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FOilEWORD 

This compilation of design rules for elevated-temperature reactor  

core s t ruc tures  was prepared as pa r t  of t h e  High-Temperature S t ruc tura l  

Design (HTSD) Program (l89a OH048) a t  t h e  Oak Ridge National Laboratory. 

Ere purpose of t h e  program i s  t o  develop ve r i f i ed  s t ruc tu ra l  design meth- 

0r2-s ai16 c:i*tteria Tor reactor  system components and nonreplaceable core 

s tmctumr ,  that operate a t  temperatures i n  t h e  creep range. The program 

i s  sponsored by t h e  Division of Reactor Development and Demonstration of 
t h e  U . S .  Energy Research and Development Administration (ERDA) ( f o m e r l y  
U. S .  A t o m i c  Energy Commission). 

R number of individuals contributed t o  t h e  preparation of this  re- 

port;. W. K.  Sartory provided assis tance i n  data  analysis  where recom- 

mended design curves were developed. A. W, Dalcher, formerly of Atomics 
Internat ional ;  H. D .  Garkisch of Westinghouse-ARD; and E. Y .  W. Tsui, 

J .  V. Marron, and A. T .  Brown of General Elec t r i c  Breeder Reactor Depart- 

ment supplied recommendations f o r  design rules .  W. J, O'Donnell provided. 

valuable input t o  th i s  e f for t  through h i s  review of and comments on the  

i n i t i a l  di-aft of t h i s  document. Finally,  the authors wish t o  thank J. M .  
Conm and W. L. Greenstreet f o r  the programmatic d i rec t ion  provided within 

t h e  HTSD Program. 





I- 1 

PRELIMINARY ELEVATED - TEMPER!lTURE CORE 
STRUCTUF33S DESIGN CRITERIA 

W. J. McAfee 
T.  W.  Pickel 

ABSTRACT 

Rules a re  recommended f o r  use i n  t h e  design of elevated- 
temperature core s t ruc tures  that are c l a s s i f i ed  as being non- 
replaceable. 
ASME Code Case 1592 and RDT Standard F9-4 and a r e  presently 
l imited t o  design with annealed and i r r ad ia t ed  types 304 and 
316 s t a in l e s s  s t e e l ,  

The design rules contained i n  t h e  above c r i t e r i a  have 
been used as t h e  basis fo r  these recommendations. The concept 
of s a t i s f ac t ion  of both stress and s t r a i n  l imi t s  has been re- 
ta ined.  The e f f ec t s  of i r r a d i a t i o n  have been included wherever 
possible through modification of t h e  ex is t ing  high-temperature 
design limits t o  r e f l e c t  t h e  manner i n  which material proper- 
t i e s  change with increasing fluence. 
and f a i l u r e  modes that rnay be s igni f icant  f o r  s t ruc tura lmate-  
r ials subject t o  neutron flux have been iden t i f i ed  and prelim- 
inary scoping rules included. 

These rules a re  presented i n  a format similar t o  

Additional deformation 

Key words: Core s t ructures ,  core s t ruc tu ra l  design. high- 
temperature design, M F B R  Program, i r r a d i a t i o n  e f fec ts ,  AkSDE 
UTV Section 111, A W  Code Case 1592, RI)T Standard 59-4. 

1. INTRODUCTION 

1.1 Background 

The design of advanced reactor  systems t o  operate at elevated t e m -  
peratures requires  the  use of s t ruc tu ra l  design and analysis  methods tha t ,  

i n  many cases, exceed t h e  limits of the  avai lable  technology. In  recog- 
n i t i on  of t h i s ,  nat ional  programs have been formulated t o  develop th i s  
needed technology. One such e f f o r t  i s  t h e  High-Temperature S t ruc tura l  De- 

s ign (RTSD) Program a t  t h e  Oak Ridge National Laboratory, which has as its 

objective the  development of ve r i f i ed  high-temperature s t ruc tu ra l  design 
methods and c r i t e r i a  applicable t o  LMEBR components and core s t w t u r e s .  
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The work reported herein covers l;he t a sk  of developing preliminary s t ruc-  

t u r a l  design ru les  f o r  core coinponents. 
In developing a sui table  program plan f o r  %he IWSD Program, an iden- 

t i f i c a t i o n  of t h e  s t a t e  of t h e  a r t  i s  required t o  form a foundation from 
which needed research and development plans can grow. For the IITSD Pro- 

gram, in te rpre t ive  reports  by experts i n  t h e  f i e l d  have played an essen- 

t i a l  ro l e  i n  s ta te-of- the-ar t  assessments and fomidat ion  of research and 

development (R&D) plans. These in te rpre t ive  reports provide f o r  u t i . l i za-  
t i o n  of t h e  knowledge and ideas of leaders i n  t h e  f i e l d s  of design, analy- 

sis, and materials behavior. 
For t he  t a sk  of developing design ru les  f o r  core s tmctures ,  several  

companies with highly developed commercial reactor and Liquid-Metal Fast 
Breeder Reactor (lM.??BR) programs were contacted t o  prepare in te rpre t ive  
reports.  

and the  needed R&D t o  support these rules. 
i n  t h i s  a c t i v i t y  were Atomics International;  General. S lec t r ic ,  Breeder 
Reactor Department; and Westiq$iouse Advanced Reactors Division. The re- 

ports f o r  recommended design .rules from each of t he  above companies a re  

l i s t e d  as references I, 2, and 3 respectively.  

These reports  were to include recommendations f o r  design ru l e s  

The companies par t ic ipa t ing  

Ln addition, OII1\sL has maintained close contact with ASMI3 and RRD 
groups working t o  develop elevated-temperature design c r i t e r i a  and analy- 
s i s  guidelines.  The developments under t h e  ORNL ECSD Program have been 

extensively u t i l i z e d  as they r e l a t e  t o  unirradiated materials behavior. 

No experimental i r r ad ia t ion  e f f ec t s  studies were performed a s  pa r t  of t h i s  
e f for t ,  but use was made of a s  much data a s  could be found on the  e f f ec t s  
of neutron i r r ad ia t ion  on the  behavior of structu.ra1 materials.  An assess- 

ment of a l l  t he  above information forms the  basis f o r  the  recommended de- 
s ign ru les  contained herein.  

1.2 Scope 

The purpose of t h i s  docwnent i s  t o  recoiixiiend- design rules for  reactor  
core s t ructures ,  exclusive of f u e l  cladding, where the  e f f ec t s  of i r r a d i -  

a t ion  and elevated temperatures on reactor s%rv.ctual materials,  as wel l  as 
time-dependent mater ia l  behavior, must be taken in-iio account. I r rad ia t ion  



e f f e c t s  a r e  considered not t o  be s ign i f icant  below a fluence of lo2' neu- 

trons/cm" (E > 0.1 MeV). 

a t  which these ru les  a re  t o  be applied. 
p ly  t o  components designed t o  flmction f o r  t h e  l i fe t ime of t h e  plant ,  

t h a t  is, permanent or nonreplaceable components. Since permanent struc- 
tures are  given primary consideration, a philosophy and, i n  many cases, 

design ru l e s  similar t o  those of t h e  ASME Codes have been adopted. These 

ru les  do not apply d i r ec t ly  t o  replaceable or consumable components, al-  
though the  designer may a t  his option u t i l i z e  these guidelines for such 

s t r u c t w e s  . Generally, however, replaceable components are designed for 
high end-of-life fluences and r e l a t ive ly  short  l i fe t imes  and may require  

special  design considerations or design methods. For such components, 

a l t e rna te  design ru les  t o  those contained herein may more spec i f i ca l ly  
r e f l e c t  t h e  necessary design needs and performance standards. 

This fluence i s  thus taken as the  lower l i m i t  
These ru les  are intended t o  ap- 

Section 111 of the  ASME Boiler and Pressure Vessel Code4 contains de- 

sign c r i t e r i a  and limits applicable t o  nuclear components under service 
conditions where thermal creep and relaxat ion e f f ec t s  are negl igible .  

Subsection NG of Section I11 contains design ru l e s  f o r  core support s t ruc-  
t u re s  but ,  l i k e  Section 111, i s  l imited t o  maximum temperatures of 8 0 0 " ~ .  

Additionally, Subsection NG does not exp l i c i t l y  address fluence e f fec ts ,  

so that t h e  designer i s  l e f i  essent ia l& t o  his  own devices. Thus only 

time-independent failure modes of unirradiated mater ia ls  are considered. 

Section I11 i s  supplemented by ASME Code Case 1592-1 (Ref. 5 ) ,  RDT F9-4T 
(Ref. 6>, and RDT F9-5T ( R e f ,  7) t o  provide design rules ,  allowable s t r e s s  
limits, and analysis  guidelines under service conditions where t h e  time 
dependency of mater ia ls  propert ies  and s t ruc tu ra l  behavior i s  important. 

In  formulating these c r i t e r i a ,  p r inc ipa l  concerns have been t h e  loss 
of mater ia l  duc t i l i ty  due t o  i r r ad ia t ion  and t h e  a l t e r a t i o n  of s t ruc tu ra l  

response due t o  irradiation-induced creep and swelling. These a re  re- 

f l ec t ed  i n  both the  r u l e s  and t h e  Limits proposed. 

, 

The rules are presented i n  a f o m a t  very similar t o  XDT Standard F9-4 
and A W  Code Case 1592. This is ,  t o  some extent, a matter of convenience 

since t h e  proposed m l e s  a re  based on t h e  design guidelines f o r  elevated 

temperatures as set f o r t h  i n  t h e  above Standard and Code Case. In  addi- 

t ion ,  presentati-on of the  core s t ruc tures  design r u l e s  i n  a form which i s  
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s h e a d y  familiar* t o  t h e  deslgner should simplify implementation. An ef -  

f o r t  has been made, where possible, t o  es tab l i sh  design rules and Xmits  

t h a t  a r e  continuous functions of accumulated neutron fluence. The pur- 

pose i s  t o  avoid s i tua t ions  where large s tep  changes i n  design l ini i ts  a re  
encolintered as  t he  accumulated fluence increases.  In addition, it has 
been the  in ten t  t o  recommend ru l e s  t h a t  a re  consistent with the  rules of 
ex is t ing  codes and s t a n d ~ r d s ~ - ~  where the  c r i t e r i a  contained herein in t e r -  
face with these codes and standards. 

To provide the  designer with a general overview of major ru l e  o r  
l imi t  changes as compared t o  ASME Code Case 1592 and RDT Stxadard Fg-4, 
Table 1.1 has been prepared. This t a b l e  does not represent every d e t a i l  

of variance between t h e  subject documents, but it does present: i n  a 
highly concise form, features ‘chat t h e  designer should be aware of i n  ap- 
plying these rules .  

The general e f f ec t s  of i r r ad ia t ion  a re  t o  increase t e n s i l e  strength, 
decrease t e n s i l e  duc t i l i t y ,  decrease c reep rup tu re  strength and duc t i l i t y ,  

decrease fat igue resistance,  and decrease f rac ture  toughness, I n  t h i s  

document, i r r ad ia t ion  i s  considered as degrading a l l  mechanical proper- 
t i e s ,  and allowable limits are decreased with respect t o  unirradiated ma- 
t e r i a l  l imi t s .  
enhanced t e n s i l e  strength may be used.)  

intended t o  insure adequate duc t i le  ma,terial response and t o  consider t he  

fluence dependency of both mechanical strength and d u c t i l i t y .  GeneraUy, 
t he  s t r e s s  limits a r e  viewed as preventing a short-term structw-a1 over- 
load, whereas long-term behavior i s  lixnited more by deformation. 

(An  exception i s  ce r t a in  cases of e l a s t i c  analyses where 

The proposed. limits on s t r e s s  a re  

The s t r a i n  limits proposed are  based on pos t i r rad ia t ion  t e n s i l e  and 
creep-rupture elongation dab,.  It i s  recognized t h a t  pos t i r rad ia t ion  
time-dependent data  do not adequately represent in-reactor behav-ior, but, 

u n t i l  in-reactor  data a re  available i n  suf f ic ien t  quantity t o  formulate 
design infomation,  the  l i m i t s  on deformation contained herein a re  recom- 

mended. 
i r r ad ia t ion  data, and the  same reasoning as f o r  deformation l imits appl ies .  

The fatigue limits have been based on a Universal Slopes type equation 
where l o s s  i n  t e n s i l e  d u c t i l i t y  i s  used t o  predict  t he  decrease i n  fa t igue 

strength with increasing fluence,  A n y  enhancement of fati.gue s t rength 

Stress rupture l i m i t s  are a l s o  fom-ulated on the  basis  of post- 



Table 1.1. Swlunary of Major Rule or Li rn i t  Changes as Compared 
t o  ASME Code Case 1592 and IiDT Standard F9-4 

I. Load-Controlled Stress  -Rules 

A. Introduces STtj a fluence- and time-dependent s t r e s s  l i m i t  
t h a t  i s  applicable t o  Normal plus Upset, Emergency, and 
Faulted Conditions. 

Provides f o r  use of Sm, based on pos t i r rad ia t ion  t e n s i l e  prop- 
eyt ies ,  fo r  special  loading cases. 
Requires evaluation of Life-Fraction where t h e  propert ies  of 
i r rad ia ted  materials a re  considered. 

B. 

C. 

11. Stra in  and Deformation Rules 

A .  General simplified methods ( e l a s t i c )  a r e  no% suf f ic ien t  where 
irradiation-induced swelling s t r a i n  plus  i r r ad ia t ion  creep 
a r e  equal t o  o r  greater  than O.O5$, 

B. The s t r a i n  categories of w a l l  average, equivalent Linear d i s -  
t r ibu t ion ,  and peak are  preserved, but t h e  Emits are  fluence 
dependent . 
2radLation-induced creep and swelling s t r a ins  a r e  l b i i t e d  
only through funct ional  requirements. 

f o r  s a t i s f ac t ion  of s t r a i n  limits using e l a s t i c  analysis,  l i m -  
i t s  a re  a l s o  specified for the creep s t r a in .  

C . 

D .  I n  addi t ion t o  t h e  ru les  a s  contained i n  ASME Code Case 1592 

111. Fatigue and Creep Rules 

Fluence-dependent limits are provided f o r  assessing fat igue 
s t rength.  

Rules a r e  provided t o  modify creep limits with fluence. 

ered i n  t h e  damage evaluation. 

A. 

B . 
C.  Irradiation-induced swelling and creep s t r a i n  a re  not consid- 

IV. Rules f o r  B r i t t l e  Materials 

A .  A l l  materials f o r  use i n  core s t ruc tures  s h a l l  be c l a s s i f i ed  
as being i n  t h e  duc t i le  or b r i - t t l e  s t a t e  with respect t o  a 
pa r t i cu la r  appl icat ion and operating environment. 
Rules provided are intended primarily f o r  scoplng purposes. 
For more deta i led  consideration of f rac ture  behavior, t he  de- 
signer i s  ref  erred elsewhere. 

A procedure for  c l a s s i w i n g  ma-terials as being i n  the duc t i l e  
or b r i t t l e  s t a t e  i s  provided. 
Rules provided are  based on concepts of l i nea r  e l a s t i c  frac- 
t u r e  mechanics. 

B. 

C .  

D. 

__ 
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ped-icted by t h e  Universal Slopes equation due to i-ncreases i n  t e n s i l e  

ult imate strength a re  not alloiied. While a l l  the  l imi t s  a s  discussed 
above have been developed using pos t i r rad ia t ion  data, provisions a re  in-  

cluded t h a t  permit t he  designer t o  u t i l i z e  in-reactor  data  a s  they become 

avai lable .  
An addi t ional  po ten t ia l  f a i l u r e  mode for which ru l e s  a re  included i s  

t h a t  of b r i t t l e  f racture .  B r i t t l e  behavior of highly i r rad ia ted  materi- 

a ls  covered by t h i s  document has a s  ye t  to be adequately demonstrated. 

However, t h e  large decrease i n  d u c t i l i t y  with increasing fluence seems to 
imply the  poten t ia l  for b r i t t l e  f rac ture .  The ru les  included here3.n are  
intended primarily for scoping purposes and t o  provide limits t h a t  would 

indicate  the  need f o r  more detai led f rac ture  mechanics analysis.  

It must be real ized t h a t  some of t he  mater ia ls  data required f o r  the  
Tile designer i s  thus re- support of t h i s  document a re  not now avai lable .  

quired t o  provide data, make extrapolations, or r e s t r i c t  design, subject 

t o  the  approval of t he  Owner, i f  t he  design rules  of t h i s  document are  t o  
be s a t i s f i e d .  It must a l so  be understood t h a t  t h i s  document i s  not, in-  

tended t o  supplant t he  AkSME Code o r  Code Cases; where there  i s  a conf l ic t ,  

the  l a t t e r  will take precedence. 

requires the  design curves contained in AS$E Code Case 1592 (Ref. 5 ) .  
For materials data, t h e  designer i s  referred t o  t h e  Nuclear Systems Ma- 

t e r i a l s  Handbook, Design D a t a .  

Jmplementation of these design ru les  

I-...._..__ 
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2. GEESERAL REQULREMENTS 

2 . 1  Materials - and Material  Properties 

The mater ia ls  f o r  use with the  c r i t e r i a  of t h i s  document a re  pres- 
en t ly  l imited to annealed and i r r ad ia t ed  types 304 and 316 s t a in l e s s  
s t e e l s .  This r e s t r i c t i o n  i s  d ic ta ted  by t h e  lack of data  on t h e  high- 

temperature time-independent and time -dependent behavior of i r r ad ia t ed  
mater ia ls .  The inclusion of other mater ia ls  f o r  use with these c r i t e r i a  

must be evaluated as data  on high-temperature i r r ad ia t ion  e f f ec t s  become 

avai lable .  
In  addi t ion t o  t h e  mater ia ls  propert ies  information provided i n  t h i s  

document, data and correlat ions from the  following sources rnw be used 
without p r i o r  approval of t h e  Owner: Section 111, AXME Boiler  and. Pres- 

sure Vessel Code,* ASME-BPV Code Case 1592,5 and Nuclear Systems Materi- 

a l s  Handbook, Design Data.8 Use of these data i s  subject t o  t h e  correc- 
t i ons  f o r  i r r a d i a t i o n  e f fec ts  8s included i n  these c r i t e r i a .  

2.2 Modes of Fai lure  

Modes of f a i l u r e  considered by t h e  design ru l e s  of t h i s  document in-  

c lude 

1. duc t i l e  rupture from short-term loadings, 
2 .  creep rupture from long-term loadings, 

3 .  creep-fatigue failure, 

4 .  excess accumulation of i n e l a s t i c  s t r a in ,  i n c l u d d g  s t r a i n  ra tchet t ing,  
5. b r i t t l e  f rac ture  . 
Also, b r i e f  guidelines are provided for t h e  following addi t ional  failure 

modes. 

