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PREFACE 

This  r e p o r t  summarizes p rogres s  i n  t h e  OWL High-Temperature S t r u c -  

t u r a l  Design Program f o r  ,July through December 1978. 

t i e s  o f  the program a r e  comprehensively r epor t ed  under s i x  major headings,  

o r  sub ta sks ,  which correspond t o  t h e  sub ta sks  of  t h e  c u r r e n t  18% 01-1048 

document : 

The technical.  a c t i v i -  

A. C o n s t i t u t i v e  Equations f o r  I n e l a s t i c  Design Analysis  

B. 

C. 

I n e l a s t i c  S t r u c t u r a l  'rests and Analyses 

Design Cri ter ia  and Kules f o r  Time-Dependent Deformation and 

F a i l u r e  

1). Simpl i f i ed  Design Methods 

E. Thermal R a t c h e t t i n g  Tests 
F. S t r u c t u r a l  Design Methods f o r  Weldments 

The Summary and S t a t u s ,  which precedes t h e  t e x t ,  g ives  a s h o r t  synopsis  of  

t h e  p rogres s  and t h e  status o f  each subtask and inc ludes  b r i e f  d i s c u s s i o n s  

o f  p e r t i n e n t  program management and l i a i s o n  a c t i v i t i e s .  

r e a d e r  an oppor tun i ty  t o  survey t h e  con ten t s  o f  t h e  r e p o r t  p r i o r  t o  read-  

i n g  t h e  t e c h n i c a l  s e c t i o n s .  

I t  p rov ides  t h e  

The purposes of  t h e  program a r e  t o  develop v e r i f i e d  high-temperature 

s t r u c t u r a l  design methods and cr i ter ia  a p p l i c a b l e  t o  l iquid-metal  f a s t  

b reede r  r e a c t o r  (LMFBR) and o t h e r  r e a c t o r  system components t h a t  o p e r a t e  

a t  temperatures  i n  t h e  c reep  range and t o  assist i n  making t h e  technology 

a v a i l a b l e  t o  component des igne r s  i n  t h e  form of  design a n a l y s i s  t o o l s ,  

g u i d e l i n e s ,  codes, and s t anda rds .  The program makes ex tens ive  use of  
s u b c o n t r a c t o r s  and c o n s u l t a n t s  and i s  c l o s e l y  r e l a t e d  t o ,  and coordinated 

with,  t h r e e  o t h e r  high-temperature  s t r u c t u r a l  design programs sponsored by 

t h e  Department o f  EnergylDivision of Reactor Research and Technology 

(I)OE/RRT). 

D iv i s ion  (WARD) r e l a t e  t o  v a l i d a t i o n  and a p p l i c a t i o n  o f  high-temperature 

design methods; t h e  t h i r d ,  a t  Rockwell Energy Systems Group/Atomics I n t e r -  

n a t i o n a l  ( E S G / A I ) ,  re la tes  t o  high-temperature s t r u c t u r a l  design methods 
f o r  piping.  These f o u r  IIigh-Temperature S t r u c t u r a l  Design Program Ele- 

Two of  t h e s e  programs a t  Westinghouse Advanced Reactors  

ments - development (OWL,), v a l i d a t i o n  (WARD), a p p l i c a t i o n  (WARD), and 
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p ip ing  (AI )  - a r e  descr ibed i n  t h e  Long-Kange Plan f o r  High-TemperaLure 

StrucLumZ Design, ORNL-5369 (Llecernber 1977). 

The OKNL program was i n i t i a t e d  i n  1949, when it was recognized t h a t  

t h e  e x i s t i n g  s t r u c t u r a l  design methods and c r i t e r j a ,  which were developed 

f o r  l i g h t - w a t e r  r e a c t o r s ,  d i d  n o t  provide an adequate basis f o r  t he  design 

of  LMFRKs. From t h e  beginning, it was f e l t  t h a t  t h e  development o f  an 

adequate high-temperature s t r u c t u r a l  design technology would r e q u i r e  a 

knowledge and understanding of e s s e n t i a l  f e a t u r e s  of i n e l a s t i c  m a t e r i a l  

behavior  and t h a t  t h c  a b i l i t y  t o  p r e d i c t  i n e l a s T i c  s t r u c t u r a l  behavior 

r e s u l t i n g  from tirne-varying thermal and mechanical loadings should be an 

e s s e n t i a l  i ng red ien t  o f  t h a t  technology. The i n i t i a l  development effor t ;  

was t h u s  divided i n t o  two s i g n i f i c a n t  p a r t s :  

*Development and eva lua t ion  o f  a n a l y s i s  methods f o r  prcdicting i n -  

e l a s t i c  s t r u c t u r a l  behavior;  

*Development and eva lua t ion  of  design m l c ~  and c r i t e r i a  t o  preclude 

s t ructural  f a i l u r e s  

Two a d d i t i o n a l  p a r t s  - t h e  development and eva lua t ion  of s i m p l i f i e d  meth- 

ods and t h e  development of  des ign  methods f o r  weldments - ~ a k e  up the  
currenL pl-ograni, as shown diagrai~unatical  Zy below. 

