mo steel ewer
performed for these loading conditions. Their asialy
showed that RCC-MR creep laws are too conservdtve
temperatures lower than 500°C, while ASME laws unde
predict the creep strains. When the temperaturecéses,
RCC-MR predictions are quite good when compared to
experimental results, especially for short terniste®n the
opposite, ASME has a tendency to under predicttdleom
creep tests, but to give better estimations fog ltarm tests.
Complementary tests are necessary in order to elefieep
strain laws and parameters more reliable in thet smal long
term time range.

Creep-fatigue behavior

In order to check the validity of creep-fatigue idasrules,
dedicated tests have been performed on mod.9Cr<itiva.
Procedures proposed in ASME and RCC-MR codes age ve
similar: both approaches evaluate separately fatdmmage
and creep damage and then, combine them usinggeadia
named “creep-fatigue interaction diagram” as shamithe
figures 5 and 6. The diagrams proposed in the wades are
quite different; in RCC-MR, the interaction poist(0.3, 0.3)
as for austenitic steels, but in ASME it is (0.101). So the
available domain in creep-fatigue situations wikt lbery
different.

If the tests performed were stress controlled duhiold time,
i. e. the stress value remains constant duringhtié time,
stress relaxation is not allowed. Such tests aterasting
from several points of view: they allow reachingyk creep
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damage in shorter time than in fatigue-relaxatiests and
they avoid to evaluate stress relaxation in cregigde life
assessment routines. These tests are describéd ]inTwo
types of tests were performed:
= In the first series, the elastoplastic strain ravaee
Age, was constant and equal to 0.7% (total strain
range), the hold time,twas imposed when the
maximal strain value is reached in tension (T), and
the time duration is imposed: tests indicatedom
figures 3 and 4.
= In the second series, different values of the
elastoplastic strain rangke, were tested, the hold
time t,, was either in tension (T) (tests indicated Th
on figures 3 and 4) or in compression (C) (tests
indicated C on figures 5 and 6), the duration dflho
time is not fixed, but the value of the creep st
during hold time is imposed.
Experimental results are used to test the valiofitRCC-MR
creep-fatigue design rule. Fatigue damage and aaemge
are evaluated for each loading case, and corregmppdints
are plotted in the interaction diagram (figuresris &). In
[11], several evaluations are proposed and disdudeethis
paper, we present results obtained:
= In a “best fit analysis”, i.e. without margin facsato

Figure 5: Best fit analysis, using experimentaluesl of
stresses and creep strains.

design analysis
Dcreep X Ta2 9 Y
1000,00 { ¢ Tb2
A C2
— = diag*20
100,00 +— diag X Xo®
| &K%
10,00 =~ 1‘,{7
s
1,00 \|
|
0,10 \ |
0,01 : ! ]
0,01 0,10 g 1,00 10,00 100,00

Figure 6: Design analysis with calculated valuesstoésses
and creep strains

We can thus conclude that all the data are coyrémthted in
the interaction diagram. Analyses performed withGR@R
procedure and RCC-MR codified data allow obtairamgpod

evaluate damages (mean fatigue curves, mean stresgorediction of these uniaxial experimental resulistimated

to rupture curve with a stress) and using the
experimental values of stresses during hold tinte an
of creep strains (figure 5). This analysis allows
validating the shape of the diagram, because no
margins are included.

= In a “design analysis”, i.e. with codified data to
evaluate the damages (codified fatigue curve,
minimal stress to rupture curve with a stre#.9),
and using the RCC-MR procedure to evaluate the
stress value during hold time and the cumulated
creep strain (figure 6). This analysis allows cliegk
the validity of the design rule and estimating the
margin values. On figures 5 and 6, two diagrams are
indicated: interaction diagram itself, and the
interaction diagram obtained by introducing a
multiplicative factor equal to 20.

Dcreep best fit analysis X Tal
100,00 ——experimental values ¢ Tbl
' A C1
| P diag
10,00 Tt |- - - -diagt20

1,00 -

0,10 A85R

0,01

0,0 0,1

margins are quite satisfactory.

In order to complete the test and validation of tneep-
fatigue design rules, interpretation of fatigueaxation tests
and of multiaxial tests or tests on structures wih
combination of primary stresses and of cyclic seeon
stresses will be performed.