1.. loss  of fbnction due t o  excessive deformation, 

2. buckling due to short- tern loadings, 

3 .  creep buckling promoted by changes i n  geometry due t o  creep defomna- 
t i o n  associated with long-term loadings, 
buckling due to dimensional changes caused by neutron i r rad ia t ion ,  4.. 
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5 .  f r a c t m e  by s t r a i n  concentration due t o  irradiation-induced loss  of 

material strain-hardening capabi-lity . 

2.3 Core Comnonent Classifj.cation ___ A..- _.......~......I___I_ 

I n  es tabl ishing the  design rules  and l imi t s  contained i l l  t h i s  docu- 

men%, the in ten t  was t o  provide c r i t e r i a  which a r e  contifluous with 5.n- 
creasing flueace. However, beyond t h e  fluence leve ls  sham i n  Cnapter 5, 
t h e  design rules  a re  t en ta t ive .  These rules,  including the  basis  f o r  e s -  

t ab l i sh ing  them, ma,y change as a be t t e r  understanding of i r rad ia tedma-  
t e r i a l  behavior i s  gained. It, i s  t h e  responsibi l i ty  of t he  designer to 
take cognizance of th i s  f a d ,  to evaluate a cormpnent based on t t s  end- 

o f - l i f e  fluence and proposed operating his tory,  and t o  provide f o r  re- 
placement where needed, 

2.4 ,4naIysis Methods _ _  -._... __I._. .. ._ 

Ine l a s t i c  analyses a re  sometihes required t o  demonstrate adherence 
t o  t h e  criteria contained i n  t h i s  document. However, it 5s t he  in ten t  t o  
pex-rnit broad usage of e l a s t i c  andyses ,  includ-ing cases of i r r ad ia t ion  

swelling and i r r ad ia t ion  creep arid swelling. 
detai led ine1astj.c analysis,  wid-elines f o r  methods t,o be used. without 

p r io r  Owner apprwa l  a re  given i n  KDT Standard F9-5T.7 
presently apply only t o  m i r r a d t a t e d  mater ia ls ;  thus t h e  designer i s  re- 
quired t o  supply t h e  methods fo r  performing i r r ad ia t ion  creep and swelling 
analyses. The materj-als properties in fomat ion  required t o  implement 

these methods should be obtained i n  accordance xi-Gh Section 2.1. 

For those cases requiring 

'These methods 

2 " 5  ~ _ _ _  Ducti le-Bri t t le  Material  Behavior Classif icat ion 

One ef fec t  of neutron i r r ad ia t ion  on s t ruc tu ra l  materials i s  a l o s s  

of d u c t i l i t y  t o  the  point where these materials m a y  exhibit  b r i t t l e  ten- 

dencies due t o  flaw sens i t iv i ty .  
st-ructures shall be c l a s s i f i ed  as being i.n the  duc t i le  OT b r i t t l e  s t a t e  
with respect t o  a par t icu lar  application and operating environment. This 
c l a s s i f i ca t ion  s h a l l  be based on all available mater ia ls  propert ies  data, 

A l l  materials for  USE i n  IMFBR core 
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past  experience, estimates of f l a w  charac te r i s t ics ,  and c r i t i c a l -  s t ress -  

i n t ens i ty  f ac to r s .  In  t h i s  document, b r i t t l e  f rac ture  i s  considered t o  

be crack i n i t i a t i o n  and unstable crack propagation under applied loads 
where only s m a l l  p l a s t i c  strains are developed during f rac ture  (see Sect. 

3.1). A phenomenon sirnilar i n  appearance i s  that of f a i l u r e  by local ized 
s t r a i n  concentration due t o  irradiation-induced lo s s  of mater ia l  s t r a in -  

hsrdening capabi l i ty .  In such f a i lu re s ,  unlike b r i t t l e  fa i lures ,  large 

highly local ized p l a s t i c  s t r a i n s  a r e  accumulated. Design guidance t o  
guard against  t h i s  mode of f a i l u r e  i s  given i n  Chapter 7 .  

2.6 Neutron Spectrum Effects  

The design guidelines used i n  these c r i t e r i a  a re  presented i n  terms 

of f a s t  fluence, that is ,  t ime-integrated flux with energy greater  than 

0 . l M e V .  I r r ad ia t ion  damage and the  response cha rac t e r i s t i c s  of the  ma- 

t e r i a l  a re  dependent on the  spectrum of the  i r r ad ia t ing  neutron flux. 
Thus, t h e  designer must consider t h e  e f fec t  of  t h e  neutron spectrum i n  

assessing t h e  ru l e s  and l imi t s  of these c r i t e r i a .  T'ne methods used must 
be subject t o  Owner approval and be j u s t i f i e d  i n  the  S t ress  Report. 





3 .  DEFINITIONS 

General terms used i n  t h i s  document are defined i n  t h i s  chapter. 

Primarily, it i s  t h e  in t en t  t o  present terms r e l a t ed  t o  i r r ad ia t ion  ef-  

f e c t s  on a bas i s  consis tent  with ex is t ing  c r i t e r i a .  A s  such, there  i s  

some r epe t i t i on  of def in i t ions  included i n  ASME Section 111 and support- 

ing Code Cases. 

where used. 

Some terms needed f o r  spec ia l  applications a re  defined 

3 . 1  Controlled - Quant i t ies  

I n  these design c r i t e r i a ,  t he  s t r e s s  and s t r a i n  limits fclr design 

evaluation a re  re la ted  t o  the type of s t ruc tu ra l  response under loading. 

The controlled quant i t ies  f a l l  in to  two categories.  

3. :L. 1 Load-Contuolled Quantit ies 

The l imited quant i t ies  a re  mainly s t r e s s  i n t e n s i t i e s  which r e s u l t  

Included from equtlibrium with external  loads during plant  operation. 

i n  th i s  category are primary general membrane, l o c a l  membrane, and bend- 

i n g  s t resses ;  and secondary s t r e s ses  with a la rge  amount of  e l a s t i c  fo l -  

la\r-up. 

3 1 . 2  I Deformation-Controlled Quant i t ies  

These quant i t ies  a re  s t ra ins ,  cyc l ic  s t r a i n  ranges, o r  d e f o m t i o n s  

which r e s u l t  from load def lect ion and/or s t r a i n  compatibil i ty.  

3 .2  Damage and Failure Modes 

3 .2 .1 B r i t t l e  Fracture 

In  this document, b r i t t l e  f rac ture  i s  defined as a fa i lwe  by unsta- 

ble crack propagation from an exis t ing  o r  developed defect a t  s t r e s s  lev- 

e l s  not exceeding a c r i t i c a l  s t r e s s  {see Chapter 8) .  
generally characterized by a sudden energy release and by l o w  l o c a l  elon- 

gat ions.  

Such f a i l u r e s  a re  
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3.2.2 Creep Damage 

Thermally act ivated creep damage i s  t h a t  pa r t  of t h e  t o t a l  mater ia l  

damage caused by t h e  exposure t o  steady and t rans ien t  s t resses  at  ele- 
vated teuperatwes.  This damage i s  e q r e s s e d  as a time r a t i o  and i s  af-  

f e c t e d b y  the presence of a neutron f lux .  Relaxation damage i s  a special  

case of creep damage caused where t h e  t o t a l  s t ra in ,  e l a s t i c  plus inelas-  
t i c ,  remains constant. The s t r e s s  l e v e l  i s  reduced during relaxat ion as 
the  mater ia l  undergoes creep s t r a in .  

3.2.3 __. CreepFatigue Intersct ion 

The creep-fatigue inteeraction i s  “the e f fec t  of combined therm1 creep 

and fat igue on the  t o t a l  accumulated mater ia l  damage a t  f a i lu re .  

3 .2 .4  Fatigue Damage 

Fatigue damage i s  that pa r t  of t h e  t o t a l  mater ia l  damage caused by 

cycl ic  deformation which i.s independent of creep e f f ec t s  such as stress 
o r  s t r a i n  hold times and frequency. This damage i s  expressed as a cycle 

r a t i o  and i s  affected by the  presence of a neutron fl-ux. 

3.3 Design Conditions ..I_--_-.-_I 

‘The specified design parameters Tor the  Design Conditions l.oad.ing 

category shall equal o r  exceed those of t h e  most severe combination of 

assumed coincident pressure, temperature, and load. forces specif ied under 

Normal Conditions (see Sect. 4.1) fo r  .the same zone of the  component. 
These specified design pa rme te r s  fo r  Design Conditions s h a l l  be ca l led  
Design Temperature, Design Pressure, and Design Mechanical Loads and s h a l l  

be used i n  computations to show cmpliance with the requirements on Tie- 
s ign Conditions i n  Subsection 6.2.1.  

3 .3 .1  Design-Temperature 

The Design Temperature i s  equal to ,  or  greater than, t he  maximum l a -  

cal average (through t h e  wall or thickness) temperature t’mt w i l l  ex i s t  
i n  a given zone of t h e  s t m c t u r e  during Norrnal Qemt ing  Conditions. 
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3.3.2 Design Pressme 

The Design Pressure i s  as derined i n  ASME Code Section 111, Par. IQ3- 

3112.1. 

3.3.3 Design Mec'nnnical Loads 

The Design Mechanical Loads a re  as defined i n  Section 111, Par. NB- 

3ll2.3, w i t h  t h e  addi t ion that t h e  ac tua l  mechanical loads shall  spec i f i -  
cally include those caused by irradiation-induced swelling. 

3.4 Duct i l i ty  and Duct i l i ty  L i m i t  

UuctiSity i s  a measure of t he  capabi l i ty  of a mater ia l  t o  undergo 

i n e l a s t i c  deformation without f a i lu re .  
m a l  creep s t r a i n  at which failure occurs i s  the  d u c t i l i t y  15mLt. Pres- 

ently,  only p l a s t i c  and thermal creep s t r a i n  components a re  considered t o  
contribute t o  duc t i l e  f a i l u r e  of a mater ia l  (see Sect. 3.8).  

The permanent p l a s t i c  and/or ther -  

3 .5  Irradiation-Induced Deformation 

3.5.1 Irradiat ion- Induc ed Creep 

Irradiation-induced creep, or " i r r ad ia t ion  creep," s t r a i n  i s  a com- 
ponent of  i n e l a s t i c  deformation caused by t h e  appl icat ion of s t r e s s  to a 

structure i n  t h e  presence of a neutron flux f i e l d  and i s  i n  addi%ion to 
thermally act ivated creep. 

mensional changes, including volumetric changes, a re  considered to be a 

r e s u l t  of i r r ad ia t ion  creep s t r a in .  

A l l  stress-dependent irradiation-induced d i -  

3 .5 .2  I r radiat ion-  Induced Swelling 

Irradiation-induced swelling, or " i r r ad ia t ion  swelling, ' I  i s  an i so-  

t r o p i c  volvrne increase due to neutron rad ia t ion  which, l i k e  thermal ex- 

pansion, i s  converted t o  an equivalent normal s t r a in .  In  th i s  document, 
irradiation-induced swelling i s  assumed not t o  be a function of stress. 
This assumption may need t o  be revised dependent upon future  data.  



3.6 

3 -4 

Minimum Design Limits 

When def in i t ions  of ,sign limits r e f e r  t o  "min-num" properties,  t h e  

value of t he  property s h a l l  be defined s t a t i s t i c a l l y  a s  follows. 

(a)  For a large amount of data, it i s  t h e  value which i s  predicted 

with a 95% confidence l e v e l  t o  be below 95% of a l l  data  poirrts. 

(b)  For a l imited amount of data, it i s  the  value which i s  predicted 
t o  be below 97.55 of t h e  avai1abl.e data  points.  

If a s t a t i s t i c a l  analysis of mater ia l  data i s  not approprjate, zngineer- 

ing judgment must be used t o  define min5m.m proper%ies. 

approval of t he  Owner i s  required. 

In i r i i s  case ,  

3.7  Kabchetting 

h t c h e t t i n g  i s  a progressive cycl ic  i ne l a s t i c  deformtion.  Total  

i n e l a s t i c  s t r a i n  per cycle may vary from cycle t o  cycle i n  the  most gen- 
e r a l  s i tua t ion .  If t h e  net i n e l a s t i c  s t r a i n  from a given load cycle i s  
constant f o r  subsequent cycles, t he  ratchet t ing is said t o  be s t ab le ,  

( a )  Progressive incremental i n e l a s t i c  deformation can occur i n  a com- 
ponent t h a t  i s  subjected t o  cycl ic  var ia t ions  of mechanical secondary 

s t ress ,  thermal secondary s t ress ,  or both i n  the  presence of a primary 

s t r e s s .  

(b)  Where creep e f f ec t s  a re  s ignif icant ,  creep ra tche t t ing  can occur, 
even i n  t h e  absence of p l a s t i c  yielding. A t  l e a s t  two mechanisms are  in -  

volved i n  creep ratchet t ing.  F i r s t ,  creep can a l t e r  t h e  residual  s t r e s ses  
and thus a f f ec t  t he  time-independent behavior. Second, t h e  time-dependent 

deformation can be enhanced. because of thz  nonlinear in te rac t ion  of p r i -  

mary and secondary sti-esses. 'This l a t t e r  e f fec t  is referred t o  as en- 

hanced creep. 

3.8 Strain Classif icat ion 

3.8.1 Duct ility-Limited. S t ra in  

The duc t i l i ty - l imi ted  s t r a i n  i s  t h a t  s t r a i n  or combination of s t r a i n  

components t h a t  contributes t o  duebile material  f a i lu re .  Only p l a s t i c  
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and thermal creep s t r a i n s  are considered to be ducti l i ty l imited.  

prirrary emphasis i s  placed on l imit ing these s t r a ins  t o  values below which 

mater ia l  f a i l u r e  w i l l  not occur. Irradiation-induced creep and volumetric 

swelling s t r a i n s  present ly  are not considered t o  be d u c t i l i t y  l imited and 

are  only l imited by funct ional  requirements. 

Thus, 

The t o t a l  s t r a i n  a t  a given point includes s t r a i n s  due t o  mechanical 

and thermal loadings and t o  i r r ad ia t ion  e f f ec t s .  It consis ts  of' e l a s t i c  

(including thermal expansion), p l a s t i c ,  thermal creep, and i r rad ia t ion-  

induced creep and volumetric swelling. The t o t a l  permanent s t r a i n  i s  the  
t o t a l  s t r a i n  excluding t h e  e l a s t i c  component I 

3.9 St ress  In t ens i t i e s  - 

3.9.1 Stress  In tens i ty  

The s t r e s s  i n t ens i ty  i s  defined a s  twice t h e  maximum shear s t r e s s .  

I n  other  words, t he  s t r e s s  i n t ens i ty  a t  a given point i s  the  difference 
between t h e  algebraical ly  l a rges t  p r inc ipa l  s t r e s s  and t h e  algebraical ly  

smallest  p r inc ipa l  s t r e s s  at  t h a t  point.  Tensile s t resses  are considered 

posi t ive,  and compressive s t r e s ses  a re  considered negative. 

3 . 9 . 2  Stress-Intensi ty  L i m i t s  

The following s t r e s s - in t ens i ty  limits a re  used throughout t h i s  docu- 

me n t  . 
3.9.2.1 S, - Time- Independent Stress  L i m i t .  A t  a given temperature, 

S 

st rength quant i t ies  which a re  defined i n  RSME Section 111 (Ref. 4) as c r i -  

t e r i a  for determining S Using these same bases, Sm has been extended 

to elevated temperatures (see ASME Code Case 1592) .5 

t h i s  docanent implies use of values f o r  t h e  appropriate mater ia l  and t e m -  
peri~-L~xf- L L  contained i n  Refs. 4 and 5. 

i s  the lowest s t r e s s  value among the  time- and fluence-independent 
Ill 

m' 
Reference t o  Sm i n  

3.9.2.2 S t  - Time-Dependent Stress Limit. At a given temperature, 
S, i s  the time-dependent s t r e s s  value f o r  annealed mater ia l .  The data 
considered i n  es tabl ishing these values a re  obtained from long-term, 



constant-load, uniaxial  t e s t s .  For each specifix t h e  t, the  S values 

sha l l  consider t e s t  r e s u l t s  including (a) the  s t r e s s  required t o  obtain 

a t o t a l  ( e l a s t i c  plus p l a s t i c  plus creep) s t r a i n  of l%, (b)  t h e  s t r e s s  

t o  i n i t i a t i o n  of t e r t i a r y  creep, and ( c )  t he  s t r e s s  t o  rupture. 

t 

3.9.2.3 &t - Primary Membrane Stress  L i m i t .  'YIe l i m i t  on primary 

i s  t o  be used i n  caIculations for  general membrane s t  r e  ss intensi ty ,  

the  ac tua l  service l i f e ,  t h e  Design Coriclitioiis, and the  Noms1 plus Upset 
operat2ing conditions. The allowable valu-es a re  given f o r  t he  appropriate 

mater ia l  In  Ref. 5. The Smt values a re  the  lower of two s t ress - in tens i ty  
values, S,  (time independent) and St (time dependent), and are based on 
propert ies  of annealed mater ia l  only. 

, 

3.9.2.4 SI- - Time- and Fluence-Dependent Stress  Limit. A t  a given 
.-___ 

tmpera ture  and fluence, SI% i s  the  time-, temperatme-, and fluence- 
dependent s t r e s s  value used i n  conjunction with S t o  esta'olish s t r e s s  

l imi t s .  In determining t h e  values of  SIt, consideration i s  t o  be given 
t o  t h e  time-dependent deformation and rupture properties of i r rad ia ted  

mater ia ls .  The method used t o  determine values of S 

sect ion 6 .1 .1(b) ,  and the  necessary data  a re  given i n  Ref. 8. 

m t  

i s  given i n  Sub- It 

3.9.2.5 % - Minimum Uniaxial Yield Stress .  The notation S i s  
used f o r  t he  m i n i m u m  e q e c t e d  uniaxial  0.2% o f f se t  y i e ld  s t r e s s  of an 

unirradiated mater ia l  a t  a given temperature as  detemined. a t  a s t r a i n  
r a t e  of 0.005 miin-'. 

._.I_..__.__ Y 

3.9.2.6 SrY - Minimum Uniaxial Yj-eld Stress of Irradiated Material  
The notation S i s  used f o r  t h e  minimum expected uniaxial  0.2$ o f f s e t  

IY 
y ie ld  s t r e s s  a t  a given temperature and fluence and f o r  a s t r a i n  r a t e  of 
0.005 min-l. Values of S a re  contained i n  Ref. 8. 