O R N L -  DWG 7 7 -  13651 

_.__ 

ESIGN RULES A N  
FOR PREDICTING ITERIA T O  PRECL 

RUCTURAL FAlCU 

ANALYSIS METI iODS 

INELASTIC ST'WCTURAL 

HIGH-TEMPERATURE 
ST R U C T U R A C 

GESI GN TECH NO LOGY 

S IMPLIF IED DESIGN MET HOGS 
DESIGN FAETHODS FOR WELDMENTS 

SUSTASK D SUBT4SC F 
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Two o b j e c t i v c s  are being served by t h e  program. 

development o f  t h e  r e q u j r e d  technology as an end product ,  i n t e r i m  needs 

f o r  s t r u c t u r a l  design guidance, methods, and c r i t e r i a  are being m e t  on a 
con t inu ing  bas iq  In t h e  i n i t i a l  phases of t h e  program, e x i s t i n g  knowl- 

edge and d a t a  concerning material behavior ,  e x i s t i n g  c o n s t i t u t i v e  t h e o r i e s  

and s t r u c t u r a l  a n a l y s i s  methods, and e x i s t i n g  des ign  rules and cr i ter ia  
werc e x p l o i t e d  t o  meet design requirements and t o  help e s t a b l i s h  bases  fop 
i d e n t i f i c a t i o n  and p u r s u i t  o f  program a c t i v i t i e s  a l igned  with t h e  twofold 

o b j e c t i v e .  Thus, t h e  a c t i v i t i e s  e s t a b l i s h e d  f o r  t h e  nea r  term n a t u r a l l y  

l ead  toward those  f o r  t h e  long term. 

T n  a d d i t i o n  t o  t h e  

Our goal  i s  a technology developed on t h e o r e t i c a l l y  c o n s i s t e n t  and 

expe r imen ta l ly  v e r i f i e d  r a ~ t i o n a l  bases. The b e n e f i t s  of such a technology 

will inc lude  (1) improved component r e l i a b i l i t y  and confidence l e v e l s ,  (2)  

more economical and d e f e n s i b l e  des ign  procedures,  and ( 3 )  an improved 

t echno log ica l  basis f o r  l i cens ing .  
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f o r  parameters i n  t h e  model have been established t o  charactci-ize e k i s t  m g  
d a t a  f o r  a h e a t  of  2 1 / 4  Cr-l Mo s t e c l  a t  546°C C 1 I ~ T ; O " F ) .  'the !nathemati-- 
c a l  statement of  t h e  model is  outlined i n  t h i s  rcport, a l o n g  w ? t h  tlie 

parameter va lues  determined from t h i s  s tudy .  5oirte i,jiicroi~I e comparisons 

a r e  p re sen ted  betwcen p r e d i c t i o n s  and d a t a  f o r  sc~r3rt.L tensile mal. t:~ct"p 
t .ests.  

Two p r a l l  e l  e fEor t  s have been iaaider w a y  t o  s t:ud y whetkai- syecis I 
and, t he re fo re ,  possibly i n e f f i c i e n t  P U I T ~ ~ T ~ ~ ~ I  procedures are  rt-qllircd to 

implement t h e  u n i f j  cd c o n s t i t u t i v e  eq?iatioris i n ~ u  finite-element pr^ogr:ims 

The first i s  being conducted iiiider sih'crn?%ract wit11 The 1Jniver::it.y 0: 

Tennessee, and t h e  second is "ueii-rg carried o u t  ~ v i t h i n  ORNL.  

u n i f i e d  equat30ns and 19araac;ter value:; g ~ v e n  hen:-!>iv Under ti12 f i rs t  

e f f o r t ,  a spccia?-purposc ccde has been devclnpetl ;tiat  til 1ze:i 3 1 1  explicit 

tcicr alguritlri3c f o r  ci.mc> in tegra t ion  for a x i ~ i r ? m e t ~ ' i c  g t ~ r n a t ~ i e s  I'he 