Creep behavior of welded junctions

To predict the creep behavior and the creep lifstafctures

in mod. 9Cr-1Mo steel with welds, physically basaddels
have been developed for the different parts ofvibll: BM
(Base Metal), HAZ (Heat Affected Zone) and WM (Weld
Metal) [8]. The constitutive model developed is ailtin
mechanisms model [12]. For the undamaged matdhiage
viscoplastic deformation mechanisms are considered
following classical descriptions of creep flow manfsms:
the first one accounts for loading and final ruptstages
(quasi plastic flow regime), the second one focoefdastic
creep regime (dislocation climb mechanisanyl the third one
for diffusional creep regime (grain boundary diftus
mechanism). A coupling between flow and damage
introduced. At each viscoplastic creep mechanism
associated a damage evolution, both nucleationastties
and their growth by diffusion and by viscoplastefarmation
of the matrix are considered. The effect of sttasiality is
taken into account in nucleation rate.
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Simulations on large components and on laboratory measure both the load line displaceméft} and the crack
160 specimens with or without welds at 625T length a(t) by Electric Drop Potential Measurendunting the
ooe creep test.
140 -
120 4 RECVR for BM Determination of C*
g The load parameter C* is calculated from the loatk |
100 -
@ W identification on \\ . a a-exp : . . .
go | ReowRem CW b, tests displacement rate—at = 0gyp Which is supposed to split
® simul. vessel BM
%0 e CW tab smuion L into a part due to the creep behavior nofedand a part due
A HAZlab. simulation
RS 1000 , to the structure response related to the crack tyrowted
time h 10000 i . B .
05 Ogyp =Oc +95 (1)
Figure 7: Simulations on large components with dheut For each specimen type, C* parameter is calculatgdg
welds. Comparison with creep life on BM and on CW only the part of the load-line displacement dugh® creep
laboratory samples. behavior 5. which can be calculated with the following
. equation [13]:
These models are then used to evaluate the ligro€tures B[ 2K 2
with welds in different loading conditions and terive the o. =0 _& L+(n+DIE | (2
. h . _ . C exp * P '
creep joint factors by comparison with similar cddions on F| E

structures without welds. First simulations poiat that there Thus the load parameter C* is formulated as [13]:
is a large size effect: for the same stress I¢kelreduction of :

life due to the presence of a weld is higher inotakory c*:{2+o,522(1_£ﬂ N Pd 3).

samples than in reactor structures (figure 7). Efiisct can W/]n, +1BW-a)

be correlated with the ratio between the width 8iz-and the For the 9Cr-1Mo material at 550°C, plastic partJofnoted
thickness gnd diameter of the structure. Smalll Qoss- JE™) can be neglected.

weld) specimens tend to have the same creep lifeeaslAZ
samples, while large components present a creglike to
the BM one. Studies are in progress to characterinee
precisely the influence of the different parametdiessts on
large size structures are planned to check thielation.

Determination of the master curve for BM and WM

By merging the results illustrated in figure 8 irdounique
da/dt versus C* curve, we can fit a power law dafdt* for
each material:

Defect assessment . da_ ,ge3 (C*) 9%%2 for the BM;
High temperature defect assessment procedures fatiere, dt
creep and creep-fatigue loadings, have been desetlfop the . da = 185E2(C*) 57 for the WM,

fast reactors and have been mainly validated orealtis
stainless steels as 316L(N). Concerning the GCR, we can see on this figure the good agreement bature

complementary studies are conducted in order tiolatel the different materials and the important crack grovéte in the
existing methods and to get new experimental dat@%Cr WM in comparison to the BM (ratio of 3.8 for a givE*).
martensitic steels. Moreover, if the geometry dredlbadings

of a standard CT specimen allow performing a 2Diysig % F Test Aa

the case of industrial loadings appears much more test (mm) (kN) duration (h)  (mm)
complicated, notably because of surface defectschwhi  GBU4R 27.9 20 1880 2.3
propagate and present shapes that can be consaerealf GBU40 27.6 20 2365 1.9

ellipse. Therefore, in the frame of the defect sssent GBU4X 27.7 22 1244 18
methods validation, the CEA realizes both standasts on GBU4U  27.8 24 460 11

GBU4V 27.9 24 358 1.2

Table 2: Creep test conditions at 550°C (BM)