I Y  
3.9.2.7  SI^ - Minimum Uniaxial U1timate Stress  of I r radiated Ma-  

I ___- 
t e r i a l .  The min imum uniaxial  ult imate s t r e s s  f o r  i r r ad ia t ed  material i s  

denoted by SIu. 

sured i n  a conventional s t r e s s - s t r a in  t e s t  a t  a s t r a i n  rate of 0.005 m i n e '  
These values a rc  deteimined from the  maximum load mea- 

f o r  t he  conditions of temperature and fluence of i n t e r e s t .  Values of SIu 
a re  contained i n  Ref. 8. 
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3.10 St ress  Symbols __ 

The following symbols a re  used throughout 

computed stress quant i t ies ,  

th i s  document t o  indicate  

3.10.1 Pm, PL - Average Primary Membrane St ress  

The average primary membrane s t r e s s  components (P P,.) a re  as de- 
f ined i n  ASME Code Section 111, Par. W-3213, and they include s t r e s ses  

due t o  thermal expansion and irradiation-induced swelling i f  these expan- 
sions lead t o  a net a x i a l  o r  shear force at a s t ruc tu ra l  cross section. 

m’ 

3.10.2 pb - Primary Bending St ress  

The primary bending s t r e s s  a t  a surface, Pb, i s  a s  defined i n  ASME 

Code Section 111, Far. NB-3213, and it includes s t resses  due t o  e l a s t i c  

follow-up a s  defined i n  Subsect ion 3 I LO -3  ( a )  

3.10.3 Q - Seconbry St ress  

Secondary stress Q i s  as defined i n  ASME Code Section 111, Par. 7%- 

3213, and it includes s t ra in-control led s t r e s s  a r i s ing  from t he  e f f ec t s  

of thermal expansion o r  irradiat ion-induced swelling, 

l a t t e r  are:  
Famples of t he  

(a) Bending stress i n  piping where loads cannot cause excessive creep 

deformation (e .g . ,  buckling or d h p l i n g )  i n  a l o c a l  region. 

a condition of elastic follow-up exists, net bending s t resses  which cannot 
be reduced by small deformations shall be considered as primary bending 

stresses, Pb, i n  a port ion of the system so affected.  

duced swelling s t r a i n ,  or due t o  the  equivalent l i n e a r  portion of t h e  non- 

l i n e a r  thermal or irradiation-induced swelling s t r a i n  p ro f i l e ,  

However, if 

(b) Bending s t r e s s  due t o  l i n e a r  thermal s t r a i n  or i r radiat ion-in-  

3.10.4 F - Peak Stress 

Peak stress F is as defined i n  Par. fJB-3213 of ASME Code Section 111 
and includes s t r e s s  due to irradiation-induced swelling. 
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3.10.5 P, - Expansion Stress 

It should be noted t h a t  expansion stress Pe, a s  defined i n  P a r .  NB- 

3213 of ASME Code Section TIT, i s  delete2 f o r  these  design c r i t e r i a .  

S t resses  r e su l t i ng  from the constraint  of " f r ee  end displ.a,cement" and the  
e f f e c t s  of anchor motion 111us.t b e  separated in to  Yne two categories of p r i -  
mary or secondary s t r e s s .  These categories  a re  defined above i n  Subsec- 

t i o n s  3.10.1, 3.10.2, and 3.10.3(a).  
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4.  CLASSIFICATION OF OPERATING CONDITIONS 

Each operational condition to w-hich an LTGE3R component will be sub- 
jected i s  t o  be c l a s s i f i e d  i n  accordance with the  categories defined i n  

Par. NB-311’ of RSME Code Section 111. 

i n  t h e  Design Specification i n  suf f ic ien t  d e t a i l  t o  provide a complete 

bas i s  f o r  design i n  accordance with these ru l e s .  

These conditions w i l l  be described 

4 . 1  Normal Conditions 

Normal Conditions include any condition i n  the  course of system 
star tup,  operation i n  the  power range, hot standby, and system shutdown, 

other than Upset, Emergency, or  Faulted Conditions. These conditions a re  

expected t o  OCCUT a t  frequent or regular in te rva ls  i n  t h e  course of power 
operation, refueling, maintenance, o r  maneuvering of t h e  plant  

4 .2  Upset Conditions 

Upset Conditions a re  deviations from nomnal conditions ant ic ipated 

t o  occur of ten enough t h a t  design should include a capabi l i ty  t o  withstand 

the  conditions without operational impairment. 

t r ans i en t s  which r e s u l t  from any s ingle  operator e r ro r  o r  controlmalf’unc- 

t ion ,  t rans ien ts  caused by a fault i n  a systern component requiring i t s  
i so l a t ion  from the  system, and t r ans i en t s  due t o  loss  of load or power. 

Upset Conditions a l so  include abnormal incidents not resu l t ing  i n  a forced 
outage and forced outages f o r  which the  correct ive ac t ion  does not include 
any repa i r  of mechanical damage. 

fi.ed earthquake f o r  which the  system must remain operational o r  regain i t s  
operational s t a tus .  

be included i n  t h e  Design Specification. 

Upset Conditions include 

The l a t t e r  category includes t h e  speci- 

The estimated duration of an Upset Condition s h a l l  

4.3 Emergency Conditions 

Emergency Conditions a re  deviations from Normal Conditions which re- 
quire shutdawn for correct ion of t he  conditioas or repa i r  of damage i n  

the  system. The conditions have a low probabi l i ty  of occurrence but a re  
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included t o  provide assurance t h a t  no gross l o s s  of s t ruc tu ra l  i n t eg r i ty  

w r l l  r e su l t  as a concomitant e f f ec t  o f  any damage developed i n  the  sys- 

tem. T'ne t o t a l  number of postulated occurrences f o r  such events shall 

not exceed 25. If more than 25 a re  expected, some types o f  events must 
be evaluated by t h e  more s t r ingent  requirements of Upset Condi.tions 

14.4 Faulted Conditions 

Faulted Conditions, those combinations of conditions associated with 

extremely low probabili ty,  are postulated events whose consequences are 
such t h a t  the in t eg r i ty  and operabi l i ty  of t h e  nuclear energy system may 
be impaired t o  t h e  extent t h a t  only considerations of public hea l th  and 

safety a re  involved. Such considerations require compliance with safe ty  

c r i t e r i a  t h a t  may be specified by ju r i sd i c t iona l  au thor i t ies .  
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5. FLUEPJCE LIMITS 

j. 1 Unirradiated Fluence L i m i t  

A fluence l i m i t  has been t en ta t ive ly  s e t  below which the  e f f ec t s  of 

neutron i r r ad ia t ion  on mater ia l  deformation and f a i lu re  charac te r i s t ics  

a r e  not considered t o  be s ign i f icant  and these ru l e s  would not be appli-  

cable.  This l i m i t  i s  expected t o  be revised a s  more data become ava i l -  

able  on t h e  mechanical propert ies  of mater ia ls  subjected t o  a, reactor  
core emironment. Where aeviations from these d e s  are exqloyed, it i s  

t h e  respons ib i l i ty  of t he  designer to assure t h a t  t he  design i s  conser- 

vat ive e i the r  by furnishing supporting data or  by making acceptable t rend  
extrapolations or interpolat ions.  

This lower fluence l i m i t  i s  presently s e t  a t  lo2' neutrons/cm" (E ;> 

0 . 1  MeV). 

these c r i t e r i a .  

It i s  t o  be used fo r  a l l  temperatures and mater ia ls  covered by 

5.2 Fluence L i m i t s  f o r  Strain-Limit Modification 

The s t r a i n  limits a s  presently employed by ASME Code Case 1592 are  

not acceptable f o r  highly i r r ad ia t ed  s t ructures  due t o  t h e  i n e l a s t i c  be- 

havior of irradiated -material, pa r t i cu la r ly  t h e  reduction i n  d u c t i l i t y .  
S t r a in  limits and t h e i r  appl icat ion t o  i r r ad ia t ed  mater ia ls  a re  discussed 

i n  d e t a i l  i n  Chapter 7 .  

The fluences beyond which the  e f f ec t s  of i r r ad ia t ion  on d u c t i l i t y  
must be accounted f o r  a r e  l i s t e d  i n  Table 5.1. 
i t s ,  consideration was given t o  short-time t e n s i l e  and thermal creep 

s t r a i n s  and t o  t h e i r  va r i a t ion  with fluence and temperature. 

In  es tabl ishing these lim- 

The designer should be cautioned t h a t  the limits presented i n  Table 

5 . 1  are d i r e c t l y  applicable t o  s t r a i n  limits only. 
l i m i t  of Sect. 5.1, t h e  designer must consider t h e  e f f ec t s  of i r r ad ia t ion  
on a l l  behavioral features  of t he  mater ia l .  For example, t he  ru l e s  of 
Chapter 6 require assessment of changes i n  t h e m a l  creep and rupture be- 
havior based on data contained i n  Ref. 8. 

Beyond t h e  fluence 



Table 5.1. Fluence Limits f o r  S t ra in  L i m i t  Modification 

Fluence [Neutrons/cmz {E > 0.1 MeV)] 
-. ................ Ma.teria1 Type, ......... 

Limited S t ra in  SA 304 a, SA 316 
Stainless  S tee l  Stairiless S tee l  

S t ra ins  averaged through t h e  2,3  x lo2’ 2.6 x loz1 

Strains  a t  t he  surface due t o  a n  1.1 i: 1O2l 1.3 x io2’- 

thickness, c 

equivalent l inear  d i s t r ibu t ion  
of’ s t r a i n  through the  t?nrickness, 

avg 

E 
m51X 

Strainsb a t  discont inui t ies ,  6.0 ?\ 1O2O 1.0 x loz1 
K E  
P max 

a 
b 

SA = solution annealed. 

K = p l a s t i c  s t r a i n  concentration f ac to r .  
P 

A s  fluence l imi t s  applicable t o  other design and analysis  require- 
ments ( i n  addition to s t r a i n  limits) are  developed, they w i l l  be included. 

In t h e  interim, where fluences exceed those of Sect. 5.1, t’ne designer 
should assess t h e  effect  of i r r ad ia t ion  on a l l  features  of mater ia l  behav- 

i o r .  
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6. LOALC-COKI?ROLL€CD STKESSES : ALLOWABLE 
VALUES AND DESIGN RULE23 

The design r u l e s  s e t  f o r t h  i n  t h i s  chapter are t o  protect  against  
duc t i le  rupture from t h e  appl icat ion of load-controlled s t resses .  Irra- 
diation-enhanced y i e l d  and ult imate s t rengths  have not been used i n  se t -  

t i n g  general  limits f o r  load-controlled s t resses ,  since t h e  peak loads 

normally may OCCUT a t  any time during t h e  operating l i f e ,  To take advan- 

,tage of t h e  enhanced s t rength would require a complete h a d e d g e  of loads 
and f lux  as a flmction of l i f e ,  and it would require  consideration of t h e  

d u c t i l i t y  loss  and embrittlement suffered by i r r ad ia t ed  mater ia ls  I How- 

ever, it i s  recognized t h a t  there  are Loading conditions that must onbj 
be consFdered at specif ied times i n  the  l i f e  of t he  component and for 
which the  mater ia l  propert ies  can be defined with reasonable confidence. 

Examples of these a re  r e f i e l i n g  operations and end-of-l ife excursions. 

In  cases where the  load duration i s  short term ( l e s s  than 10 kr), t he  dc- 

signer may use s t rength propert ies  representative of t h e  condition of t he  
mater ia l  at t h e  time of load appl icat ion t o  assess  the  time-independent 

load-carrying capabi l i ty  of t he  component. The spec i f ic  ru les  f o r  th is  

case a re  covered i n  Subsection 6.1.2. 
The following design r u l e s  for  load-controlled s t r e s ses  a re  f o r  tem- 

peratures  grea te r  than 800'~. For t he  materials covered by this document, 

the designer i s  t o  use t h e  allowable s t r e s s - in t ens i ty  l i m i t s  s e t  fo r th  i n  

ASPE Code Case 1592. For temperatures below 800O~, t h e  designer i s  t o  
use t h e  design ru les  and allo-wa'ble limits of ASME Code Section 111. It 

should be noted t h a t  use of AdDE Code Section I11 ru le s  and limits does 

not re l ieve  t h e  designer of  t h e  respons ib i l i ty  of demonstrating compliance 
with t h e  l i m i t s  of Chapters 7 and 8 contained herein.  

6.1 Allowable S t ress  Values 

6.1.1 Allowable S t ress  Values f o r  General Use 

The values of allowable s t ress - in tens i ty  limits t o  be used i n  the  de- 

s ign of reactor  core s t ruc tures  a re  based on the time-independent and 
time-dependent propert ies  of annealed and i r r ad ia t ed  mater ia l .  
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( a )  The values of Sm, S,, and Srnt fo r  annealed material  a re  presented 

(b) The values of SIt are  t o  be based on t h e  !!ii.ni~num of t he  following 

l-8 

i n  Refs. 4 and 5. 

post i r rad ia t  ion creep prope rt i e  s o f  i r rad ia ted  mat e r ial  : 

(i) Two-thirds o f  t h e  min imum stress t o  cause m-pture unclerr 

constant loading conditions a t  temperature T and Pluence 0. 
( T i )  The minimum s t r e s s  t o  produce a permanent ductilj.ty-Limtted 

s t r a i n  of E under constant s t r e s s  conditions at; time t and fluence 0.  

Tine value of E 

l i m i t  shown i n  Fig. 7. l a ,  Chapter 7. 

t 
i s  presently t o  be taken 21,s t h e  irradiation-modified s t r a i n  i; 

The necessary t e n s i l e  and creep propert ies  fo r  i r rad ia ted  mater ia l  

a r e  t o  be taken from Ref. 8. Where siiffictient d-ata a r e  not avai lable  i n  
Ref. 8 OY' from other sources t o  construct -t'ne SIt val.ues using t he  bases 
above, Yhese values may be obtained usj.ng the allowable E values shown i n  

Fig. '7.la and the isochronous s t r e s s - s t r a in  curves of lief. 5. The proce- 
dure i s  t o  cletemine E corresponding to the  mximm~ fluence Q, for the  
component and, using t h t s  value of E enter t h e  isochronous s t r e s s - s t r a in  t' 
curve for t h e  correct  temperature and determine t h e  allowable s t r e s s  cm-  

binat ion f o r  E and t h e  time duration of I.oa,ciing. 

t 

t 

t 
If anaterials p r o p e ~ , i e s  are  taken from other S O U T C ~ S  or f'urnished by 

the  designer, j u s t i f i c a t i o n  must be given i n  t h e  Stress  Report. 

6.1.2 Allowable S-tress Values for Szeci-al .._. Time-Independent -.-.-._I 
Loading Conditions 

For load applications where (a) t h e  I.oad appl icat ion w i l l  occur a,% a 
spec i f ic  point i n  t h e  componerit l i f e  such t h a t  t h e  accuxmlated fluence 
can be predicted with reasonable confidence and- (b )  t,he conditions a re  
such ( l o w  temperature or short  load duration) t ha t  time-dependent defoma- 

tion w i l l  be negligible, t he  designer -my use an a l te rna te  valu:: o f  allow- 

able  s t r e s s .  'jllie the-independent s t r e s s  i n t ens i ty  i s  t o  be l imited by 

two-thirds of t he  0.2$ of f se t  y i e ld  s t r e s s  or  one-half t h e  ult imate s t r e s s  
of the i r rad ia ted  mater ia l ;  t h a t  i s ,  

w (6.1) 
0.67s 

0 . 5 0 ~ ~ ~  



T'nese a l t e rna te  l i m i t s  must be s a t i s f i e d  i n  conjunction with t h e  ru les  

covering d u c t i l i t y  l o s s  and embrittlement i n  Chapters 7 and 8. 

6.2 Design Rules f o r  Load-Controlled S t ress  

The rules f o r  design against  failure f~om load-controlled s t r e s s ,  il- 

lus t r a t ed  i n  t h e  Hopper Diagram (Fig. 6.1)9 are explained i n  this sect ion.  
N o t e  that t h e  s t ress - in tens i ty  Limits do not insure complj.ance wi.th the  

s t r a i n  and/or deformation limits of Chapter 7 or  t h e  limits for  flaw-sen- 
s i t i v e  materials i n  Chapter 8. 

6.2.1 Design Conditions 

The stress i n t e n s i t i e s  f o r  design conditions s h a l l  be e l a s t i c a l l y  

calculated and shall be l imited as follows. 

(a) The general  primary membrane s t r e s s  i n t ens i ty  i s  limited by 

(b) The combined l o c a l  primary membrane plus  bending stress in t ens i ty  

i s  l imited by 

S 

t o  end of l i f e  for t h e  component. 

i s  determined f o r  the Design Temperature and t h e  time corresponding m t  

As i n  Section I11 of t h e  ASME Boiler and Pressure Vessel Code, t h e  

summation indicated i n  t h e  above equation does not represent tine swn of 
two stress i n t e n s i t i e s .  The stress components of P and P a r e  summed, 
and the  s t r e s s  i n t ens i ty  i s  then determined for t h e  resu l t ing  s t r e s s  
s t a t e ;  P and P m a y  each contain s i x  components. 

L b 

L b 

6.2.2 N o m 1  plus Upset Operating Conditions 

The stress i n t e n s i t i e s  f o r  N o m 1  plus Upset Conditions, which are 

t o  be e l a s t i c a l l y  calculated, shall be limLted as follows. 
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Fig. 6.1. Hoppel. diagram. 
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(a) The general  pr inary membrane s t r e s s  i n t ens i ty  for Normal plus 

Upset Operating Conditions s h a l l  be l imited by t h e  smaller of 

(6.4) 

where S 

t i o n  of t h e  loading a t  temperature T, and SIt i s  determined f o r  t h e  eon- 

ciitions at t h e  end of t h e  load cycle;  i . e . ,  accumulated fluence 9, dura- 
t i o n  of loading t, and temperature T .  

or t h e  time- and fluence-dependent l i m i t  S 
his tory  may be divided in to  several  load l eve l s  and in to  seversltempera- 
t u r e  or  fluence l eve l s  a t  any given load l eve l .  

i s  determined for t h e  time t corresponding t o  thhe t o t a l  dura- rrt 

t When the time-dependent l i m i t  S 

i s  controll ing,  t h e  loading It 

(b)  When t i s  less than t h e  t o t a l  specified l i f e  of t h e  component, 

t h e  cumulative e f f ec t  of a l l  t he  loadings s h a l l  be evaluated by Eq .  (6.10) 
of Subsection 6.2.5. 

