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Abstract

This paper deals with the characteristic features of Fast Breeder Reactor (FBR) with reference to
creepfatigue, current creepfatigue design approach in compliance with RCCMR (1987) design code,
material data, effects ofweldnents and neutron irradiation, material constitutive models employed,
structural analysis and further R&D required for achieving maturity in creepfatigue design of FBR
components. For the analysis reported in this paper, material constitutive models developed based
on ORNIb (Oak Ridge National Laboratory) and Chaboche viscoplasic theories are employed to
demonstrate the potential of FBR components for higher plant temperatures and/or longer life. The
results are presented for the studies carried out towards life predition of Prototype Fast Breeder
Reactor(PFBR) components.

1. INTRODUCTION

Nuclear energy is an important source of electricity in the world and it has been established
to be economically competitive, dependable and the clean source of energy. The basis for the energy
production in the nuclear reactors, either thermal or fast, is nuclear fission chain reaction. While in
a thermal reactor chain reaction is sustained by low energy thermal neutrons, in an FBR chain
reaction is maintained by high energy neutrons. FBR is being developed in some countries because
of its ability to extract 60 times more energy from a given mass of U than in thermal reactors.
Considering the demand for energy and available resources, nuclear energy through FBR is essential
for India. After successfully commissioning 40 MWt Fast Breeder Test Reactor (FBTR), design
work on 500 MWe PFBR has been taken up. Towards detailed analysis, many advanced
investigations particularly in the field of thermal hydraulics and structural mechanics have been
carried out. Creepfatigue design is one such area in the structural mechanics domain where a high
level of confidence has been achieved.

Since the boiling point of sodium is about 1200 K, the operating temperature for an FBR can
be as high as 870 K even after providing sufficient margin betveen boiling point and operating
temperature. The existing FBRs in the world operate at high temperature (about 820 K.) wherein
creep effects are important to be included in the design. Although design and operation of
components in this temperature range is not new to aircraft and rocket engines, steam turbines, etc.,
direct technology transfer from these industrial practices is not feasible because they have
characteristics such as short life times, easy inspection and maintenance (may not be true for rocket
engines), etc. The FBR must operate safely and reliably for 30 to 40 years. Inservice inspection is
more difficult due to radioactivity and use of sodium. Hence more emphasis is being placed upon
analytical design techniques in conjunction with experimental validations.
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Since a large tonnage of structural material (-10 t/MWe for NSSS) is needed for FBR
components, use of the costly high temperature materials, like nickel based super alloys, are not
preferred. Hence for the requirement of operating temperature less than 870 K. less costly and easily
available materials like austenitic stainless steels (ASS) for sodium components and ferritic steels,
specifically 9CrlMo steel for steam generator are used. These materials have sufficient creepfatigue
strength at the temperature of interest and the required material data for the stress/strain analysis and
creep fatigue damage assessment.

The design and construction codes basically deal with the stringent rules to ensure a safety
factor against structural failures by perceived materialfailure processes which have to be respected
for ensuring the long term structural integrity of a specific component at high temperature. The US
code ASME Section III, Code Case N47 (1992), French Code RCCMR(1987) and Japanese code
ETSDG (1984) are currently used for the design of out of core components. These codes provide
design methodology for the FBR applications for the operating temperatures upto at least 900 K. Out
of these, RCCMR is preferred because it is more relevant to FBR system, in terms of geometrical
characteristics of structures, loading and structural materials. As regards to core components, special
rules are recommended based on experience to take into account the neutron irradiation effects.

All the design codes are based upon a designbyanalysis concept. This means, in meeting
these code rules, it is required to perform detailed inelastic analysis for predicting accurately the
stress/strain history taking into account both time independent and time dependent material
deformation behaviour. Earlier inelastic analysis was performed using widely semiclassical theories,
viz. Linear Kinematic Hardening (LKH) and ORNL models. But currently, constitutive models
based on unified creepplasticity, also called viscoplastic theory, have been employed. Among
various viscoplastic models, the 'Chaboche viscoplastic model' is found to be superior for FBR
applications because of its ability to simulate, with reasonable accuracy, all the essential mechanical
behaviour of ASS in the temperature range 300900 K under monotonic and cyclic loading
conditions.