(a9 is initial crack length; F is the loada is the propagation length
of the crack at the end of the test)

CT specimens to determine the propagation lawshanding
tests on large plates under high temperature fatigreep or
creep-fatigue loadings [8]. These components ptesen
initial semi elliptical surface notch normal to theading
direction and its initiation and propagation anedgtd. Here,

only the determination of the propagation laws &weep test % F Test Aa
loading is presented. (mm)  (kN)  duration (h)  (mm)
2073B1 20.85 24 1488 1.75
Experimental procedure 2073B4 20.96 27 744 1.48
The creep tests were carried out on BM and on WEB&fC 2073B5 20.5 27 868 1.67
on CT specimen (standard side grooved CT 1T). The_ 2073B6 21.02 27 912 1.93
characteristic dimensions of the CT specimen are50%hm, Table 3: Creep test conditions at 550°C (WM)

B = 25mm, Bnet = 20mm. They were instrumented to
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b WM propagation o i
law

e
=

BM propagation law

o

0.001 4
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GBU40O

[12073B6
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da/dten mm/h

l0-0001

C* en N/mmh

Figure 8: da/dt vs C* curve for BM and WM

SPECIFICATION IMPROVEMENTS

Hitherto, the process to design a new material wastly
heuristic, requiring repeated experimental triadl @nror, but
the accuracy of the present scientific knowledge
thermodynamics and transformation kinetics enafileghe
successful design of new alloys using minimal erogir
feedback. The design process however is still hogether
free of an iterative nature, each stage leading tomore
refined definition of the final alloy. The differea with the
traditional approach is that most of the procegseisormed
theoretically or computationally, involving the piction of
only a few essential trial casts to corroboratesthieability of
the product material

In the work described here thermodynamic calcutatio
based on the CALPHAD-method [14],
statistical methods like neural networks [15] avepled with
experimental cast and characterization of a selesaenple of
alloys are used to develop an optimized set of aitipn,
microstructure and heat treatment to obtain impdoseeep
properties in a new set of alloys for the nucleamwer
industry [16,17].

A substantial proportion of the alloys for high feenature
applications, especially in the power generaticausiry are
based on the Fe8-12Cr system. However, if the albmds to
work under radiation, some of the additional eletmen
commonly used in the power generation industry athebr
high temperature applications like Mo, Ni, Nb, 8in, Co
and B need to be reduced or even excluded. Irctss, these
elements are commonly substituted by W, V and Tgereral
range of possible compositions including the elemé&e, Cr,
W, V, N, and C but with limited content of Ni, $¥n or B
was therefore selected for further study. The casitjom
selected allows contemplating the reinforcement tioé
microstructure with a nanometric distribution of MX
precipitates. VN precipitates, for instance, aeblg at higher
temperatures than other MX precipitates oG4 carbides,
and are less prone to coarsening than:Qyl [18].
Calculations of the stability of phases were peried using

thermodynamic models based on the CALPHAD method

[14].
To determine the effect of small variations of eac
element on the creep resistance of the alloy, araraxbd

and advanced,

h

statistical method was used, a Bayesian-based Ineatwgork
[15]. Following the analysis using the neural netwrained

by Coleet al. [19, 20], it was obtained that for some elements
there was an optimal composition range (represeateé
maximum in the predicted creep rupture strengtia000
hours). This is the case for Cr and W, elementsvfuch the
optimal content were around 9.5wt.% (Figure 9) 2nd.%
(Figure 10) respectively. In the case of chromilms value
lies in the lower end of the range of compositions
traditionally used for high temperature applicasiorand
therefore it will be needed to pay special attentio aspects
like corrosion resistance of the alloy. Tungstenusally
added to produce solid solution strengthening ef rthatrix,
but it is also a strongi-stabilizing element. Carbon also
produces a strong solid strengthening effect, aedraing to
the neural network predictions the creep rupturength of
the alloy increases monotonically with the carbontent of
the matrix (Figure 11).
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Figure 9: Creep rupture strength as a function of
chromium content predicted using a neural network.
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Figure 10: Creep rupture strength as a functiounfjsten
content predicted using a neural network.
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Figurell: Creep rupture strength as a function atben

content predicted using a neural network.