( c )  The combined loca l  primary membrane plus  bending s t r e s s  inten- 

s i t des  for Normal plus Upset Operating Conditions s h a l l  not exceed the 
smaller of l.gSm, KtSt, o r  l.OSIt: 

\1.5sm , 

pL + pb !.,., l.0SIt 

or, equivalently, 

where 
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and 

The fac tor  X i s  the  section fac tor  f o r  t he  cross sect ion being considered-, 

Values of K for vazious sections are  given i n  'Table A-g22l(a)-l,  ASME: Code 

Section 111. A t  t h i s  time, a s h a l l  be taken as 0.5. 
In  evaluating across-the-wall bending of shell-type s t ructures ,  K = 

1 . 5  ( f o r  rectangular sections) shall be used. Thus, f o r  across-the-wall 

s h e l l  bending, k = 0.25 in Eq., (6. ?a ) .  
S 

(d )  In  E q s ,  (6.5),  t h e  time-dependent limit S i s  determined for  t h e  t 
time t corresponding t o  the  t o t a l  duration of t he  combined s t r e s s  inten- 

s i t y  derived from FL arid P and the  maximum texriyJer8ture T' clulj-rg the  en- 

t i r e  service l i f e  of t he  component. The t h e -  and fluence-dependent l i m i t  

i s  determined for. t h e  time t corresponding t o  the  duration of t h e  

b 

It 
combined s t r e s s  i n t ens i ty  ";I and P 
maximum temperature T during t h e  service l i f e  of t he  component. 

ues of SIt a re  constructed a s  described i n  Subsection 6.2.5. 

ponent, t he  cumulative e f fec t  of a l l  -E;I -!- Pb loadings s h a l l  be evaluated 

by Eq.  (6.11) of Subsection 6.2.5. It i s  pemissi-'ole, and oft;en advan- 

tageous, t o  separate a loading history i n t o  several  load leve ls  and i n t o  

several  temperatures a t  any given load l eve l .  The fluence t o  be used i s  
tha t  corresponding t o  t h e  end of l i f e  f o r  t h e  component unless t h e  de- 

signer can justifLC separating the  loa,& h is tory  i n t o  d iscre te  segments and 

using t h e  accumulated fluence at t h e  end of each segment of loading his- 

t o r y  t o  evaluate t h e  l imit ing time, Such a procedure requires j u s t i f i c a -  

t i o n  of t h e  pa r t i cu la r  segmentation of t h e  load h is tory  chosen. 

and for- t'ne end-of-l ife fluence 0 and 

The val-  
b 

( e )  When t i s  l e s s  than t h e  t o t a l  specified service l i f e  of t he  coin- 

6.2.3 Emergency Operating Conditions 

The stress i n t ens i ty  f o r  Emergency Operating Conditions i s  t o  be 

e l a s t i c a l l y  calculated and s h a l l  be l imited as follows. 



(a) The general  primary membrane s t r e s s  i n t ens i ty  i s  l imited by 1.2Sm, 

l .OSt , ,  or  l . O S I t :  

i 1*2sm 
t P < '1.0s m i 1. OSIt 

(6.6) 

(b)  The combined primary local membrane plus bending s t r e s s  i n t ens i ty  

i s  Limited by the  smaller of 1 . 8 ~ ~ ~  K t S t' or  l,OSIt: 

/ l.asm 

t P ) .).,st . 

I 1. OSIt 

('L b (6 .7)  

where Kt i s  defined by Eq. (6.5a). 

ments of both general  primary membrane s t r e s s  and combined primary l o c a l  
membrane plus bending stress per  the  rules of Subsection 6.2.5.  

( c )  Additionally, the  use f r ac t ion  sum shall be s a t i s f i e d  for incre- 

6.2.4 Faulted Conditions 

The s t r e s s  i n t ens i ty  fo r  Faulted Conditions shall be e l a s t i c a l l y  cal-  

culated and shall be l imited as follows. 

(a) The general  primary membrane s t r e s s  i n t ens i ty  shall be l imited 

-w 

'limit fo r  Pm i n  Appendix F of \ ASME Code Section I11 

(b) The combined local primary membrane plus bending stress inten- 
s i t y  shall be l imited a s  follows. 
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l i m i t  for (PL + Pb) i n  Appendix F 

1. 2Kt St 

of ASME Code Section 111 
(PL + Pb) < < 

1.25% 

where K i s  defined by Eq.  (6.5a).  t 
(c)  In addition, t h e  Life-Fraction ru l e  of Subsection 6.2.5 shall. be 

used as  t h e  l i m i t  f o r  a l l  loadings with tine following modification, 
piL41.2 instead of Pb f o r  membrane s t r e s s  i n t e n s i t i e s  and use [(PL i- 

Pb)/(1.2Kt)li instead of [(PL -t Pb)/KtIi for primary Local meinbrane plus 

bending s t r e s s  i n t ens i ty  t o  obtain t h e  t .  or t values from the 9 vs 
t i m e  curves or  from S vs time data.  

Use 

I1-n i b  t 
It 

In the  limits of Appendix F of ASME Code Section 111 where l i m i t  

analysis  or  p l a s t i c  i n s t a b i l i t y  calculations a re  Made, unirradiated mate- 
r i a l  propert ies  are  t o  be used. Note t h a t  t he  above s t r e s s  l T m i t s  and 
f rac t ion  ru le  do not insure compliance w i t h  t h e  s t r a i n  and deformation 

l imits of Chapter 7. 

6 .2 .5  Life-Fraction Evaluation 

I n  addition t o  t h e  stress limits Tor sustained loading, t h e  possi-  

b i l i t y  of rupture due t o  creep a t  various s t r e s s  levels ,  temperatwres, 
fluences, and durations o f  loading sha l l  be guarded against  by t h e  Life- 
FractTon sum. The Life-Fraction sum associated with the  primary s t r e s s  

fo r  a l l  increments of loading during Nor~nal ,  Upset, and Emergency mer- 
s a t i s f y  the  following requirements: a t ing  Conditions s h a l l  

E(&) < 
i irn 

and 

E ( > >  5 

i i’c, 

I3 f o r  primary membrane s t resses ,  

1 . 0  f o r  l o c a l  primary menibmne 
plus primary bending s t resses ,  

(6.10) 

(6.11) 
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where 
t .  = t h e  t o t a l  time duration at a spec i f ic  s t ress - in tens i ty  l e v e l  

i' LCA? i' 

tfim' tib = t h e  allowable time a t  the  s t r e s s  'P 

1 -7 

iIote t ha t  ) (ti) i s  

or  [(PL t Fb)/Kt], tem- 

i P t e q e r a t u r e  T and flxence @ 

equal to t h e  specif ied component design l i f e .  

im 
perature T and fluence @ Where S limits the  allow- 

able  stress, t h e  value of tim and tib can be determined 
from p lo t s  of St vs  time and temperature given i n  Ref. 5 .  

and tib are  t o  be Where t h e  SIt l i m i t  i s  controll ing,  
es tabl ished using data contained i n  itef. 8 and the basis 

f o r  SIt values a s  given i n  Subsection 6 .1 .1(b) .  

if i' t 

tim 

B = Life-Fraction usage f ac to r  normally equal t o  1 .0 ;  it may be 

less than 1.0, i f  so stated i n  the  Design Specifications.  

o r  tib t o  use i n  evaluating the  Life-Frac- The method of determining t 

t i o n  usage fac tor  f o r  t h e  case where S i s  the  l imi t ing  s t r e s s  i s  shown 
schematically i n  Fig. 6 .2  f o r  two loading conditions a t  t w o  d i f fe ren t  tem- 

peratures .  For t h e  case where S 

ta in ing  t .  

i m  
t 

i s  l imited by ct, t he  method for ob- It 
or tib i s  shown i n  Fig.  6.3. 

LII? 
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Fig. 6.2. U s e  fractions f o r  (a) membrane and (b) membrane plus bend- 
ing stresses. 
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Fig. 6.3. I l l u s t r a t i o n  of procedure f o r  determining l imi t ing  time 
t o  be used i n  use-fraction equation for  case where i r r ad ia t ed  materials 
propert ies  limit primary s t resses .  





7. STRAIN, DEFOREJIlITION, AND FATIGUE LIMITS 

For s t ructures  i n  and near t h e  reactor  core, rupture s t r a i n s  due t o  

time-independent and time-dependent loadings a re  reduced by i r r ad ia t ion  
dasnage. In addition, one of t h e  most deleter ious e f f ec t s  of i r r ad ia t ion  

damage i s  associated with the  loss  of mater ia l  strain-hardening capacity. 

This lack of s t r a i n  hardening allows s t r a i n s  t o  accumulate along very 
mrrm s l i p  l ines ,  thus leading t o  duc t i l e  f rac ture  where t h e  i n e l a s t i c  
s tza ins  a re  concentrated i n  a highly local ized region. This l o s s  of duc- 

t i l i t y  and strain-hardening capacity requires modification of s t r a i n  l i m -  
it,s as established f o r  unirradiated materials. The s t r a i n  limits presented 

i n  t h i s  chapter are  designed primarily t o  guard against  time-independent 

and time-dependent duc t i le  rupture.  However, t h e  po ten t i a l  for local ized 

s t r a i n  concentration leading t o  f a i l u r e  should be recognized by t h e  cLe- 
signei. and s t ruc tu ra l  points  of s t r a i n  concentration avoided wherever pos- 
si.ble . 

The s t r a i n s  and deformations resu l t ing  from t h e  worst combination of 
Xormal, Upset, and Elnergency Conditions s h a l l  be evaluated by considering 

ratchet t ing,  t h e  in te rac t ion  of creep and fat igue,  and the  poss ib i l i t y  of 
buckling and s t ruc tu ra l  i n s t a b i l i t y .  These po ten t i a l  f a i l u r e  modes a re  

of significance t o  the  design of elevated-temperature comzonents and, i n  
general, cannot be guarded against  by placing limits on e l a s t i c a l l y  cal- 

culated stress in t ens i t i e s .  A s  a port ion of t he  Stress  Report, t he  manu- 

fac turer  s h a l l  document t h e  conditions considered, t he  f i n a l  analysis  pro- 

cedures, t h e  evaluation c r i t e r i a ,  and the  conclusions. 
Pending development and ve r i f i ca t ion  of complete ru les  f o r  t h e  evalu- 

a t ion  of these po ten t i a l  f a i l u r e  modes, t h e  procedures and propert ies  con- 

ta ined i n  t h e  remainder of Chapter 7 shall be used. Alternate c r i t e r i a  

ma,y be applied by t h e  designer, but t h e  Owner's approval must be obtained 

arid t h e  a l t e rna te  c r i t e r i a  included a s  a c e r t i f i e d  revis ion t a  t he  Design 
Spec i f  i c a t  ion.  

Design against  gross d i s to r t ion  and fatigue a t  temperatures where 

creep and swelling e f f ec t s  a r e  signiPicant generally. requires an inelas-  
t i c  analysis  t o  provide a quant i ta t ive assessment of deformations and 

s t r a ins .  However, e l a s t i c  and simplified i n e l a s t i c  methods of analysis  
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ray,  when j u s t i f i e d ,  be used t o  e s t ab l i sh  conservative bounds f o r  defor- 

mation and t o  reduce t h e  number of locati-o-ns i n  a s t ruc ture  requiring fie- 

tailed i n e l a s t i c  ana lys i s .  
The ru l e s  for design against  gross d i s to r t ion  and fa t igue  a r e  i l lus-  

tra.ted i n  Fig. 6 .1 .  
s t ra in  and- deformation l imi t s ,  as summarized below. 

The Design and. Faulted Conditions are exerqt from 

Design Coizditi-ons S t r a i n  and deforma,tion lirnits not applicable 

Noym1 I 
1 

i Upset 

Erne rgency 
Faulted 

Apply t he  strain and defamation limits of 
Chapter ‘7 

S t r a in  and deformation limits not appl icable  
except as necessary t o  satisfy funct ional  
requirements 

7.1 Deforrriation L i m i t s  for Functional _I_.__- Requirements 

Deformtion I l ra i ts  t o  insure proper coiilponent functioning s h a l l  be 

specif ied i n  t h e  Design Specif icat ion f o r  t h e  component or s h a l l  be estab- 

l i shed  by t h e  Manufacturer f o r  t h e  proper performance- of t h e  component. 

A n y  such limits may r e s t r i c t  t h e  design more sevei-ely than those specif ied 
f o r  load-controlled stresses i n  Subsection 7.2.2. The l imi ta t ions  OB 

s t r e s s  i n t e n s i t y  contained i n  these  c r i t e r i a  a,re iiitended t o  r e s t r i c t  t h e  

acciunul.ated i n e l a s t i c  duc t i l i t y - l imi t ed  strain (averaged SCTOSS t h e  wall 
thickness)  t o  1$ o r  l e s s .  

occurrence of i n e l a s t i c  d u c t i l i t y -  l imited s t r a i n s  of t h i s  magnitude may 
not be apparent. If flunctional deformation requirements a re  specif ied,  

t he  designer s h a l l  insure t h a t  they a r e  not; v io la ted  by a,ssuming that duc- 

t i l i t y - l i m i t e d  s t r a i n s  of 1% plus  t h e  most conservative estimate o f  neu- 
tron-indiiced swelling and i r r a d i a t i o n  creep occur within Vne sti-ucture i n  

t h a t  d i s t r ibu t ion  which leads t o  the warst; possible  defamation s t a t e  con- 
s i s t e n t  with the  di-rections of  loading. 
not exceed t h e  specif ied limrits, a l l  fbnctional- requirements s h a l l  be con- 
sidered as demonstrated fo r  the design. 

vide j u s t i f i c a t i o n ,  such as by performing i n e l a s t i c  analyses, f o r  sa-t is-  
f ac t ion  of fhnct ional  deformation l imi t s .  

However, when elas-bic ana lys i s  i s  used, t h e  

If t h i s  deformation s t a t e  does 

Otherwise t h e  designer m u s t  pro- 
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‘7.2 Deformation and S t r a i n  Limits for Struc tura l  In t eg r i ty  

7 .2 .1  S t ra in  Lirnits f o r  Ine las t ic  Analysis 

The maximum accumulated duc t i l i ty - l imi ted  s t r a i n  s h a l l  not exceed 

the  values l i s t e d  i n  Table 7.1 and the  supporting f igures ,  Figs. 7 .1  and 

‘7.2. 
operating l i f e  of t h e  element under consideration and computed fo r  some 
steady-state period a t  t he  end of t h i s  time during which s igni f icant  t r an -  
s i en t s  a r e  not occurring. 

These limits apply t o  computed s t r a i n s  accumulated over t he  expected 

These l imi t s  apply t o  the  maximum posi t ive 

Table 7.1. Strain L i m i t s  for Inelast ic  Analysis 

Type 304 rype 3 s  
Stainless Steel  Stainless Steel  Welds 

Fig. 7 . h  Fig. 7.l.b One-half allavable 
fo r  base m e t a l  

I Strains averaged through the thick- 
ness, E 

a w  

Fig. 7.2 Fig. 7.2 One-half allowable 

Strains a t  the surface due t o  an 
equivalent l lneara dis t r ibut ion of 
s t r a in  through t h e  thickness, cmax 

P -  

, 
Strainsb a t  biscontinuities, K c 

for base metal 

a 

I E E QU IVAL E N T 
E AV E R AGE LINEAR 

cX = TOTAL STRAIN 
Dl STRlBUTlON 

Equivalent lineas dist r ibut ion i s  defined as 

where 
t = wall thickness (tinat of thickest  section f o r  n t r ans i t i on  area),  

E 

avg 

= total pr incipal  s t r a in  a t  X, 
= average total  s t r a i n  through the w a l l ,  

)c = distance into section from wall surface. 

X 
E 

bThe symbol K i s  s t r a in  concentration factor due t o  p l a s t i c  and creep 
P 

s t r a in .  
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ORNL-DWG 75 ~16870  

i~ ~ 

L I M I T E D  S T R A I N  - - E M A X  ( B E N D I N G )  

E A V G  ( M E M B R A N E )  

; ’ - ’ - i *  

1 , . .  . .  

-304 S T A I N L E S S  STEE 1 -ti 

i o 2 ’  2 5 2 5 

F L U E N C E  [n/crn2 ( E > 0 . 1  M e V ) ]  
1 1 1 ,  . ........... ... 

I T - V  I I I ’  

Fig. 7.1. L i m i t s  on average and bending s t r a i n  fo r  annealed and ir- 
radiated types 304 and 316 s t a in l e s s  s t e e l .  

value of t h e  th ree  pr inc ipa l  i n e l a s t i c  s t r a ins .  A pos i t ive  s t r a i n  i s  de- 

f ined as one for which t h e  length of t he  element i n  the  d-irection of t he  

s t r a i n  i s  increased. The pr inc ipa l  s t r a i n s  a re  computed f o r  t h e  s t r a i n  
components ( E  E E E E E ) .  When the  s t r a i n  i s  computed at 
several  locat ions through the  thickness, t he  s t r a i n s  a r e  f i r s t  averaged 
and l inear ized  on a component l e v e l  and then combined t o  determine the  

x’ y’ z’ xy’ xz’ yz 
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0 102' 1 0 2 2  1073 
FLUENCE [n/crn2 (E>0.1 MeV)] 

Fig.  7.2. L i m i t  on s t r a i n s  a t  d i scont inui t ies  f o r  annealed and ir- 
radiated types 304 and 316 s t a in l e s s  s t e e l .  

p r inc ipa l  s t r a i n s  for comparison to the  limits on average and surface 

s t r a i n  defined i n  Table 7.1. 
t.he computed s t r a i n s  a t  t'ne point of i n t e r e s t .  
analyses a re  required, the  design allowables f o r  unirradiated mater ia ls  

must be sa t i s f i ed ,  but propert ies  representat ive of t h e  mater ia l  condi- 
t i o n  for t he  period of load duration may be used provided j u s t i f i c a t i o n  

i s  given. 

The limits on loca l  s t r a i n s  a re  based on 

Where de ta i led  i n e l a s t i c  

In assessing the  s t r a i n  l i m i t s  f o r  welds, t h e  propert ies  of t he  base 
metal a r e  t o  be used, but  t h e  accumulated s t r a i n s  a re  t o  be l imited to 

one-half t h e  allowable values f o r  base metal a s  shown i n  Table 7.1, 
su f f i c i en t  data  on prototypic weld propert ies  a re  avai lable  i n  R e f .  8, 
t h e  designer may use these i n  l i e u  of base metal propert ies  f o r  evaluating 

deformt ion  behavior. 
signer,  but  they must be j u s t i f i e d  i n  t h e  S t ress  Report. 