Finally it can be summarised that for the creepfatigue design of FBR components, good
understanding is needed about various aspects, viz. the characteristic features of FBR components,
material data, effects of weldments and neutron irradiation, material constitutive models, structural
analysis methodology and design codes. All these aspects are briefed in this paper with examples
to illustrate the creepfatigue design of FBR components.

2. CHARACTERISTICS OF FBR COMPONENTS

The critical high temperature components of NSSS in a pool type FBR are core components,
viz. fuel clad and hexcane in the core, CRDM and out of core components, viz. control plug (CP),
inner vessel (IV), Intermediate Heat Exchanger (IHX), hot secondary sodium pipe and steam
generator (SG) (Fig 1). The overall layout of piping is designed to minimise thennal expansion
stresses in the secondary circuit but these are nevertheless significant. Thermal transients lead to the
need for relatively thin walled piping to minimise the thermal transient stresses which is adequate
to withstand the internal pressure (<1 MPa). I However, tile thennal expansion stresses concentrate
at bends and lead to potential problems of creep buckling. For CRDM, the primary stresses and
steady state thermal stresses are low and the skin stresses which are developed during the reactor
scram will not be critical. Further, these components are replaceable.
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FIG. 1. Schematic sketch ofFBR vertical section

Parameter

Reactor inlet/outlet (K)
AT across core (K)
Structural material
Coolant
Heat Transfer Coeff, h (W/m2-K)
wall thickness S (mm)
Biot Number hS/K (Bi)
Duration of shock At (s)
Fourier Number (a.At/S2)
Fritz factor f
Maximum skin stress (MPa)

(=f.E.a.AT/[l-y])

TABLE I

PWR

566/601
35
carbon steel
water
5,000
40
5
30
0.17
0.5
75

FBR

670/820
150
SS316LN
Sodium
10,000
20
12.5
40
0.47
0.56
420
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2.1 Geometrical characteristics

The high temperature components in the primary sodium circuit are generally of thin walled
shell structures with radius lo thickness ratio rangnig from 60 to 500. I thin components are
preferable not only for economical use of material but also to reduce cyclic thermal stresses due to
severe thermal transients and temperature fluctuations.

2.2 Structural materials

For in core components, D9 material improved ASS with respect lo resistence to neutron
irradiation) is used. ASS type 316 LN, is used as the main structural material for out of core
components except for SG. Since SG is a barrier between sodium and water, 9 Cr I Mo type ferritic
steel, particularly grade T 91 is preferred. Tile maximum operating temperatures arc selected as high
as these material can permit.

2.3 Loadings

The use of sodium as coolant is a major factor responsible for low pressure and high thermal
induced stresses at the temperature limits in tile creep range of the structural materials. This is
mainly due to, (i) high boiling point of sodium and (ii) high thermal conductivity of sodium (about
100 times higher than that of water) and high temperature differentials across the reactor core (150-
160 K), leading to high through wall temperature gradient even under normal operating condition.
The main event which severely affects the high temperature components, is the reactor scram, during
which hot pool components are subjected to severe thermal transient with the shock rate ranging
from 5 to 10 K/s along with a through wall temperature gradient of about 100120 K at the critical
locations. For the design purpose, 1000 reactor scrams are conservatively assumed during the reactor
life. The associated strain range due to above transients rarely exceeds 0.5%. Severity of a thermal
shock on an FBR component as compared lo PWR is illustrated in Table.l.