Carbon is also a strongstabilizing element, which helps to
compensate for the increaseadrstabilizing elements like W
or V. However, this trend needs to be taken cashjpas not
all carbon stays in solid solution but it tendtecipitate as
M,3Cs. M23Cq precipitates have rapid coarsening kinetics and
therefore produce little improvement in the mecbahi
properties, and on the other hand steal Cr fronmthgix of
the alloy, reducing its oxidation resistance. Bettsults are
expected from a fine distribution of MX precipitatd.e.
VN), which on one hand coarsen more slowly, allanior a
potential improvement in creep resistance and toeg$, and
on the other hand are stable at higher temperativiis
precipitates are able to play that strengthenirng, @nd so it
would seem at first to be interesting to incredmedontent in
both V and N. Indeed, the creep rupture strengtheases
with the vanadium content (Figure 12) but this edatnis at
the same time a strongstabilizing element, and an excess of
it would prevent the complete austenitization @ &lloy. On
the other hand the predictions of the neural ndtveniggest
that the optimal nitrogen content lies around 00%y as

shown in Figure 13.
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Figure 12: Creep rupture strength as a functiomasfadium

content predicted using a neural network.
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Figure 13: Creep rupture strength as a functiomitvbgen
content predicted using a neural network.

Finally, Figure 14 shows that the predicted craegpure
strength increases with boron content. Even snadliti@ns of
boron have important influence on creep behaviorCof
steels, as it diffuses to the surfaces ofs@®4 precipitates,
specially to those close to previous austenitic ingra
boundaries and slows down their coarsening [21toBads an
element that, on its natural form is deleteriousaitoys
exposed to radiation. However, if only small amasuate
needed, isotope 8 could be used, which does not form
helium under radiation like 8 and still be able to benefit
from the effect of boron.
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Figure 14: Creep rupture strength as a functiorbafon
content predicted using a neural network.

To conclude, after examining the related literatarel
analyzing the possible compositions with the help o
advanced statistical methods, an alloy composiigtimized
to maximize the creep rupture strength and presgrgood
oxidation properties was chosen. The proposed csitipo
is (with all compositions expressed as wt. %) FC98.0.14C
2.5W 0.35V with up to 0.07N and with the possililibf
small (less than 0.1wt. %) additions of'B

The next step in the design of a new alloy is teettep
the right thermo-mechanical treatment to obtain desired
microstructure, and in particular the optimal dsition of
precipitates. To that end, a softwaseite combining the
CALPHAD method of thermodynamic stability calcutats
with precipitation kinetics models becomes esserfa].
Using a thermodynamic and kinetics software liket@®4dc
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enables us to predict the effect of various micuzsure
parameters like, grain and sub-grain size, defdondevel
and thermo-mechanical treatment parameters on
precipitation kinetics and final size distributiohthe various
species of precipitates [16].
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CONCLUSION
In this article we have presented the more recemtksv

the launched at CEA to qualify the 9Cr-12Cr as possg#aeric

structural material for nuclear components.

Regarding the vessel application, the first critipaint is
the assembly of the large forged rings to formwhssel: to
improve the weldability of the 9Cr that is proneethibit hot
cracking when welded in large thickness and thuqrévent
the weldments to contain defects we propose some
requirement in term of chemical composition of thiker
wires used with the arc welding processes.

To verify that this material is capable to withstathe
operating conditions planned for RPV and intersald if it is
covered by the existing design codes we have ladtheh
large program aiming at characterizing its mectalnic
behavior in representative operating conditionsonirthis
program we show that analyses of creep and fatigmeages
performed with RCC-MR procedure and RCC-MR codified
data allow obtaining a good prediction of the ekpental
uniaxial results. Moreover, the estimated margires guite
satisfactory. Complementary analyses will be penft to
extend the validation domain. Then, the models t bial
evaluate the creep life of the welded junctions deecribed
and compared to experimental data. Finally we mtetiee
creep crack propagation laws for the base metaltlamdveld
metal.

Because we need, on these steels, higher crespares in
order to satisfy Generation IV criteria’s about ieonmental
and economic performances of the future nucledesys the
third part of the program concerns the developnumew
advanced alloys beyond the 91 grade specificatitiséng
Neural-network models based on a large databaszeefp
properties combined with thermodynamic calculatioms
give the main rules to define the chemical compmsiof an
advanced martensitic steels reinforced by vanadium
carbonitrides.
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