Waere 

Alternate rules and lknits may be used by the  de- 

7.2.2 Sat i s fac t ion  of S t ra in  Limits Using E las t i c  or 
Simplified Ine l a s t i c  Analysis 

7.2.2.1 General Requirements. The follcrwing ru l e s  a r e  t o  be applied 
f o r  conditions where irradiation-induced swelling s t r a i n  plus  i r r ad ia t ion  
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creep a re  l e s s  than 0.05%. 

s t r a i n  s h a l l  be evaluated using e l a s t i c a l l y  calculated s t resses  and in-  

cluding a l l  operating trransi.ents. When these irradiation-induced s t r a i n  
components, e i t h e r  individually o r  col lect ively,  exceed t he  above li.niit,  

s ignif icant  relaxation of secondary s t r e s s  may occur a t  both the  high- 

and low-temperature ends of t h e  cycle,  For such. a case, t he  foll.owri.ng 

m l e s  do not apply and inel-ast-ic analysis  imcluding consideyation o f  ir- 

radiat ion creep and swelling w i l l  be required. 

I n  assessing the  above l:.rfli.t, irradi.ation creep 

The deformation and s t r a i n  l imi t s  of Subsection 7.2.1. sha l l  be con- 

sidered t o  have been sa t i s f ied ,  and an ine l a s t i c  analysis  i s  not requLred 
i f  t h e  c r i t e r i a  of t h i s  section are  sa t i s f i ed .  In using e l a s t i c  o r  s i m -  

p l i f i ed  ine l a s t i c  analyses, t he  design a l l a a b l e s  and material  propert ies  
for  iinimadiated materials,  as specified i n  Refs. 4 and 5, are  t o  be used-, 

'he guidelines o f  ( a )  Yn.rough ( e )  below should be used i n  es tabl ish-  
ing t he  appropriate cycle t o  be evaluated i n  Paragraphs 7.2.2.2 and 
7.2.2.3.  

(a)  An tndivi-dual cycle, a s  defined i n  t h e  Design Specification, can- 
not be divided in to  several  subcycles t o  sabisfy these requirements. 

(b) A t  least one cycle r u s t  be defined whj.ch includes the  maximum 
secondary s t r e s s  range QR and t h e  m a x i r m m  value of ( P  

curs  during a l l  Noriflal plus Upset operating conditions. 
i- P IK ) $'ich oc- L b' t 

( e )  A n y  number of cycles can be grouped together and evaluated ac- 

cording t o  t h e  conditions of Paragraph 7.2.2-2 or 7.2.2.3, whichever i s  

applicable. Note khat Pai-agraph 7.2'.2.3 provides f o r  the separate inelas- 
t5.c evaluation of selected operating cycles.  

(d)  If a l l  the cycles as defined above s a t i s f y  the  conditions of 
Paragraph 7.2.2.2, t he  s t r a i n  limits of Siibsection 7.2.1 a re  sa t i s f i ed .  

Paragraph 7.2.2.3 provides methods f o r  d e t e m i m t i o n  of s t r a ins  f o r  coin- 
pliance with the  s t r a i n  1Lrni.ts of Subsection 7.2.1, Under t h e  provisions 

of item ( c ) ,  no s t r a i n  incrwnierits due t o  ratche-tting o r  enhanced crzep 
need. t o  be inchded  f o r  those cycles o r  groups of cycles which s a t i s f y  

t h e  conditions of Paragraph 7.2.2.2. 

( e )  The time an? temperature conditions used i n  select ing the  iso-  
chronous cui"ves shall. always sum t o  the  en t i r e  l i f e  regardless of -the pro- 

cedures used, 
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( f )  The following def in i t ions  apply: 

where S i s  the  average of t he  S values a t  the maximum and -minimum wall- 

averaged temperatures during the  operating conditions being evaluated, 

(TJL -i Pb/KtlmaX i s  t h e  maxi.mu?? value of the  primary s t r e s s ,  adjusted f o r  
bending v i a  K during the  operating conditions being evaluated, and 

Y Y 

5,' 

(7.2) 

wkere (%)max i s  the  maximum range of the secondary s t r e s s  during t h e  op- 

e ra t ing  conditions being considered and S i s  t h e  average of %he S val- 
ues at t he  maximum and minirmun wall-averaged temperatures during the  pe- 
r tod  of time. 

Y Y 

7.2.2.2 L i m i t s  f o r  E la s t i c  Analysic.. When e l a s t i c  analysis  i s  used, 

freedom from ratchet t ing,  excessive deformation, or both, and coni'omance 

with deformation requirements f o r  s t r u c t u r a l  In t eg r i ty  are considered t o  
'nave been demonstrated i f  t h e  following three  conditions a r e  sa t i s f i ed .  

If' these  conditions a r e  not s a t i s f i ed ,  e i the r  a simplified o r  a de ta i led  
i n e l a s t i c  analysis  and adherence t o  t h e  s t r a i n  l imi t s  of Subsection 7.2.1 

are  required. 

(a) The s t ress - in tens i ty  range from p r ~ n a r ~ - p l u s - s e c o n d a ~  s t r e s ses  

s h a l l  not v io l a t e  Eq. (7 .3)  : 

a 

Y 

s 
S 

x + Y 2 - , (7.3) 

where S 

lowest wall-averaged metal temperature during the  cycle or 1.25St taken 

a t  t h e  highest  temperature during t h e  cycle and a t  lo* h r ,  

i s  t h e  l e s s e r  of t he  average of the S 
a Y 

value for t he  highest and 

(b)  The creep s t r a in ,  as determined from t he  isochronous s t r e s s -  

s t r a i n  curves a t  the  maximum metal temperature i n  the  cycle, t h e  t o t a l  
time a t  temperature under load, and a s t r e s s  i n t ens i ty  (X -i Y)-S,, s h a l l  
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be li_mited t o  the s t r a i n  limits fo r  i n e l a s t i c  behavior a s  l i s t e d  i n  Table 

7.1, Subsection 7.2.1. 

( c )  To prevent creep ratchett ing; one of t he  ex%reme conditions which 
defines the  sec0nda.q s t ress - in tens i ty  range Q. must be such t h a t  negligi-  

b l e  creep relaxat ion ~ ~ C U T - s  at t h i s  point 5.n t h e  loading cycle. 
quirement of negligible re laxat ion w i l l  be s a t i s f i e d  provided the  tempera- 

t u r e  i s  below the  value corresponding to t he  point where S 7 S f o r  t = 

H .- 
'This re-  

m t  
io5 hr. 

7.2.2.3 S t ra in  L i m i t s  f o r  Simplified Ine las t ic  Ana1.ysis. The de- 

t a i l e d  ine l a s t i c  analyses generally required t o  demonstrate t h a t  the maxi- 

mum accumulated d u c t i l i t y - l b i t e d  i n e l a s t i c  s t r a ins  do not exceed t h e  lim- 
i t s  of Subsection 7.2.1 can be time consuming sail expensive. 

simplified ru les  and procedures which may, i n  cer ta in  s i tuat ions,  be used 
i n  l i e u  o f  a detai led ine l a s t i c  analysis are  presented i n  t h i s  section. 

When applicable, these ru les  and procedures a re  considered. t o  provide suf- 
f i c i e n t  evidence t h a t  t he  requirements of Subsection 7.2.1 have been met. 

The rules  and procedures i n  t h i s  section a re  a l l  based on mathemati- 

Consequently, 

c a l l y  one-dimensional i n e l a s t i c  analyses of unirradiated thin-walled cy- 

l i n d r i c a l  vessels  ( s t r a igh t  pipes) under in te rna l  pressure with a cycl ic  

temperature gradient through t h e  w a l l .  Their conservative appl icabi l i ty  
ko  s t r a igh t  pipes with a x i s p n e t r i c  t h e m 1  and mechanical secondary 

s t resses  has been ve r i f i ed  through comparisons with the  r e su l t s  of a se- 

r i e s  of detai led ine l a s t i c  analyses. Also, they have s h i l a r l y  been shown 

t o  be applicable t o  s t r a igh t  beans, including thin-walled pipes, and to a 
nozzle-to-spherical-shell geometry. 

The diagram shown i n  Fig. 7.3 represents t he  vaxious s t r e s s  regimes 
t h a t  determine t h e  ratchet t ing behavior for t h e  one -dimensional case on 
which these ru les  a re  based. 

a r e  given i n  t h e  f igxre.  The fac tor  K i s  defined by Eq. (6.5a),  Subsec- 

t i o n  6 .2 .2 .  

The boundaries between t h e  various regions 

t 

For t h e  idealized mater ia l  behavior considered i n  the development of 
Fig. 7.3, including perfect  p l a s t i c i t y  and no creep, ra tche t t ing  OCCUFS 

i n  regions R, and R,, shakedown occurs i n  regions S, and S,, p l a s t i c  cy- 
c l ing  occurs i n  region P, and the  behavior i s  always e l a s t i c  i n  region E .  

Creep can cause ratchet t ing t o  occur i n  a l l  s ix  regions. 
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Pig. 7.3. Stress regimes and boundaries for use i n  ra tche t t ing  eval- 
uations using e l a s t i c  analysis. 

On the  bas i s  of ex is t ing  experience, t h e  ru les  and procedures of t h i s  

sect8ion can, i n  general, be applied t o  axisymmetric she l l s  subjected t o  

axisymmetric loadings i n  locat ions where there  a re  no local s t ruc tu ra l  

d i scont inui t ies  (as defined i n  Par. 3213.3 of Ref. 5 ) .  
calculated maximum primary and maximum secondary stress in t ens i ty  ranges 
for the one-dimensional case must be equal to those for t h e  pa r t i cu la r  

point being considered i n  the  axisymmetric s t ructure .  

The e l a s t i c a l l y  

When t h e  rules and 
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procedures a re  applied t o  s t r a igh t  beams, i-nclud-ing s t ra ight  pipes sub- 

jec ted  t o  net nonaxisymmetric bending, t h e  maximum outer  f i b e r  bending 

stress must be t r ea t ed  as a prirriizry s t r e s s  i n  the one-dimensional evalua- 
t i o n .  :lowever, even i n  these applications,  t h e  methods should be used 
with reasonable caution; t h e  designer must keep t h e i r  bases and l imita-  

t i ons  i n  xlind and exercise sound engineering judgment i n  -their applica- 
t ion. 

It i s  expected t h a t  t he  m l e s  an? procedures i n  this sect ion imy con- 

servat ively apply t o  a broader c l a s s  o f  structwm,l s i tuat ions,  but t h e  ex- 
perience required f o r  more general applicahion i s  not cur ren t ly  avai lable  - 
Inus, t he  designer must justif 'y, to t he  Owner's sa t i s fac t ion ,  m y  appl i -  
cat ion of t h i s  sect ion t o  s5tuations other -bh.an those specified abave. 

In cases where the  geometry o r  conditions do not  vary s igni f icant ly  from 
t he  above, t he  designer may be able t o  ra t iona l ize  t h e  use of the m l e s  

on a sound engineering basis. Where the geometry or candit,i.ons do vary 
more s ignif icant ly ,  the applicabili . ty GL-~ generally be demonstrated only 

by comparison wi th  detai led i n e l a s t i c  analyses of similar s i tua t ions .  A s  

such comparisons a re  documented and collected,  it i s  ankicipated that sup- 

port  w i l l  be established f o r  t he  broader applicabion of simplified ru les  
and procedures. 

n, 

(a) Simplified. Method for  Use Only .l_ll__._-.._....i._i Fjhere Creep Is Insignif icant .  
Nken t h e  maximum metal. temperature at t h e  locadtion being considered i.s 

always below the  valiie corresponding t o  t h e  point where S :I: S f o r  t = 

lo5 hr, the deformation and s t r a i n  limits f o r  s t ruc tu ra l  i-ntegrity of Sub- 

sect ion 7.2.1 a re  considered t o  have been sa t i s f i ed ,  and a ra tche t t ing  
analysis  need not be performed i f  

m t  

f o r  
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o r  

f o r  

Y 

Y 
x i  0.5 - , S 

where S' i s  the  y i e ld  s t r e s s  f o r  t h e  maximum operating metal temperature 

a t  the  locat ion being considered. 
Y 

(b) Simplified Methods f o r  Use Where Creep Is Signif icant .  Any one 
of tlwee d i f fe ren t  methods may be used t o  predict  ra tche t t ing  strains, 
even when the  maxirnWn metal temperature a t  the  loca t ion  being considered 

i s  sometimes above t h e  value corresponding t o  t he  point where Sa .= S 

t = 10" hr: 

p l e t e  re laxat ion method, and (iii) a mathematically one-dimensional de- 

f o r  
(i) the  O'Domell-Porowski method, (ii) a modified Bree com- 

t 

t a i l e d  i n e l a s t i c  a n a b s i s  based on the  behavior of an i n f i n i t e l y  long 
s t r a igh t  pipe.  

In  a l l  th ree  methods, any s t r e s ses  with e l a s t i c  follow-up ( e .g . ,  sec- 
ondary s t r e s ses  o t k r  than those caused by radial temperature var ia t ions)  

should, unless otherwise ju s t i f i ed ,  be included as primary s t r e s ses  f o r  
purposes of  predict ing ra tche t t ing  s t r a ins .  Alternatively,  the  s t r a i n s  

due t o  such s t r e s ses  may be separately calculated and added t o  the  pre- 

dicted ra tche t t ing  s t r a ins ,  t he  sum being l imited t o  the  values of Subsec- 
t i o n  7.2.1. If the  l a t t e r  i s  done, s t r e s ses  with e l a s t i c  follow-up should 
be t r ea t ed  as secondary s t resses .  

(i) O'Donnell-Porowski Method. This method i s  applicable provided 

t h a t  one of t h e  extreme conditions which defines t h e  secondary s t r e s s  in-  
t e n s i t y  range Q.R i s  such t h a t  negl igible  creep re laxa t ion  occurs at that 

point i n  the  loading cycle.  This requirement will be s a t i s f i e d  provided 

the  temperature i s  below t h e  value corresponding t o  the  point where S 

st f o r  t = io5 hr. 

s t r e s ses  a re  used t o  determine an "effect ive creep s t r e s s , "  u 

= 
m 

In t h i s  method, t h e  e l a s t i c a l l y  calculated primary and secondary 

which i n  C' 
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t u r n  i s  used t o  determine a creep ra tche t t ing  s t r a i n  tha t  Tncludes en- 
hanced creep. The e f fec t ive  creep s t r e s s  for any cambinaticm of loa&i.ng 

i s  given i n  Fig. 7.4 i n  dimensionless form. 

Since t h e  use of minimum propert ies  i s  yep i r ed ,  t he  creep ratchet-  
t i n g  i s  determined by mul t ip ly iw c 

s t r a i n  associated with t h e  l . 2 5 ~ 1 ~  s t r e s s  held constant throughout t he  tem- 
perature-time h is tory  o f  t h e  en t i r e  service l i f e .  The isochronous s t r e s s -  

s t r a i n  curves of Ref. 5 or uniaxial  creep laws and s t r e s s - s t r a in  represen- 
t a t ions  from Ref. 8 should be used t o  obtain t h e  ra tche t t ing  s t r a in .  The 

t o t a l  service l i f e  may be subdivided in to  temperature-time blocks and the  

s t r a i n  increment for each block evaluated separately.  
s h a l l  sum t o  t h e  t o t a l  service l i f e .  The s t r a i n  increments f o r  each time- 
temperature block s h a l l  be added. t o  obtain the  t o t a l  ra tche t t ing  s t ra in ,  

which s h a l l  not exceed t h e  limits of Subsection 7.2.1. 

by 1.25 and evaluating t h e  creep C 

The times used. 

The dimensionless expressioris for t h e  e f fec t ive  creep s t r e s s ,  Z = 

oC/Sy, i n  regimes S,, S,, and P of Fig. 7.4 a re  

z = X.Y (7.6) 

i n  regimes S, and P and 

z = ( Y  + 1) - 2 J 7 i 7 3 - F  (7.7) 

i n  regime S,. 

S,, and S,) a r e  shown i n  Fig. 7.4. 
The equations defining the  boundaries of t he  regimes (P, 

Alternately,  t h e  t o t a l  i n e l a s t i c  s t r a ins  due t o  any number of se- 
lec ted  operating cycles may be evaluated separately using an i n e l a s t i c  

analysis .  The sum of these s t ra ins ,  plus t h e  s t r a ins  due t o  e l a s t i c  fol- 

low-up (evaluated as described above) plus the  s t r a ins  due t o  CI 
not exceed the  l imi t s  of Subsection 7.2.1. 

must C Y  

(ii) Bree Complete Relaxation Method. Deformation and s t r a i n  l im-  
i t s  fo r  s t ruc tu ra l  i n t e g r i t y  a re  considered t o  have been sa t i s f ied ,  and 
a deta i led  i n e l a s t i c  ra tche t t ing  analysis  need not be performed i f  t he  

following four conditions a re  sa t i s f i ed .  



3.0 1 

2.8 

2.6 

2.4 

2.2 

E w 2.0 
I-- 
W 
s 
2 1.8 
a 

2 1.6 

a 
cn 

K 
t- 
m 

(r 

Q 
z 
0 
W 
Ln 

> 1.4 
a 

0 1.2 

i- 1.0 

0.8 

0.6 

0.4 

0.2 

0 

7-13 

ORNL-OWG 75-1743 

I i 

............. 

I 
... 

~- ............. 1 

1 r-- .................. 1 
I I 

~ -----r-r -- 

............. 

0 0.2 0.4 0.6 0.8 1.0 
X ,  PRIMARY STRESS PARAMETER 

Fig. 7.4. Effective creep s t r e s s  parameter f o r  ra tche t t ing  and en- 
hanced creep. 