2.4 Failure modes

A major threat to structural integrity of the high temperature components is posed by thermal
stress origin. The possible failure modes under this condition are the accumulation of inelastic strain
and associated creepfatigue damage. For example, in the case of control plug, the thermal transient
due to a reactor scram causes local yielding at the plateshell junctions, a subsequent dwell period at
elevated temperature (at normal operation) leads to a stress relaxation, during which creep
deformation as well as creep damage get accumulated (Fig 2). Repeated thermal loading during the
life of the plant can lead to fatigue damage and in addition, exacerbates the accumulated creep
damage during the dwell periods. Besides, these fatigue loadings can also create many complexities
in the subsequent creep relaxation processes due to cyclic hardening nature of solution annealed
ASS. The analysis of whole phenomenon is very complex and calls for detailed inelastic analysis
using a constitutive material model. 'Ultimately, the wmulative creepfatigue damage and
accumulated inelastic strains at the end of the reactor life, predicted through the analysis, should be
within the design code limits for assuring the long term structural integrity of the component.

3. DESIGN CODES

The normal practice in the design of nuclear power plant components is to follow the rules
of Section III Division I of Ihe ASME Boiler and Pressure Vessel code2, in the temperature range,
less than 700 K for ASS and 650 K for carbon and ferritic steels. It may be noted that this code can
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FIG. 3. RCC-MR creep cross over curve

also be used even if the temperatures are higher, provided that the associated duration is limited not
to introduce any significant creep effects (Fig 3). But for the desig,n of high temperature
components, these code rules are not directly applicable because Section III does not consider the
failure modes due to creep and relaxation of metals at high temperatures. The design and
construction criteria given in ASME CC N473 are used to assure the longterm elevated temperature
structural integrity of FBR components. However, the French code RCCMR4 and Japanese code
ETSG5 can be used directly for high temperature design. In the creepfatigue damage evaluation
procedures given in the design code, distinction is made between loadcontrolled and deformation-
controlled quantities. The codes also categorize applied load conditions as Normal (level A), Upset
(level B), Emergency (level C) and Faulted (level D) and accordingly set different limits. Creep-
fatigue damage assessment is not required for level C and level D loadings. Recent opinion of design
code developers is that the damage under level C should also be considered

3.1 Creepfatigue design Criteria

Design codes specify appropriate limits on creep fatigue damage. The steps involved are as
follows.
Stress and strain, the number of cycles, and time durations are the primary parameters that are used
to predict and control the creepfatigue damage. These informations are extracted from analysis
results.
Fatigue damage is computed using Miner's cumulative fatigue damage rule and creep damage is by
Robinson's 'time fraction' damage rule. To account for the creep and fatigue interaction, a cumulative
creep and fatigue damage assessment is used. The design limit is given by

I (n/Nd); + 1 (t/Td)k < D

where, n =number of applied cycles of loading condition i, Nd =number of designallowable cycles
of loading condition i Nd is read from the fatigue curves corresponding to the maximum metal
temperature during the cycles tor the equivalent strain range Aei. t time duration of load at the
condition k, Td =allowable time for a given effective stress from load k, Td values are obtained by
entering the stress;orupture curve at a stress value equal to the effective stress aeq (from load K)
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divided by the factor K' 0.9. D =allowable cumulative damage limit which is a function of the cycle
or time fraction sum (Fig 4). An equivalent strain range approach to multiaxial stressstrain effects
is used. Rules for determining the equivalent strain range are intended to be applicable whether
principal strains change directions during the cycle or not. The equivalent strain range is given by,

eeq = {2/3 [(Asx - Aey)2 + (Aey - Aez)2 + (Aez - Aex)2 + 6(Aexy2 + Aeyz2 + Aezx2)1/2]}1/2

The multiaxial creep rupture criteria based on ORNL model is used for defining the equivalent stress
needed for the computation of creep damage in ASME CC N47. As per this,

aeq = avmexp[c(Jl/Ss-l)]
where

Jl = a, + a2 + a3

G, are principal stresses, c = 0.24 for ASS and 0.0 for ferritic steels

3.2 Codified Materials
ASME CC N47 deals with SS 316 which has slightly different composition than SS 316LN.

However, SS 316 LN has been codified in RCCMR and hence more appropriate for PFBR. For SG
material modified 9CrlMo (91), properties are not codified presently in the nuclear codes (ASME
Sec VIII codifies this material) and it is expected that this material data will be included in the
nuclear code in the near future6. However sufficient material data is available in literature for this
material' and also for D9 material8.
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3.3 Design rules for welds

Weldments can be the life limiting feature of a componenet and therefore specific rules are
needed for the design of welded joints. Although numbers are small, the weld failures that have
occured in FBRs have, neverthless, proved costly. Often they have caused a long shut down time.
They have al.so led to expensive programmes of inspection and repair9. One aspect which is of
particular concern is that a significant proportion of the weld failures have occured long before the
design life of the plant. The reason for this lies in the design procedures used earlier for welds. There
was an implicit assumption that, provided creep rupture strength of the weld metal matches that of
the parent metal, the life of the weld will be same as that of the parent material. According to the
currently recommended weld design rules for the European Fast Reactor 10, the stress and strain
analysis is carried out as if the structures were made of humogeneous material, and factors (fatigue
and creep strength reduction factors) are then applied to the parent material failure properties to
allow for any weakening effect of the welds. Though factors are separately applied for creep and
fatigue, the reduction factors under creepfatigue interaction effects need to be considered.
Comprehensive creep strength reduction factors are provided in RCCMR, and are likely to be
adopted for the EFR. Table II indicates the essence of the recommendations.

TABLEH

Weld metal Type of weld
Parent and welding and
material procedure inspection

Creep damage Sr JrSr nJrSr
Fatigue damage A E - > N Ae/Jf->N f.Ae/Jf->N

The factors J are to account for weld material differences with respect to parent material
behaviour. The factor n covers the possibility of defect being present in the weldments and is related
to the type of inspection performed. The factor f is used as a fatigue strain reduction factor and is
dependent on the type of weldment. RCCMR recommends a value Jf = I . For full penetration
weldments with full volumetric inspection n = 1, f=l. For weldments with partial penetration or with
reduced inspection n = 0. 5, f = 4. These values are chosen to penalize such weldments so that they
are avoided in critical parts of the structure. Jr is time and temperature dependent; 0.8<Jr<1.0. The
UK design procedures for assessment of structural integrity at high temperatures, called CEGBR511
has also given an explicit treatment for weldments in volumes 6 and 7. Volume 6 uses a simplified
reference stress technique to assess the behaviour of dissimilar metal weldments. An appropriate
multiaxial definition of the reference stress in the region of the transition joint is evaluated and used
in conjunction with laboratory data on crossweld specimens to estimate the creep damage fraction
in the transition joint. This is then added to fatigue damage fractions, allowing for strains induced
during temperature changes as a result of the different thermal expansion coefficients of the materials
in the joint, to give the total damage fraction. Volume 7 addresses the behaviour of dissimilar welds.
In particular, factors are given for modifying the homogeneous reference stress to allow for the stress
redistributions which occur in weldments as a result of offloading of stress from the weaker
constituent materials to the stronger ones.
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3.4 Effect of irradiation

The main vessel and inner vessel are exposed to relatively low neutron dose levels less than
I dpal2. The thermal neutron irradiation produces helium, mainly by the reaction with boron present
in the steel. Helium affects creep rupture strength and ductility of ASS in the creep regime The
interim recommendation for design activities'3 is to apply a stress reduction factor which varies as
a function of helium content.

3.5 Effect of sodium

The effects of reactor quality sodium on the mechanical properties for SS 316 LN and
modified 9 Cr 1 Mo (T91) steel base matel are negligible. Hence material data generated in air could
be safely applied for the design of components with wall thiclcness larger than 2 mml4.