(1) The approximate ine l a s t i c  s t r a i n  averaged through t h e  thickness, 

E i s  l e s s  than the  l imi t  of Subsection 7.2.1 with avg ' 

E - - E  T E  (7.8) avg c r '  

I where f 

K ) and t h e  appropriate isochronous s t r e s s - s t r a in  curves and E t r 
l a t i v e  ratchet  s t r a i n  based on Bree's  complete re laxat ion analysis.  The 

values of E~ a r e  given by 

= cumulative creep s t r a i n  based on .the primae- s t r e s s  (PL -t Pb/ 
c 

= cumu- 

E r .  = N i ( L q i  , (7.9) 
1. 

where N. = number of type "i" cycles and ( A E ~ ) ~  := ra tchet  s t r a i n  per cy- 

c le  f o r  type "i" cycles from Bi-ee's complete re laxat ion equations, 
1 

The Bree complete relaxation equations are  

i n  region S, of Fig.  7.3,' 

i n  region R1 of Fig. '7.3, 

m -  S 
= E Lx/' (y'l - 1) ] 

i n  regions S, and P of Fig. 7.3, and 

M - S 
( = - E L X N  (2y ' f -  1) - 1] (7.13) 

l1-t i s  understood that X and Y i n  Fig. 7.3 a r e  to be replaced by XI' 

and y" i&en considering Eqs. (7.10) through (7.13). 
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i n  region R, of Fig. 7.3. In t he  above, 

y//= Q / S  R m ’  

and S 

cat ion being considered. 
corresponds t o  the maximwn operating metal temperature a t  the l o -  rn 

(2) The maximum principal  surface s t r a i n  i i s  l e s s  than the  l imi t  max 
of Subsection 7.2,1, with 

I E - - E  3 . f  i - E  max p c r ’  (7.14) 

where 

1 - s ) for smax > srn , (E m 

with S 

iiic luding d i  sc ont inu i ty  s t r e  s s e s . 
= maximum s t r e s s  in tens i ty  due t o  primary and secondary s t resses ,  

IlBX 

(3) The r a t i o  of secondary stress range t o  S i s  m 

(4) To l i m i t  creep ratchett ing,  one of the  extreme conditions which 
defines .the secondary s t ress - in tens i ty  range QR must be such that negli- 

gLble creep relaxation OCCUTS a t  t h i s  point i n  the  loading cycle. 
requirement w i l l  be s a t i s f i e d  provided the  temperature is  below the  value 
corresponding t o  the point where S =: St f o r  .t = lo5 hr. 

This 

m 
( c )  One-Dimensional Ine las t ic  Analysis. Both of t he  preceding meth- 

ods are conservative approximations to detai led one-dimensional i ne l a s t i c  
ratchetting analyses. In many cases they are  extremely conservative, so 
t h a t  o ~ ~ L E z ~  it w i l l  be t o  the  designer‘s advantage t o  perform a detai led 
one-dimensional ra tchet t ing analysis.  
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It i s  acceptable t o  anallyze each type of cycle f o r  only a few cycles 

and estimate t h e  t o t a l  accumulated. s t r a i n  f o r  that type of cycle by mul- 

t i p ly ing  t h e  s t r a i n  accumulated i n  -the last cycle by the  remaining number 

of cycles of t h a t  tyye and adding t h a t  value t o  t h e  accumulated s t r a i n  f o r  

t h e  cycles thah were analyzed. The t o t a l  accumulated d-uctili.ty-limLted. 

s t ra ins ,  including any s t r a ins  due t o  e l a s t i c  follow-up, Piom a l l  tyyes 

of cycles t h a t  occw' during t h e  l i f e  of t he  component s h a l l  be calculated, 
and t h e i r  sum must meet t h e  E m i t s  of Subsection 7.2.1, 

7.3 Creep-Fatigue Evaluation _...-I 

7.3.1 General Requirements -- 

7.3.1.1 Damage Equation. The combination of Normal, Upset, and Emer- 

gency Conditions shall be evaluated f o r  accumulated creep and fat igue d m -  

age, including hold time, mean s t r e s s  (01' s t r a i n ) ,  s t r a i n  ra te ,  and f l u -  

ence e f fec ts .  

shall s a t i s f y  t h e  following re lat ion:  
For a design t o  be acceptable, the creep and fat igue darnage 

where 

D  total creep-fatigue damage (see Fig. T-1420-2 of Ref. 5 ) .  
n = number of applied cycles of loading conditions j .  

d N = number of design allowable cycles of loading conditions j from 
t h e  fat igue curve corresponding t o  t h e  maximum metal temperatwe 
during the  cycle and adjusted t o  t h e  end-of-l ife fluence fo r  the  

component (see discussion below). 

t h e  component-load h is tory  may be broken up i n t o  increments and 
t h e  fat igue l i f e  evaluated based on the  accumulated fluence a t  
t he  end of t h a t  increment. However, exercising this option re- 

quires an analysis  of t h e  proposed loading h is tory  f a r  t he  com- 

ponent with t h e  cycles being i n  t h e  correc-l; sequence. 

If t h e  designer so desires ,  

t -= time duration of t he  load condition k, 
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T = allowable time a t  a given s t r e s s  i n t ens i ty  ( fo r  e l a s t i c  anaws i s )  d 
or  at a given ef fec t ive  s t r e s s  ( f o r  i n e l a s t i c  analysis)  from load 
k; T values a re  obtained by entering the  appropriate s t ress - to-  
rupture curves of R e f .  5 a t  a s t r e s s  value equal t o  t h e  calcu- 

l a t ed  s t r e s s  (fram load k) divided by t h e  fac tor  k', which i s  
0.9 f o r  aus t en i t i c  s t a in l e s s  steel. 
o f - l i f e  fluenee of t h e  component. 

d 

Td i s  adjusted f o r  t he  end- 

When t h e  accumulated fluerice i s  below t h e  values l i s t e d  i n  Table 5.1,  
d e t e d n e  N from t h e  appropriate f igure  i n  Ref. 5 (Fig. T-l420-lA, 113, 

or  Fig. T-1430-112, LB). The design fat igue curves of Fig. T-ll t .20-1 were 
determined from completely reversed loading conditions a t  s t r a i n  r a t e s  

grea te r  than, o r  equal to, those noted on t h e  curves. The design fat igue 

curves of Fig. T-1430-1. include the  e f f ec t  of hold times and slow s t r a i n  

r a t e s  and a r e  used for e l a s t i c  analysis.  
s ign fat igue cuxves may be extrapolated by uee of a s t r a igh t  l i n e  tangent 

t o  t h e  curve a t  lo6  cycles on t h e  exis t ing log-log p l o t s  i n  Figs. T-1420-1 

and T-1430-1 of Ref. 5. Alternately,  where data  a r e  avai lable  i n  Ref. 8, 
t h e  fatigue design curves my be extrapolated by f irst  establ ishing the  
shape of t h e  fa t igue  curves beyond lo6 cycles and then perfomning the  ex- 

t rapola t ion  based on t h i s  shape. 

d 

When Md > 10" cycles, t he  de- 

For components i r r ad ia t ed  to higher fluences than those l i s t e d  i n  

Table 5.1, e i t h e r  of two methods may be used t o  develop fa t igue  design 

curves . 
(a) Where suf f ic ien t  data are avai lable  i n  Ref. 8 f o r  t h e  required 

temperature, s t r a i n  ra te ,  hold time, and fluence, fa t igue design curves 
may be constructed by developing a best  f i t  to t he  ?xis t ing data ( i f  not 

supplied i n  R e f .  8) and reducing t h i s  f i t  by fac tors  of 2 on s t r a i n  and 
20 on cycles.  These calculat ions m u s t  be documented i n  the  S t ress  Report. 

(b) Alternately,  t h e  designer may develop fat igue design curves using 

t h e  following equation, which i s  based on t h e  Universal Slopes method: 

where t h e  constants At 3, a, and b are t h e  r e s u l t  of least-squares f i t s  

t o  the  fa t igue  design curves for unirradiated mater ia l  as presented i n  
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Ref.  >. These constants are  l i s t e d  i n  Table f .2 .  The fac tor  i s  a re- 

duction fac tor  t h a t  r e f l e c t s  t he  l o s s  i n  d u c t i l i t y  of i r rad ia te?  mate- 
r ia l .  Values of x are  detemi.ned from Fig.  7.3 f o r  ma,terlsl.s covered f 
by these c r i t e r i a .  

f 

The a+llowable time t o  rupture, I T d ,  a t  a given s t r e s s  i n t ens i ty  or  

equivalent s t r e s s  for materials irrad-iated .to fluences less  than -those 

l i s t e d  i n  Table 5.1 i s  to be taken from stress-to-rvpture curves (Fig. 
1-14.6) of Ref. 5. For fluences equal t o  or greater  than those l i s t e d  
i n  Table 5. I, e i the r  of t he  following met'nods may be used t o  determine 
mini-mum stress-to-rupture design values I 

( a )  'The designer may use stress-to-rupture data contained i n  Kef. 8 
f o r  t he  s t r e s s ,  temperature, and fluence applicable t o  the component, being 

analyzed. The allowable time to rupture i s  

where 

= t he  allowable minimum time t o  rupture for t he  i r r ad ia t ed  ( Td) i r r a d  
mater ia l .  

T = t he  allowable time t o  rupture f o r  -the uniryadiated- mate- d 
r i a l  a t  the sane s t r e s s .  

= t he  average time t o  rupture of t he  irrad.i.a'ied material  for 'R i  
the  conditions of s t r e s s ,  temperature, and. fluence being 

analyzed. 
a t e  curves a s  presented i n  Ref. 8. 

T'nese values are  t o  be taken from the  appropri- 

tRu = the  average t h e  t o  rupture of t h e  unirradiated mater ia l  

for t h e  conditions of s t ress ,  temperatwe, and fluence 

being analyzed. T'hese values a re  t o  be taken from the  

appropriate e w e s  as  presented i n  Ref. 8. 
(b )  Alternately,  time-to-rupture design values may be determined 

using .Eq. (7.19) : 



Table 7.2. Constanks Describing Strain-Cycle Fati&me 
Curves for Unirradiated Austenitic Stainless S t e e l  

A Temperature 
(OF) 

a B b 

Curves for elas- BOO 
t i c  analysis 850 

900 

950 
1000-1200 

Curve f o r  100 

800 i 5 1 x 10- 
in. in.-’ sec-’ 

900 
10c)0-1200 

1300 

0,010061 
o 010926 
0.008520 
0.005728 
0.003287 
0.008734 
0.010899 
0.013672 
0.006105 
0.005275 

0.11830 
0.09369 
0.08925 
0.12045 

0.107‘70 

0.13213 

0.12207 
0 a 11601 

0.098h 
0.06288 

-0 * 51859 
-0.64827 
-0.83441 
-1.10693 
-1.21541 

-0.1r9671 

-0 * 53320 
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Fig. 7.5. Fatigue reduction factors for annealed and irradiated 
types 304 and 316 stainless s tee l .  
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where 

from Fig. 7.6 f o r  t h e  type of material ,  temperature, and accumulated flu- 
ence. Other me-t’nods of considering the  e f f ec t s  of i r r ad ia t ion  on mpture  

l i f e  m a y  be used i f  they a re  j u s t i f i e d  i n  t h e  S t ress  Report and are ac- 
ceptable t o  t h e  Owner. 

i s  a creep l i f e  reduction fac tor .  Values of R ,  a re  determined C c 

7.3.1.2 Exemption from Fatigue Analysis. The ru l e s  i n  ASME Code 

Section I11 [NB-32!22.4(d) :, Ref. 4, which pe.&t exemption from fat igue 

anal_ysis, do not apply to taKperartures above tine l i m i t s  of Section 111 
(aOO°F f o r  aus ten i t ic  s t a in l e s s  s t e e l s ) .  

7.3.1.3 Equivalent Strain Range. A n  equivalent s t r a i n  range i s  

used. t o  evaluate t h e  fat igue damage sum f o r  both e1asti.c and i n e l a s t i c  
analysis .  When t h e  Design Specification contains a histogram delineating 
a spec i f ic  loading sequence, t h e  s t r a i n  range s h a l l  be calculated f o r  t h e  

cycles described by t h e  histogram. If t h e  sequence of loading i s  not de- 

fined by the  Design Specification, t he  mebhod of combining cycles de- 

scribed i n  ASME Code Section 111, W-3222.4(e)(5),  s h a l l  be applied. The 
equivalent stra5.n range i s  computed as follows: 

‘ Step 1. Calculate a l l  s t r a i n  components f o r  t h e  s t r a i n  h is tory  ( E  

€ € E  E E vs time) fo r  t he  complete cycle. Strain concen- 
t r a t i o n  fac tors  a re  added a t  t h i s  step.  

X’ 

y’ z’ XJ-’ yx’ zx’ 

Step 2.  Select a point when conditions are  at an extreme f o r  t he  
cycle, e i the r  maximum o r  minimum. Refer .to this time point by a subscript 
I. 

Step 3. Calculate t he  histoiry of t h e  change i n  s t r a i n  components by 
subbracting the  values a t  the  time i from .i;he corresponding coniponents a t  
each point i n  t . h e  during t h e  cycle: /LE = E - c = E - E e tc  a 

X X xi’ y y yi’ 
Step 4. Calculate t he  equivalent s t r a i n  range a s  f o r  each point i n  

time” 

Step 5 .  Use t h e  rnaximm equivalent s t r a i n  range calculated as t h e  

range of s t r a i n  t o  enter  t h e  fat igue curves, 
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( a )  The above procedure may be used regdrdless of whcther pr inc ipa l  

s t r a ins  change d i rec t ions  or not. 

(b)  An a l te rna te  to t he  above sequence, applicable only when pr in-  

c i p a l  s t r a i n s  do not ro ta te ,  i s  given i n  Parag:raph 7.3.1.4. 

7.3.1.4 AILernat e Calculation . .. . . . . . . . Method - Equivalent SLrai.n Range. .- 

An a l t e rna te  cal-culational method fo2' equivalent strain-range deteimina- 

t i o n  i s  as follo>is:  

Step 1. Same as s tep 1 above. 

Step 2, 

Steg  - 3 .  

.-_ 

Determine t h e  pr inc ipa l  s t r a ins  vs time for th2 cycle. 

A t  each time interval- of s tep 2> determine the  s t r a i n  d i f -  
.- ..- E ferences - c2 ,  E~ 53' % 1. 

, Stez . . .__. . . _._. 14.. ._ Determine the histo-xy of t h e  change i n  s t r a i n  differences 

by subtracting t h e  values a t  t h e  time i from .I;he correspond.ing values a t  
each point i n  t h e  during t h e  eyc3.e. Designate these st:rain difference 

- = - chaq-res as /\(gl - E ) €23 ' 2 3 i ~  ( 53 r - - -  I- L1*i-, A ( E  .- c3) = 
2 12 2 

i ,. - .  
~ - .. 

3 7  3 L l  

S t e a .  Compute the  equivalent s t r a i n  range as: 

___. Ste2  . . .. . _._^_. 6. TJse the  rnaximum equivalent s t r a i n  range calculated as the  
range of s t r a j n  t o  enter  tile fa t igue cumes. 

'7.3.1.5 ___i I r radiat ion-  Induced S t r a i n .  Irradiation-induced swel l ing  

and creep s t r a i n  components a re  presently nol; considered. d u c t i l i t y  1.b- 

i t e d  and. therefore do not need Lo he considered. i n  the  damage eval-mtio1i. 

7 . 3 . 2  Limits Using Lnelastic Analysis 

T+l%en i n e l a s t i c  analysis  is used t o  satisf 'y Eq. (7.16), .the folJ-awing 

rules apply. 

( a )  Creep-m-pLure damage may also be calculated by using the  in t eg ra l  
form : 
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(b) The fa t igue  darnage sum s h a l l  be evaluated by using the  equivalent 

s t r a i n  range when entering the  appropriate fa t igue  design c u v e  of iief. 5. 
The se lec t ion  of fa t igue and s t ress-rupture  design curves f o r  i r r ad ia t ed  

components follows t he  m l e s  of Subsection 7.3.1. 
(c)  The t o t a l  damage fac tor  D s h a l l  not exceed the  creep-fatigue dam- 

age envelope a s  presented i n  R e f .  5 (Fig. T-lb2O-2). 

7.3.3 Limits Using E las t i c  AnalysiA 

7.3.3.1 General He-quiremerrte. (a) m e  e l a s t i c  analysis  ru les  i n  

t h i s  sect ion m y  be used only when the  e l a s t i c  ra tche t t ing  mdes of Sub- 

sect ion 7.2.2 haTre been s a t i s f i e d .  

(b) When e l a s t i c  analysis  i s  used to satisfy t he  requirements of' 

Paragraph 7.3.1.1, the  t o t a l  fa t igue  axid creep-rupture damage s h a l l  be 

summed l i n e a r l y  and t h e  t o t a l  damage fac tor  D s h a l l  not exceed unity.  The 
individual damage terms are  t o  be evaluated i n  aecorilance with t h e  f o l l o x -  

ing paragraphs. 

7.3.3.2 Fatigue Damage Evaluation. (a) For t h e  fa t igue  ditmiage tern,  

d' t h e  strain range E i s  used with the  design fa t igue  curve to deternine B 

The appropriate design curve selected should correspond i;o t h e  maximum 

metal temperature experienced during the cycle.  

t 

(b)  When using e l a s t i c  analysis f o r  fa t igue  damage calculations,  t he  

computed maximum s t r a i n  does not r e f l e c t  t h e  t r u e  s t r a i n  accumulation dun 

t o  p l a s t i c  or creep flow. Therefore, t h e  follor,ing method may be used t o  

account f o r  increased s t r a i n  due t o  i n e l a s t i c  behavior i n  the  region under 
considerat ion : 

E = K E + K 2 ~  -1- 5~~ , (7.22) T ~e E P  

where 

= t h e  derived maximum s t r a i n  for t he  loading condition which i s  t o  

be used i n  entering t h e  appropriate fa t igue  curve ;  

E = t h e  e l a s t i c  s t r a i n  i n  the  region under consideration, exclusive e 
of s t r a i n  concentrations; 
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K = the  theo re t i ca l  el.a.stie s t r a i n  concentration fac tor ;  
E 

E 

= t he  i n e l a s t i c  s t r a i n  i n  Cne region under consideration, exclusive 

of s t r a i n  concentrations and peak thermal stxains ; 
P 

= peak thermal s t r a i n  associated with the  peak thermal s t r e s s  as  
defined i n  the  ASME: Code, Section T P I ;  

% = s t r a i n  concentration fact,or applied to peak thermal s t r a i n  compo- 
nent E~ = 

( e )  'The value of E i s  deternij-ned by subtrac-t;i.n.g the  e l a s t i c  s t r a i n  
P 

component E from the  calculated t o t a l  ducti l i ty-l imi.ted s t r a in .  '%ne 

t o t a l  duc t i l i ty - l imi ted  s t r a i n  E 

t h e  deformation-controlled s t r a ins  exclusive of s t r a i n  concentration, peak 

the rm1  s t ra in ,  and irradiation-induced creep s t ra in ,  which i s  not con- 

sidered d u c t i l i t y  l imited.  

e 

i s  the  sum of t he  load-controlled and 
11 

E = =  + E  n 'load controlled s t r a i n  control.led ' (7 .23)  

where 

E = t h e  s t r a i n  as determined from t h e  appropriate iso- load controlled 
chronous s t r e s s - s t r a in  c w e  f o r  t he  e h s t i c a l l y  

calculated s t r e s s ,  the  temperature, and the  du- 

r a t ion  of one cycle of the t rans ien t  being con- 
sidered~, 

E ::: t h e  s t r a i n  dete-rmiized from the  e l a s t i c a l l y  calcu- s t r a i n  controlled 
l a t ed  stress resu l t ing  from t he  s t ra in-control led 

defo-rmat ion ( c /E> strain controlled ' 

(d) The equations of p l a s t i c i t y  may be used t o  resolve i n e l a s t i c  

s t r a i n  components for the computed i n e l a s t i c  s t r a i n  oistained e i the r  fYom 

t h e  isochronous s t r e s s - s t r a in  curves QT from other calculat ions of defor- 
mation-controlled loadings. 