4. FUEL SUBASSEMBLY DESIGN

Two components that are subject to severe operating conditions are fuel cladding tube and
the hexagonal sheath called 'hexcan'. Typical details of a fuel subassembly are shown in Fig 5. While
both clad tube and hexcan are subject to same level of neutron irradiation, their operating
temperatures and environments are significantly different. Fuel cladding tube operates at
temperatures upto 970 K at which damage due to thermal creep is important while operating
temperature of hexcan is atleast 100 K less. Therefore, only irradiation creep and void swelling are
important for hexcan from deformation considerations. Moreover, hexcan is subject to moderate
internal pressure of 0.5 MPa due to coolant temperature while fuel clad is subject to internal pressure
upto 6 MPa due to accumulated fission gases. Fuel clad is subject to fuel side corrosion in addition
to that due to sodium. Therefore, design of clad tube is complex and involves various phenomena
due to neutron irradiation and high temperature. While the steady state clad midwall hotspot
temperature is as high as 970 K, under transients like LOFA and TOP A it can go up to about 1150
K. The neutron fluence seen by clad in its residence time inpile is more than 100 dpa. Apart from
thermal creep due to high temperature operation, it is also necessary to consider irradiation induced
creep and the embrittlement of material due to neutron irradiation. ASS is the current choice for fuel
clad and it is used in 20 % CW condition to improve its resistance to irradiation induced
deformations like swelling and creep, it is also necessary to consider the cold work recovery when
the material is subject to temperature transients In this regard the rate of temperature rise becomes
important. It has also been reported that there is additional phenomenon of liquid metal
embrittlement under high temperature transients due to fission products collecting on the inner
surface of cladding tube.

Early designs of fuel concerned with limiting thermal creep calculated using correlations
obtained on unirradiated material to the outpile creep mpture elongation exhibited by irradiated
material. When data on outpile mpture life on irradiated material was available it was sought to be
used on a lifefraction rule concept. This practice of using only thermal creep in assessing damage
was on the premise that irradiation induced creep is structurally nondamaging. The stress exponent
in the irradiation creep equation being unity unlike in thermal creep expression is also a pointer to
this fact. Thus irradiation induced creep in fuel subassembly components is important only from
deformation considerations. One of the deformations that is lifelimiting is the dilation of fuel
subassembly hexagonal sheath due to irradiation induced creep by coolant pressure. Another instance
of significance of irradiation induced creep is bowing of subassembly under thermal and neutron flux
gradients.
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TABLE ffl

Categories 1 & 2 Category 3
(Normal operation & upset) (emergency)

1. Pm <0.6xou Pm <0 .7xou
2. (Pm+Pb) < 0.6 x K x ou (Pm+Pb) < 0.7 x K x ou
3. (Pm+Pb+Q)max < oy

5.
6.

(PmPbQ)max ay
1/2 x omax < 2/3 x ay

2 (ti/td) < 0.25 for category 1; < 0.5 for category 1 & 2
S (ti/td) < 1 for category 1,2 & One category 3 incident

With data on inpile rupture life becoming available, it was found that inpile creep rupture life
is as good as unirradiated material rupture life and using creep rupture correlations obtained by out-
pile testing on irradiated material would be overly conservative. Recent experiments indicate that
rupture life is reduced only beyond a threshold fluence. This inpile rupture life data is presently
utilised along with a lifefraction rule as the stress in the clad tube varies with fuel burnup.

For assessing the damage due to temperature transients, tests have been conducted on
irradiated material by simulating transient by induction heating. Heating rates upto 110 K/s have
been achieved. Correlations on rupture life as a function of heating rate, temperature, sbress, fluence
etc. have been derived for use in analysis. It has been found that ASS are subject to enhanced
embrittlement due to low melting point fission products under transients. This phenomenon has been
termed as ' fuel adjacency effect1. Fatigue damage is negligible for .fuel clad. A typical set of
structural design criteria for irradiated components in PFBR is presented in Table III.

5. STRUCTURAL ANALYSIS METHODOLOGY

The creep fatigue damage assessment in compliance with the design codes, are based on the
sbain and stress history. Hence the analysis to evaluate stress and strain in critical regions of a
component from the loading history is the main stage of design. Depending on the design stage of
a component, stresses and strains to expected during operation need to be known more or less
accurately. Accordingly, the necessary computational effort varies. Some inelastic considerations
are possible on the basis of fictitiously elastic analyses along with correction factors. The most
important prerequisite of a rigorous inelastic analysis is the material model. It describes the stress-
straintimetemperature response of a material in a homogeneous process by a set of constitutive
equations. They are solved simultaneously along with equlibrilim and continuity equations. The
constitutive equations are derived empirically using a phenomenological approach to correlate the
test data. They are the weak link in the structural analysis. Such a situation is emphasised in Fig 4.

Since the stress/strain response of the components is closely related to life prediction, the
reliability of life prediction depends strongly on the adequacy of the constitutive models employed
in the analysis. To illustrate this, the results of a parametric study on a bar subjected to a through
wall temperature gradient by using a 'linear kinematic hardening' and 'Chaboche plastic' models
performed by European Fast Reactor (EFR) design groupl5 are presented. The study indicates that
the maximum and minimum stress levels predicted by the models (212 and 16 MPa by linear
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kinematic hardening model, 145 and 118 MPa by Chaboche model), are quite different while the
stress ranges amount to closely similar values. Accordingly, fatigue damage predictions differ by
a factor up to 10, whereas the creep damage is over predicted by a factor up to 300 by the elastic
analysis route of RCCMR. Hence it is necessary to employ more realistic constitutive equations to
perform inelastic analysis of critical components of FBR.

5.1 Constitutive Equations

Selection of a 'good' constitutive model is the most important and difficult step in the
inelastic analysis. A 'good' constitutive model is the one, the application of which gives realistic
stresses and strains, taking into account rate dependent effect (sometimes called viscous), time
dependent behaviour (rheological), history dependent effects (plastic), etc. Towards this, the most
important requirement demanded from a constitutive model is its ability to simulate with reasonable
accuracy, all the essential mechanical behaviour at high temperature like, creep, plasticity, creep-
plasticity interaction, rate effects, cyclic hardening, strain memory, time recovery or thermal ageing,
under monotonic and cyclic loading conditions. With reference to FBR application, broadly two
forms of constitutive equations are currently being used. The first is based on traditional classical
theories of plasticity and creep and the second form of equations are based on the unified creep-
plasticity theory (also called viscoplastic theory).

5.1.1 Setnilassical theory

Semiclassical theory is based upon the fundamental assumption that the total inelastic strain
is regarded as the sum of time independent ('plastic') and time dependent ('creep') quantities. These
time independent and time dependent quantities are evaluated from the classical theories of plasticity
and creep respectively. However, certain interactions between these two types of processes are
introduced by ~ad hocb mles such that the plasticity has some ratedependence and the creep is
influenced by a rateindependent term. These interactions have the nature of empirical modifications
of the classical laws. They allow some account to be taken of the real complexities of material
behaviour in restricted circumstances but are unlikely to be fundamentally accurate. Models are not
many in this category and the difference between them is mainly in the methodology adopted to
model the cyclic hardening or softening behaviour with the hold time effectslO. The 'ORNL' model
developed by Oak Ridge National Laboratories, is probably a complete model based on the semi-
classical theoryl6. The salient features of ORNL model are dealt in ref[17].

5.1.2 Viscoplastic theory

In the theory of materials, the materials are generally classified based on their rate-
independent (elasticity or plasticity) and ratedependent behaviour (viscoelasticity or viscoplasticity)
The intrinsic phenomena of viscoelasticity are relaxation, creep and rate dependent energy
dissipation. A general feature of viscoelasticity is the 'fading memory' property, i.e., all past histories
are completely forgotten after sufficiently long time. Generally, the rate independent plasticity is
characterised by a perfect memory',i.e., the influence of the input history on the response remains
valid irrespective of the time between past events and the present. Viscoplasticity mimics both rate
independent (elastoplastic) as well as rate dependent (viscoplastic) occur simultaneously.