7.3.3.3 Creep Damage Evaluation. Creep damage from primary and 

secondary s t resses  resu l t ing  from sustained operating conditions between 
cycles s h a l l  be evaluated as follows. 
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The stress in t ens i ty  S due t o  primary-plus-secondary s t resses  from 

load condition k s h a l l  be taken as  the  l e s s e r  of :  

(a) The minirnum specif ied y i e ld  strength of t h e  mater ia l  under eval- 

uat ion. 

(b)  (F, i 0.5Sr), where S 

( c )  The value of Td i s  obtained f romthe  stress-to-rupture c m e s  of 

Ref. 5, but  t h e  value of s t r e s s  i s  divided by a f ac to r  k’, which i s  0.9 

for aus t en i t i c  s t a in l e s s  s t e e l .  If the fluence exceeds t h e  values l i s t e d  

i n  Table 5.1, t h e  value of Td i s  to be determined per Subsection 7.3.1. 

i s  t h e  maximurn range of primary-plus- r 
secondary s t r e s s  in tens i ty .  

7,4 Struc tura l  In s t ab i l i t y  and Buckling 

This subsection i s  adapted d i r e c t l y  from ASME Code Case 1592.” Since, 

as has been s ta ted,  t h i s  document requires  use of t he  design cwves  con- 

ta ined i n  Ref. 5, t he  rules covering buckling and i n s t a b i l i t y  have been 
reproduced verbatim. 

f igures  wi-bhin t h e  Code Case. These rules were wr i t ten  to consider t he  
e f fec ts  of the& creep; however, t h e  defamations caused by i r r ad i&t ion  

creep and swelling s h a l l  also be considered. 

Note t h a t  a l l  references a re  t o  other paragraphs or 

T-1500 Buckling and I n s t a b i l i t y  
T - l T l O  General Requiyements 

(a) The s t a b i l i t y  limits i n  Na-31.33 of Section I11 per t a in  
only t o  spec i f ic  geometrical configurations under spec i f ic  load- 
i n g  conditions. These Section 111 limits include t h e  e f f ec t s  
of i n i t i a l  geometrical imperfections permitted by fabr ica t ion  
tolerances.  Iiowever, Section I11 l imits do not consider t h e  
e f f ec t s  of creep due t o  long term loadings at elevated tempera- 
t u re s  and t h e  e f f ec t s  o f t h e  other  loads or  other  geometries. 
T’ne T-1500 ru les  provide addi t ional  limits which are  applica- 
b l e  t o  g e n e r d  configurations and loadirg conditions t h a t  may 
cause buckling o r  i n s t a b i l i t y  due to the-independent as wel l  
as time-dependent creep behavior of the material .  These addi- 
t i o n a l  limits a r e  applicable to a l l  specif ied Design and. Qper- 
a t ing  conditions,  

(b)  For t h e  limits specif ied i n  T-1520, d i s t inc t ion  i s  
made between load-controlled buckling and s t ra in-control led 



buckling. 
tim.ed appl icat ion of an applied load i n  t h e  post-buck1.i.n.g re -  
gime, leading t o  catastrophic f a i l u r e . .  . e .g .  collapse of a tube 
under external  pressure. 
acterized. by the  ifmediate reduction of  strain-induczd l.oa,d 
upon ?-n i t ia t ion  of buckling, and by t h e  self- l imit ing m t u r e  of 
t h e  resu l t ing  defo-mations. Even Ynough it i s  self- l imit ing,  
s t ra in-control led buckling fainst be avoided t o  guard against  
f a i l u r e  by fatigue,  excessive s t ra in ,  and in te rac t ion  with load- 
control led i n s t a b i l i t y .  

Load-controlled buckling i s  characterized by con- 

Strain-control.l.ed 'ouckliw i s  char- 

( c )  For conditions under which s t ra in-control led and. load- 
controlled buckling may in te rac t ,  the  Load Factors applicable 
t o  load-controlled buckling shal l  be used f o r  t he  combination 
of load-controlled and- s t ra in-control led loads to guard against  
buckling i n  t h e  in te rac t ive  mode. 

(d)  For condi%ions where s ignif icant  e l a s t i c  follow-up raay 
occur, t h e  Load Factors applicab1.e to load-controlled buckling 
shal.1 a l so  be used f o r  s t ra in-control led buckling 

( e )  For load-controlled buckling the  e f f ec t s  of geometri- 
c a l  imperfections and tolerances,  whether tn3.tiaU.y present or 
ind-uced by service, s h a l l  be considered i n  the calculati-on of 
t h e  i n s t a b i l i t y  load. 

( f )  For purely s t ra in-control led buckling the  e f f ec t s  of 
geometrical imperfections and tolerances, whet'ner ini."cally 
present or induced by service, need not be considered i n  t h e  
calculat ion of  t he  instabi.1ity s t r a in .  However, i f  s ign i f icant  
geometrical imperfections are present i n i t i a l l y ,  enhancement 
due to creep may cause excessive deformation or s t r a in .  These 
e f f ec t s  s h a l l  be coilsidered i n  the applicatj-on of defommtion 
and s t r a i n  l imi t s  of T-1260 and. T-1300. 

( 6 )  The expected minimum s t r e s s - s t r a in  curve f o r  t h e  ma- 
t e r i a l  a t  t he  specified temperatures shall be used. The ex- 
pected minirnwn Val-ues may be obtained by normalizing the  ap- 
p:L-opriate average hot t e n s i l e  cume of  Fig. T-1800 t o  t he  ex- 
pected minimum yie ld  strength given i a  Ta'ole 1-14.5. 

(h) The limits of both T-1521 and 'T-1522 s h a l l  be s a t i s -  
fied- for t h e  specif ied Design and Operating conditions I 

'T-1520 Buckling Limits 
T - l S 2 l  Time-Independent Buckling 

?'or Load-controlled buckling, t he  Load Factor; and f o r  si;-v.ain- 
controlled buckling, the  Strain Factor, shall equal o r  exceed 
-tine values given i n  Table T-1521-1 f o r  t h e  speci-fied Design 
and Operating conditions t o  guard against  time-independent 
(instantaneous) buckling 
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TABLE T-1521-1 TIME-~NIIEPENDEIVT BUCUING LIMITS 

Design Conditions 3.0 (2) 1.67 

Operating Conditions 

Normal 

Upset 

3 -0  1.67 

3 00 1.67 

Emergency 2.5 1.4  

Faulted 1.5 1.1 

2.25 1.67 Testing (44 

(1) Load (S t ra in)  .., Load ( s t r a i n )  which would 
cause ins tan t  i n s t a b i l i t y  ] + F z i Z e F ]  
at the  design (or ac tua l  

-- operating) temperature. ( s t r a i n ) .  

Factor 

(2)  Changes i n  configuration induced by service need not be con- 

(3) For thermally-induced s t ra in-control led buckling, t he  S t r a in  

sidered i n  calculat ing the  buckling load. 

Factor i s  applied t o  loads induced by thermal s t r a i n .  
dete-rmine the  buckling s t r a in ,  it may be necessaly t o  a-ti- 
f i c i a l l y  induce high s t r a i n s  concurrent with t h e  use of re- 
a l i s t i c  s t i f f n e s s  propefi ies .  
thermal expansion coeff ic ient  i s  one technique f o r  enhancing 
the  applied s t r a i n s  without a f fec t ing  the  associated s t i f f -  
ness charac te r i s t ics .  

To 

The use of an "adjusted" 

(4)  These f ac to r s  apply t o  hydrostatic,  pneumatic, and leak 
t e s t s .  
t o  3113.7 of  Code Case 1592. 

Other types of t e s t s  s h a l l  be c l a s s i f i e d  according 

T- l5i12 Time-Dependent Buckling 

To protect  against  load-controlled time-dependent creep buckling, 
it shall be demonstrated t h a t  i n s t a b i l i t y  w i l l  not OCCUT during 
t h e  specif ied l i fe t ime f o r  a load h i s to ry  obtained by multi- 
plying t h e  specif ied Operating condition loads by t h e  f ac to r s  
given i n  Table T-1522-1. A design f ac to r  i s  not required f o r  
purely s t ra in-control led buckling because s t ra in-control led 
loads a re  reduced concurrently with resis tance of t h e  s t ruc ture  
t o  buckling when creep i s  s igni f icant .  
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TABLE T - 1522 - 1 T DE -IIE~?ESJDENT LOAD- c ONTROLLED 
BUCKLING FACTORS 

Operating Condi-t ions 

No m a , l  1.5 

Upset 1 . 5  

&ne rge ncy 1 . 5  

Faulted 1.25 
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8. DESIGN RULES FOR BRITTLE PlAmRIALS 

8.1 General 

The design r u l e s  of t h i s  sect ion a r e  preliminary and a r e  only  i n -  

tended for use i n  t h e  design of i r r ad ia t ed  components. 

ence l i m i t  has not been s e t  below which b r i t t l e  f r ac tu re  need not be con- 
sidered. The data required t o  pe r fom a f r a c t w e  mechanics analysis a re  
t o  be taken from Ref. 8; when these data  a r e  not contained i n  Ref. 8, it 
i s  the  respons ib i l i ty  of t h e  designer t o  furn ish  such data, trends,  or 

extrapolations by which t o  assess  these ru les .  Any  such data,  t rends,  o r  
extrapolations flmnished by t h e  designer m u s t  be acceptable to t he  Owner 

and be j u s t i f i e d  i n  the St ress  Report. 

A threshold f l u -  

8.2 Definit ions 

This sec t ion  provides def in i t ions  and nomenclature applicable t o  

f r ac tu re  mechanics and crack propagation analyses. 

ized nature, they were  not included i n  Chapter 3. 
Due t o  t h e i r  special-  

8.2.1 Flaw Size 

Flaws can be introduced through fabricat ion,  may be an inherent pa r t  

of the design of a component, or may develop due t o  service.  

riondestmctive t e s t i n g  (NM!) methods a re  able  t o  detect  f l a w s  t o  some min- 

h u m  size, 

minimum detectable  s ize ,  t he  designer i s  t o  assume t h a t  a t  l e a s t  one f l a w  
i s  i n i t i a l l y  present and i s  t h e  minimum f l a w  s i ze  t h a t  can be detected by 
the  NDT technique to be used on t h e  component being analyzed, 

due t o  sustained o r  cyc l ic  loading s h a l l  be considered i n  obtaining the  

final flaw s i z e  t o  be analyzed. 

Reliable 

Although a component may not contain f l a w s  as la rge  as th i s  

Crack growth 

(a) am - Minimum detectable  f l a w  s ize ,  i n .  
(b) a - The depth of a surface M a w  or t h e  semjminor ax is  of an in- 

ternal f l a w ,  i n .  
( c )  c -The ha l f  length or t h e  semimaJor ax i s  of a surface or i n t e r -  

nal f l a w ,  i n .  
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8.2.2 K - Stress-Intensi ty  ---- Factor 

The symbol K i s  cormonly used t o  denote s t ress - in tens i ty  fac tor ,  

k s i  JGT 
(a) KI, KII, KIIT, etc. - The s t ress - in tens i ty  f ac to r  i s  associated. 

with t h e  mode of loading (I, 11, or  111) and. the metjnod. of loading [ e . g , ,  

s t a t i c  (KIc) or  dynamic]. Note that the  s t ress - in tens i ty  fac tors  itre not 
t o  be confused with sect ion shape factors ,  s t r e s s  i n t ens i t i e s ,  or s t r e s s  

concentration fac tors .  

(b)  Ki - I n i t i a l  Cri t ical-Stress-Intensi ty  - Factor. The i n i t i a l  c r i b  
ica l - s t ress - in tens i ty  fac tor  i s  the  value of f rac ture  toughness f o r  t he  

mater ia l  a r t e r  exposure t o  maximum service fluence. 

f o r  i l l u s t r a t i v e  purposes, t he  value of t he  c r i t i c a l - s t r e s s - i n t e ~ ~ s i t ~  
fac tor  representat ive of t he  loading and. environmental conditions being 

invest igated should be used (e .g . ,  KIc f o r  glaize-strain s t a t i c  loads and 
K f o r  non-plane-strain conditions).  Where fat igue loadings a re  being 

considered, the  change i n  c r i t i ca l - s t r e s s - in t ens i ty  f ac to r  d - t h  crack 

grmhh s h a l l  be taken in to  account. 

Although Ki i s  used 

C 

8.2.3 Q - Flaw Shape - Parameter 

The symbol Q (dimensionless) i s  bas ica l ly  a geometry fac tor  and re- 
l a t e s  t he  flaw orientat ion,  type, and the  f l a w  s i ze  i n  r e l a t ion  t o  the  

sect ion s ize .  

pendicular t o  the  s t r e s s  f i e l d .  
In  all. cases it i s  assumed t h a t  the  flaw i s  oriented per- 

8.2.4 uK - C r i t i c a l  Stress  In tens i ty  

The c r i t i c a l  s t r e s s  at which unstable crack propagation i n i t i a t e s  i s  
denoted by uK. 

- 
8.2.5 0 - Character is t ic  Stress  

The cha rac t e r i s t i c  stress 0 i s  that v a h e  of s t r e s s  that must be lim- 

i t e d  and i s  calculated from the  f r ac tu re  aechanics analysis .  

given i n  Section 8.4. 
c r i t i c a l  s t r e s s  in tens i ty ;  i. e . ,  

Detai ls  a r e  
The cha rac t e r i s t i c  s t r e s s  i s  limited t o  60% of t h e  
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8.3 Flaw-Sensitivity Characterization 

Materials a r e  t o  be c l a s s i f i e d  a s  being i n  a duc t i l e  or b r i t t l e  s t a t e  

according t o  t h e  following procedure. In making th i s  c l a s s i f i ca t ion ,  t he  

worst s e t  of conditions t o  which the  component w - i l l  be subjected i s  t o  be 

used. 

The po ten t i a l  for b r i t t l e  f rac ture  shall be considered, and a f rac-  
t u r e  mechanics analysis  i s  required if ,  f o r  a defined minimum f l a w  s i ze  
a and a c r i t i c a l - s t r e s s - i n t e n s i t y  f ac to r  K t he  c r i t i c a l  s t r e s s  for un- 

s t ab le  crack propagation oK, as defined by 
m i7 

i s  l e s s  than  t h e  

a ted  mater ia l  o r  
t he  unirradiated 

minimum y ie ld  s t r e s s  S a t  temperature for t he  i r r a d i -  

2.7 times t h e  minimwn y i e l d  s t r e s s  S 

material ,  

Q- 
at  temperature for 

Y 

For c l a s s i f i c a t i o n  purposes7 only two  shape f ac to r s  need be consid- 

( a )  through-edge and part-through surface flaws, Q = 1.1, and (b)  ered: 
thrown-center  and i n t e r n a l  flaws, Q = 1.0.  These Q f ac to r s  should y i e l d  

consewative resuLts. 

b l e  t o  the  spec i f i c  geometry i n  question i f  he so des i res .  

The designer may use other shape f ac to r s  applica- 

If the  material. i s  evaluated as  flaw sensi t ive,  t h e  design ru les  of 
t h e  fe2'I  tog sect ion apply. 

8.4 Fracture Mechanics Analysis 

The ru les  of t h i s  section, including the screening t e s t  of Eq. (8.2), 
a re  based on the  concepts of l i n e a r  e l a s t i c  f rac ture  mechanics. 

of these ru l e s  where t h e  s t r e s ses  exceed the  y i e ld  s t r e s s  does not account 
f o r  p l a s t i c  s t r a i n  accumulation. 

The use 

It has been shown that the  l o c a m  elevated s t r e s s  f i e l d s  around a 
crack a re  r e l a t ed  t o  a s t r e s s - in t ens i ty  f ac to r .  B r i t t l e  f rac ture  occurs 



when the  s t ress - in tens i ty  fac tor  reaches a cri t ical . .  value. This c r i t i -  
ca l - s t ress - in tens i ty  factor  shall 'be experimentally. determined for  t h e  
pa r t i cu la r  operating envirorment and design l i f e  of t he  element under con- 

s idera t  ion. 

The basic  puqose  of a f rac ture  mechanics a n a l p i s  i s  t o  determine a 

value o f  t he  c r i t i c a l  stress a t  which unstable crack propagation i n i t i -  

ates. To account for er rors  i n  modeling fac tors  (see s tep 4 belaw), the  

allowable stress in t ens i ty  ( i * e , ,  t he  charac te r i s t ic  stress) i s  r e s t r i c t e d  

t o  60% of t h i s  c r i t i c a l  s t r e s s  i n t ens i ty  [Eq .  (8 .1)] .  This charac te r i s t ic  
stress i s  dete-mined by performing an e l a s t i c  analysis  of the component. 

The fallowing procedure i s  recommended for analysis of  flaw-sensitive 

materials.  
Step 1. On an e l a s t i c  basis ,  determine the  c r i t i c a l  s t r e s s  areas i n  

the  conrponent. 

e l a s t i c  s t r e s s  d i s t r ibu t ion  thi-oughout the s t m c t u r e  and (b) t h e  loca l  en- 

vironment. The gross e l a s t i c  s t r e s s  d i s t r ibu t ion  i s  defined as the  s t r e s s  

calculated, without t h e  presence of a crack, from c l a s s i ca l  analyt ic  mod- 
e l s  or finite-element techniques. 

These areas  a re  determined by reviewing (a) the  gross 

Step 2 .  Determine from Ref. 8 t h e  minimrnn value of Ki (Kc, KIc, o r  
applicable value) f o r  t h e  mater ia l  being used a s  a funct ion of operating 

environment. Where data are not avai lable  i n  Ref. 8, the  designer i s  re- 

quired t o  f'urnish experimental data o r  correlat ions.  
method used i s  to be given i n  t h e  Str-ess Report and must be approved by 

t h e  Owner. 