The viscoplastic behaviour is seen in certain metal alloys, especially under extreme
thermomechanical loadings. To illustrate this, with reference to FBR situation, a deformation
mechanism map (interrelationship between temperature, stress, strain rate and possible deformation
mechanism) developed by Asbyl8 for SS 316, is reproduced in Fig 6 highlighting only the relevant
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aspects. Basically there are three regions marked in the figure, which are separated by two solid
lines, corresponding to infinitely small strain rates and extremely high strain rates respectively. In
region I and region II, time independent deformation mechanisms, viz. elasticity and plasticity,
occur. When rate of loading is very small (region I), the asymptotic state is attained during the
loading stage itself and hence further response after loading is negligible, thus justifying the absence
of viscous effects. If the rate of loading is extremely fast (region II), then, there is no time available
for viscous deformation to occur and hence under this condition also, viscous effects are absent. The
region III is the domain of viscoplasticity wherein material response is function time i.e., the
response continues even after loading/unloading. For metals loaded at temperatures lower than about
0.3 times of their absolute melting temperature (Tm), the viscoplastic region III in between the above
two lines are absent. But for the temperatures higher than about 0.3 Tm> the width of this region
(represents the viscous stress) increases significantly with the temperature. For the given
temperature, the total internal stress developed may be decomposed into elastic, plastic and viscous
contributions. At the higher temperatures (> 0.6Tm), the elastic contribution is even absent and so
the viscous flow starts at zero stress itself. It is to be emphasised that the viscous stress is responsible
for the subsequent time dependent behaviour.

Many viscoplastic theories have been developed to model these complex processes in a
constitutive model. Among them, a '23pararneter Chaboche model'19 is found to be suitabie one for
FBR applications because of its ability to simulate accurately all the essential material behaviour
in the temperature range of 3 00-900 K.

Since a lot of expensive material data is needed to identify all the 23 material parameters and
the identification of these constants from these experimental data itself is very difficult, the complete
23parameter Chaboche viscoplastic model is simplified and a 'Reduced Chaboche Model' has been:
derived with only 13 material parameters. These 13 parameters have been identified from very few
experimental data based on physical interpretations attached to each of the material parameters. Out
of these 13, only 6 parameters are found to be temperature dependent. Using Reduced Chaboche
Model, the key components of PFBR namely inner vessel and control plug have been analysed and

109



results are compared with those obtained using ORNL model. From the analysis the maximum
operating temperature for the required design life for PFBR has been arrived at. More details of
application viscoplasticity theory to the high temperature design can be found in ref[17].

6. VALIDATIONS

An example is presented here to illustrate the validity of design code procedures in
conjunction with detailed inelastic analysis with Reduced Chaboche Model. This example which is
given in detail in ref[20] deals with life prediction of Ubend specimen subjected to loads equivalent
to those of FBR's structures and designed to study simultaneously creep under tension and
compression. The details of the geometry is given in Fig 7 along with loading details. The material
constants for SS 316 LN at 873 K used in the analysis are given in ref[17]. Experiments indicated
that the number of load cycles to produce 0.1 mm crack size in the internal surface (which is under
tensile stress) is 1280, whereas 1365 load cycles were needed to produce the same size crack on the
outer surface which is under compressive stress. The corresponding theoretical predictions are 648
and 803 load cycles, which shows that the currently used life prediction approach in compliance with
RCCMR seems to be conservative. It may be worth to note that the corresponding load cycles
according to elastic analysis are 241 and 293. Thus the present investigation indicates that the full
inelastic analysis brought the benefit of a factor of 2.7 on number of cycles to failure when compared
with elastic analysis.
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FIG. 7. Deformation mechanism map for SS 316
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TABLE IV

component

CP

Inner vessel

Main vessel

IHX

SG

Piping

Primary

Temp.(K)

793
803
813
823
833

Elastic

CP

285
177
108
68
42

thermal transients

reactor scram

reactor scram

DHR operation

reactorscram and
reactor shut down
reactor shut down

reactor shut down

critical locations

the junction of upper
stay plate - outer shell
hot side of connection of
redan with IHX stand pipes.
straight portion near
Na free level.
top tubesheet - shell
junction
top tube sheet and Na
inlet nozzle.
elbows

TABLE V

analysis Inelastic (ORNL) Viscoplastic (CHAB)

IV IHX CP

1033 8716 3028
427 3398 2000
208 1490 1217
106 718 728
58 365 500

IV EHX CP IV .

5466 48092 4095 18395
7592 18906 2647 11867
4717 7700 1633 7472
2890 3523 1048 4508
1670 1670 773 2907

7. PFBR ANALYSIS

The critical out of core components, viz. CP, IV, IHX have been analysed for estimating their
life at various operating temperatures in compliance with RCCMR. The governing thermal transients
and the critical locations for each of these components are given in Table IV.

For the inelastic analysis the neccessary material data for ORNL model has been taken from
RCCMR appendix Z and for viscoplastic analysis, the Reduced Chaboche Model is used. In
identifying material parameters, material data generated at Material Development Division was used.
Analysis is in progress for SG and main vessel. Viscoplastic analysis has been done for CP and IV.
For IHX, considering the convenient safety margins with inelastic analysis using ORNL model itself
(ORNL gives conservative result), viscoplastic analysis is not required.The summary of results of
analysis for CP, IV and 1HX are depicted in Table V. Details of analysis can be found in ref[2123].
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CP and Inner vessel can not meet RCCMR 87 code rules by elastic analysis route for
temperatures above 775 K. CP is the most critical component. For the design requirement of 1000
cycles which corresponds to the reactor design life of 30 years, maximum permissible reactor outlet
terr;perature can be 823 K. This corresponds to a steam temperature of 763 to 773 K. Thus by way
of performing a detailed analysis with realistic material model, it is demonstrated that 50 K increase
is possible in the steam temperature which in turn results in 1% increase in plant efficiency. This
increase in efficiency represents an additional energy of 12.5 MWe during entire service life of the
plant. This is the benefit of performing detailed inelastic analysis. More details on operating
temperature for an FBR can be found in ref[24].

8. FURTHER STUDIES

8.1 Material data

For PFBR material SS 316 LN, relaxation curves with starting strains 0.30.5 % for
temperatures 770 870 K and cyclic consolidation curves (maximum stress vs number of cycles) for
different hold times should be generated in order to define all the 13 material parameters that are
associated with Reduced Chaboche model. For modified 9 Cr 1 Mo (91 grade), stress strain
hysteresis loops, creep, relaxation and cyclic consolidation curves need to be generated in order to
define material constants for SG analysis. It may be worth to note that the effect of heat to heat
variation should be taken to account in generating the material data.

8.2 Design rules for weld

Sufficient material data to validate the currently recommended RCCMR design rules for
welds need to be generated by including the effects of weld metal, welding procedure, type of weld
and inspection creep fatigue damage assessment. Emphasis should be given on the validation of weld
strength reduction factors in case of creep fatigue interaction.

8.3 Validations

In order to validate creep fatigue damage methodology with particular reference to PFBR
situation taking into account possible scattering in the material data, idealisation procedure for
geometry, boundary conditions, loading and material modelling in the finite element analysis 1
experiments should be conducted on simple benchmark geometries involving multiaxiality,
weldments, stress concentrations etc. at high temperature.

8.4. Collaboration

There is a good case for settlement some form of collaboration to pool the existing
information on the material data and benchmark validation results towards establishing confidence
on the creep fatigue design methodology.

9. CONCLUSIONS

Various aspects involved in creep fatigue design of FBR components including the
characteristic features of FBR, current creepfatigue design approach in compliance with RCCMR
(1987) design code, material data, effects of weldments and neutron irradiation, material constitutive
models employed, structural analysis and further R&D required for achieving maturity in creep-
fatigue design of FBR components were discussed.
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One typical validation study and an example for PFBR analysis for creep fatigue damage
assessment have been dealt in this paper. The benefits of detailed viscoplastic analysis with Reduced
Chaboche and ORNL material models in demonstrating higher operating temperature and longer
design life have also been brought out. Finally, further R&D required in this field have also been
discussed.
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