Sus t i f i ca t ion  of thE? 

Step 3. 
t o  be determined. 

servative s i ze  crack i s  t o  be assumed t o  be presen-k i n  the  worst locat ion 
and oriented i n  the  worst direct ion.  T h i s  assumed flaw s i ze  shall be a t  
l e a s t  as large as t h e  minimum s i ze  f l a w  tha t  i s  readi ly  detectable by 

standard inspection techniques and shall include crack growth during op- 
erat ion.  

The f l a w  types and s izes  i n  t h e  c r i t i c a l  stress areas  a r e  
If no ident i f iab le  f l a w s  a re  present or iginal ly ,  a con- 

Step 4. Select a fracture  mechanics model that, approximates, as 

closely a s  possible, t he  s t r e s s  geometiy s i t ua t ion  being investigated.  
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(a)  Real configurations subjected t o  l inear  e l a s t i c  f rac ture  mechan- 

i c s  can, i n  general, be represented by one of t h e  folloTwing combinations 
of s t r e s s  d i s t r ibu t ion  and geometry. 

(i) Uniform s t r e s s  d i s t r ibu t ion  i n  semi-infinite and i n f i n i t e  

s t ruc tures .  
(ii) Uniform s t r e s s  d i s t r ibu t ion  i n  f i n i t e  s t ructures .  

(iii) Nonuniform s t r e s s  d i s t r ibu t ion  i n  semi-infinite and i n f i -  

n i t e  s t ructures .  
( iv)  Nonuniform s t r e s s  d i s t r ibu t ion  i n  f i n i t e  s t ructure .  

(b) Fracture mechanics models can generally be represented by Eq. 

(8.2) where Q fac tors  account f o r  geometry var ia t ions .  

case of ( a ) ( i )  above, Q fac tors  are a s  given below and defined i n  Fig. 

For the  spec i f ic  

8.1. 
(i) Through-edge flaws, Q = 1.1. 

(ii) Through-center f l a w s ,  Q = 1 .0 .  

( i v )  In te rna l  f l a w s ,  Q = ~ . O / ~ V ,  
(iii) Part- though surface flaws, Q = l.l/\W. 

In ( b ) ( i i i )  and ( b ) ( i v )  above, 

where ci 

a t  t h e  operating l i f e  being considered. The quantity Q, i s  the  complete 

e l l i p t i c  i n t e g r a l  of t h e  second kind, 

i s  t h e  y i e ld  strength representat ive of t he  material conditions 
YS 

./2 

= j ,/I- - k2 sin2@ dGi , 
0 

where 

and a and e are as defined i n  Section 8.2. These terms a re  i l l u s t r a t e d  

i n  Fig.  8.1. 
For 0.05 I (a/2c) cc 0.50, an a l t e rna te  empirical expression fo r  (0 is 
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THROUGH - EDGE THROUGH-CENTER 
FLAW l o )  F i A W  ( b )  

PART-THROUGH INTERNAL FLLAW 
SURFACE FLAW ( d )  

( C  1 

0 60 

9 - COMPLETt ELLIPTICAL 
INTEGRAL OF THE 
StLOND ORDER 

0 - GROSS STRESS 
myys=TENSILE YlEl D STRFSS, 

0 2 70 OFFSET 

b 
N 

-3 

- L ----_J 0 
0 5  f.0 f.5 2.0 2.5 

0’ 
0‘ PARAMETER FOR PART-THROUGH 
SURFACE AND INTERNAL FLAWS 

( e )  

THROUGH-ED 
\PURT-THKOUGH 

I 

Fig. 8.1. Basic flaw types, corresponding geometry factors, and 
nomenclature. 

Q factors  applicable t o  (a)(2) where the crack propagation mechanism i s  

influenced by t h e  s t r u c t w e  boundary can be foimd i n  t h e  l i t e r a t u r e .  
For nonuniform s t r e s s  dis t r ibut ions,  t he  s t ress - in tens i ty  fac tor  may 

be calculated tvorn models u t i l i z i n g  the f inite-element technique or ap- 

proxi-mate methods. For sal l i - inf ini te  and i n f i n i t e  s t ructures ,  ( a )  (3) 
above, t h e  Q fac tor  may be taken t o  be 1.0 and the  charac te r i s t ic  stress 

is approximated a s  defined i n  step 5 below. Additional inforr~~ation’ for 

other common crack geometries and s t r e s s  f i e l d s  i s  given i n  Figs. 8.2 
through 8 .5 .  

..._ Step 5. The charac te r i s t ic  s t r e s s  associated with $he f rac ture  me- 
chanics model sha l l  be compared with t h e  al-1-owable s t ress - in tens i ty  l i m i t .  
The charactex-istic sti’ess i s  determined from the  gross e l a s t i c  stress d is -  

ta.i.bution as follows. 



case 1 
Cracked sheet of in- 
f i n i t e  width and 
length, with uniform 
normal stress at  in- 
finity 

T 
--t 

-.rc 
f 

Case 3 
Infinite cracked sheet 
with tunnel c r a c k  
subject to out-of-plane 
shear at  infinity 

ORNL--  inWG 75-16872 

Case 2 
Infinite cracked sheet 
with uniform in-plane 
shear at infinity 

Fig. 8.2. S t ress  in tens i ty  fac tors  f o r  common configurations (Ref. 9). 

(a) For uniform s t r e s s  s i t m t i o n s ,  s teps  4 ( a ) ( i )  and ( i t) ,  t h e  char- 
a c t e r i s t i c  s t r e s s  i s  defined as the  uniform s t r e s s .  

(b) For nonuniform s t r e s s  d i s t r ibu t ions  i n  semi- inf ini te  and i n f i n i t e  

s t ructures ,  step 4 ( a ) ( i i i ) ,  use t he  following procedure. 

(i) If the  gross e l a s t i c  s t r e s s  increases i n  the  d i rec t ion  of 
ant ic ipated crack propagation, t h e  cha rac t e r i s t i c  s t r e s s  shall be the  

value of the  gross e l a s t i c  s t r e s s  a t  the  midpoint of t he  c r i t i c a l  sect ion 

througn the  cmponent at the  locat ion of t he  ant ic ipated flaw. 

(ii) If the  gross e l a s t i c  stress decreases i n  t h e  d i rec t ion  of 
ant ic ipated crack propagation, t h e  cha rac t e r i s t i c  s t r e s s  s h a l l  be the  

gross e l a s t i c  s t r e s s  i n  t h e  v i c i n i t y  of the crack t i p .  

A comparison of s t r e s s  shall be made, and the  cha rac t e r i s t i c  s t r e s s  
as determined abave shall not exceed the allowable s t r e s s  limit; i . e . ,  

- 
o (1 0.60' K '  

where ~ 1 '  i s  the  c r i t i c a l  s t r e s s  i n t ens i ty  fo r  t he  geometry being analyzed. K 
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case 4 
Curved crack in equal 
blaxial stresa field 

iCitiNL DWG 75-16873 

Au 

')" U ( T R )  'Ig 
KII = 

a / 

Case 6 
Cracks from hole In 
Inflnite sheet 

---One Crack- -TWO C~S&S---- 
L /r f ( L l r )  f (LP) 

Unlsxinl Blaxlal Unlaxiwlal Sleds! 
Stress Stress Stress Stress 

3.39 
2.73 
2.41 
2.15 
1.96 
1.83 
1.71 
1.58 
1.4.5 
1.29 

2.0 1.06 1.01 1.21 1.20 
3.0 0.94 0.93 1.14 1.13 
5.0 0.81 0.81 1.07 1.06 
10.0 0.75 0.75 1.03 1.03 
00 0.707 a. 707 1.00 1.00 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.8 
1.0 
1.5 

3.39 
2.73 
2.30 
2.04 
1.86 
1.73 
1.64 
1.47 
1.37 
1.18 

2.26 
1.98 
1.82 
1.67 
1.58 
1.49 
1.42 
1.32 
1.22 
1.06 

2.26 
1.98 
1.83 
1.70 
1.61 
1.57 
1.52 
1.43 
1.38 
1.26 

Fig. 8.3.  Stress  in tens i ty  fac tors  f o r  common configurations (Ref. 9 ) .  



Caee 6 
Central crack in strip 
subject to t e n s i o n  
(finite width) 

0.074 
0.207 
0.275 
0.337 
0.410 
0.466 
0.535 
0.592 

CBW 7 
Edge crack in a aemi- 
lnflnite body eubject 
to shear 

1.00 
1.03 
1.05 
1.09 
1.13 
1.18 
1.25 
1.33 

Fig. 8.4. Stress i n t e n s i t y  factors for comnon configurations (Ref" .  9). 



8-10 

ORNL DWG 75 16875 

casp. 9 
Slngle edge notch 

c k W 8  
N o t c h e d  benm In 
bendlas 

0.05 0.38 
0.1 0.49 

' 0 . 2  0.60 
0.3 0.66 
0.1. 0 . B D  
0. b 0.12 
0.6 0.73 

>0.8 0.73 

a /  b r ( a / b )  

0.1 1.15 
0.2 1.20 
0.3 1.29 
0.4 1.37 
0.5 1.51 
0.6 1.68 
0.7 1.89 
0.8 2.14 
0.9 2.46 
1.0 2.86 

Fig.  8.5. Stress i n t ens i ty  f ac to r s  for common configurations (Ref. 9 ) .  



9 . 1  General 

This sec t ion  provides spec ia l  notes and limits f o r  several  areas  t h a t  

must be considered by the  designer. These a re  intended t o  supplement sim- 
i l a r  notes and limits included i n  t h e  ASME Code.4j5 
consider t he  mles i n  this sect ion a s  they apply t o  t h e  pa r t i cu la r  compo- 

nent being considered. 

The designer s h a l l  

9.2 DIultidimensional S t ress  Analysis 

The mater ia l  propert ies  of these  c r i t e r i a  a re  based on uniaxial  t e s t s .  

Ine l a s t i c  analysis  s h a l l  use appropriate mult iaxial  stress- s t r a i n  re la t ion-  

ships and associated flow rules. 

use i n  performing de ta i led  ine l a s t i c  analyses a re  given i n  Ref. 7. Alter-  
nate  methods, on theo re t i ca l ly  and experimentally sound bases, m y  be used 

by the  manufacturer p rwided  Owner approval i s  obtained p r io r  t o  t h e i r  use. 
Wfiere the  design ru l e s  of these c r i t e r i a  require performance of  i ne l a s t i c  

analyses considering i r r a d i a t i o n  e f fec ts ,  the designer s h a l l  supplement 

t h e  methods of Ref. ‘1 t o  include i r r ad ia t ion  creep and swelling and, where 

applicable,  changes i n  plastic-thermal creep behavior. The materials  
proper t ies  i n fomat ion  required t o  implement i n e l a s t i c  analysis  methods i s  
t o  be obt,ained i n  accordance with Section 2.1.  

Acceptable techniques and methods f o r  

This document r e l a t e s  extensively t o  t h e  propert ies  and character is-  

t i c s  of unirradiated mater ia ls .  However, t o  s a t i s w  the  limits given i n  
Chapter 7, it i s  t h e  in t en t  of t h e  c r i t e r i a  t o  allow t h e  use of e l a s t i c -  

p l a s t i c  and thermal creep propert ies  t h a t  a r e  fluence dependent. If t h i s  

option i s  exercised, t h e  S t ress  Report s h a l l  contain t h e  nlaterial  proper- 
t i e s  relat ionships  along with j u s t i f i c a t i o n ,  u n l e s s  they a re  included i n  
t h e  data sources l i s t e d  i n  Section 2.1. 

For e l a s t i c  analysis  allowed by these c r i t e r i a ,  unirradiated material 
propert ies  shall. be used. Also, t h e  m a x h m  shear s t r e s s  theory s h a l l  be 
used t o  compare calculated s t r e s ses  with design allowables. 
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9.3 Environmental ...I___ ........_ Effects  

9 .3 .1  Sodium Effects  on Allowable _..__._._. Stress  ... . .. . .__ Limits 

The designer s h a l l  consider t h e  e f fec t  of high-tcmperature sodium on 

the  allowable s t r e s s  limits so t h a t  adequate margins of sa fe ty  w i l l  be 
maintained a t  all times. 

9.3 .2  Corrosion Allowance 

Provisions s h a l l  be made for thinning by corrosion of components or 

p a r t s  thereof during t h e  design or specj.fi.ed l i f e  of the component by a 

sui table  increase i n  or addi-tion t o  t h e  thickness of t he  base metal over 

t ha t  determined by the  design formulas. 

t h i s  purpose need not be of t he  same thickness f o r  all p a r t s  of the  com- 
ponent i f  d i f fe ren t  r a t e s  of a t tack a re  e q e c t e d  f o r  .the various par t s .  

Material  added o r  inclinded f o r  

9. I!. Welds ~ 

3.1.1.. l General 

Because of t he  poten t ia l  f o r  l imited d u c t i l i t y  of weld metal a t  e le -  
vated tmpera tures  and t h e  poten t ia l  f o r  high s t r a i n  concentrations (both 
metal lurgical  and geometric) i n  t h e  heat-affected zones of weldments, t he  

requirements i n  t h e  follow3.ng subsection s h a l l  be sati-sfied f o r  t h e  design 

aod locat ion of a l l  pressure boundary and other primary stxwctural welds 
subject t o  Normal Conditions a t  metal temperatures above those f o r  wlnich 

alloTmble s t r e s s  values a re  given i n  Appendix I of t h e  ASME Code Section 

111. 

g.lk.2 Material  Properties 

In  calculat ing s t r a i n  deformations i n  a weld region, t h e  parent m a -  
t e r i a l  propel-ti-es shall be used up t o  t h e  center Line of t'nz weld. Al- 

ternately,  t he  use of makerial propert ies  of protoLypic welds ma,y be used, 
provided (1) tile method i s  acceptable t o  %he Owner; (2 )  -the materials 

propert ies  are obtained from Ref. 8, or, where material  prclperties az'e 
supplied by the designer, rull j u s t i f i c a t i o n  i s  included i n  t h e  Stress  

Report; and (3) t h e  full weld geometry shal l  be analyzed as a un i t  ( i - e . ,  
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the  defarmation behavior of t h e  base metal, weld metal, and heat-affected 

zone cannot be considered separately) .  

9.4.3 S t r a in  L i m i t s  

Ine l a s t i c  s t r a i n s  accumulated i n  the  weld region s h a l l  not exceed one- 
half t he  s t r a i n  values permitted for  t h e  parent mater ia l .  

9.4.4 Weld Geometry 

(a) A l l  category A, B, C, and D welds i n  vesse ls  and a l l  equivalent 
pressure boundary welds i n  other components s h a l l  be f’ul.1-penetration bu t t  
welds equivalent t o  those required for category “A” welds under the  ASME 

Code Section 111. A11 b u t t  welds s h a l l  comply w i t h  the  f i t t i n g  and al ign-  

ment requirements of NB-4230, t he  surface requ2rements of NB-4424 (as sup- 
plemented by RDT E 15-2) and NT3-4425, and the  reinforcement requirements 

of m-4426 (as supplemented by RMI F l5-2), where t h e  maximum reinforce- 
ment i s  measured from the  adjacent surfaces of the  two abut t ing members. 

(All paragraph numbers re fer red  t o  a re  i n  the  ASME Code Section 111.) 

(b) Observations of surface geometry can be visual, remote v i sua l  
(i-e., using a borescope device o r  mking  a surface r ep l i ca ) ,  u l t rasonic  

(based on a weld mockup t e s t  i n  which the  same weld procedures a re  used 
on t h e  same nominal pipe diameter and w a l l  thickness),  or based on a ra- 
diographic technique t h a t  i s  su i tab le  f o r  inspection of i n t e rna l  surfaces.  

(c) Non-Wl-penetration welds, where permitted, and attachment welds 

s h a l l  have general  surface geometry f r e e  from weld i r r e g u l a r i t i e s  and 

abrupt changes i n  contour. 

t r o l  i s  required for t he  c r i t e r i a  of this document to be sa t i s f i ed ,  t he  
necessary dimensions and tolerances shall be indicated on t h e  fabr ica t ion  
drawings. 

If the  designer determines t h a t  contow: con- 

9.4.5. Analysis of Geometry 

The analysis  f o r  s t resses ,  s t r a ins ,  and creep-fatigue in te rac t ions  
at  welds shall use stress and s t r a i n  concentration f ac to r s  appropriate 
f o r  t he  warst surface geometry, including drawdown and weld buildup, and 

s h a l l  be included i n  t h e  Stress Report (see D-3350 of ASME Code Section 
111, as supplemented by FDT E 15-2). 
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9.5 Bearing Loads 

l'he m l e s  of t h e  ASME Code Section TI1 sha l l  apply with the  r e s t r i c -  

t i o n  t h a t  t he  average shear s t r e s s  s h a l l  be l imited t o  0.6s 
plus Upset Operating Conditions. 

for Noimal- mt 

9.6 E las t i c  Follow-U' 

The cornputation of  deformation-contralled s t r e s s  ranges on an e l a s t i c  

bas i s  fa i l s  t o  r e f l e c t  t h e  ac tua l  s t r a i n  d i s t r ibu t ion  i n  systems where 
only a small port ion of "ne strmcture undergoes pl-astic s t r a i n  and/or 

creep s t r a i n  vJhile t h e  major po.rt;ion of the system remains essen t i a l ly  

e l a s t i c .  
s t r e s s  w i l l  be subjected t o  i n e l a s t i c  s t r a i n  concentrations because of 

t he  e l a s t i c  follow-up of t he  r e s t  of t'ne s t ructure .  Such unbalance can 

be produced when f l ex ib l e  s t r u c t u m l  pa r t s  a r e  i n  se r i e s  with s t i f f e r  
p a r t s  and t h e  f l ex ib l e  sections a re  hi.ghly s t ressed.  Examples are: 

I n  these cases, t h e  p a r t s  with higher creep r a t e  o r  higher 

(a )  IJocal reduction i n  s i ze  of a cross section or l o c a l  use of a 
weaker mater ia l .  

(b)  In  a piping system of uniform s i z e ,  a configuration f o r  which 

most of the sysfem l i e s  near a s t ra ight  l i n e  dram between anchors, s t i r -  

feners,  flanges, or other st iff  mernbers, with only a very small port ion 

t h a t  projects  away Prom this  l i n e  and absorbs most of t h e  expansion s t ra in .  

If possible, t h e  above conditions shou.ld be avoided in design. 
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