BoCb use t h e  

<]KNId WOl-k has C?mCXlZC!d the G C @ @ . ~ l P ~ S  i'ltS 

simple prirblems have been successfully analy tcd ,  as wcll RS a rri;f4 pru'u- 

lerli i nvo lv ing  t h e  complex therinal t r a n s i e n t  histogsaiii of oiir earlier p i p e  

thermal r a t c h e t t i n g  t e s t  TTT-1 e 

a v a i l a b l e  i n  t h e  ORNL sof tware l i b r a r y  was used, and no apparent  numerical 

d i f f i c u l t i e s  have been encountered i n  t h e s e  ana lyses ,  

1 1 1 - 1  a n a l y s i s ,  on ly  material p r o p e r f i e s  f o r  2 l / 4  Cr-Mo stceel were 

a v a i l a b l e ,  making i t  inappropr i3 te  t o  compare. prtldrctions .with tke cxperi- 
mental 3-esults from tile 504 stainPess steel syeciman a c t u a l l y  used i n  t h e  

'I TT- I eqer i me r , t  t fa e re si 11 t s appear qua 1 i t a t  ive 1 y x easolaab P e a) 

A s t anda rd  'time i n t e g r a t i o n  r o ~ t i n e  

In pe?-formBrig the 
. i.?. 

i io 'n;c"vib r 
Ef fo -c t s  wcre made t h i ~  per iod to swrrmmrize major a s p e c t s  of xhe 

considerable riniaxial  Lesting tha t  Ixas been complered t o  date f o r  types 
304 and 316 s t a i n l e s s  s t e e l  and f o r  2 164 Cr--1 Mo steel. 111 the case of  
304 s t a i n l e s s  s t e e l  ~ two repo-rts wcre prepared covering d a t a  from t h e  OIWL 

r e f e r e n c e  heat .  

mation map arid contour  iiiaps of  several. creep parameters i n  stkess and 

temperature spaces I 

mation on cycl  i c creep,  

c y l i n d e r  s t r u c t u r a l  test  specimens, an equation was developed t o  represent 

available creep  d a t a  f o r  the reference heat of 304 s t a i n l e s s  steel at  

The first  i s  011 development of a Frost-Ashby-type de f-*o?*- 

The second summarizes Ok%L \ a r k  and literature i n f n r -  

Additiana~l yJ t o  s i sppwt  ana lys i s  of capped 

5 3 8 O C  ( l O e ) O ° F ]  b 





x v i i i  

'The experiment conducted 011 t y p e  316 stainless s t e e l  was more suc- 

c e s s f u l ,  and i n i t i a l  y i c l d  su r faces  were obtained a t  temperaturcs i n  the  

range 2 1  t o  593°C (70 t o  1 ~ 0 0 " ~ ) .  ~n addi t ion ,  a y i e l d  s u r f a c e  was deter- 

111ined tjubsequent t o  creep deformation a t  S93''C (ll0O"F) 'The important 

conc liasions a r e  that  t h e  van blises y i e l d  c r i t e r i o n  approximates t h e  i n i -  

t i a l  y i e l d  befiavj 07- over t h e  tcmperaturc range inves t$  gated and t h a t  

hardening behavior due t o  p s i o r  c r eep  i s  "kiamnatic" i n  na tu re ,  as assumed 
i n  t he  equat ion modificatioris mentioned e a r l i e r .  

Work continued on t h e  development of  c)ur rml t i ax ia l  ext cnsometei* fo r  

usc i n  high-temperature experiments. 

experiments were coiiducted eo i n v e s t i g a t e  the extensometer1 5 c a p a b i l i t i c s  

i n  riicasuring t o r s i o n a  1 and d i ame t ra l  s t r a i n s  

o f  measurment i s  p r a c t i c a b l e  if n o i s e  l e v e l s  arc  kept to a ininimum by 

us ing  f i l t e r s  and t h a t  superimposed a x i a l  strains have negljgible e f f e c t s  

on torsional measurcments. Components f o r  t he  laser i r i t c r f c romet r i c  

axi  a l - s t r a in -mcasu r j  ng p o r t i o n  of  the  systerrr were r ece ived  and assembled 

f o r  evaluat ior i .  I f  fur ther  e v a l u a t i o n s  t u r n  out  as a n t i c i p a t e d ,  t h e  

insrruinent will be a v a i l a b l e  f o r  use d u r i n g  t h c  next  r c p o r t  pe r iod .  

A s e r i e s  o f  preli i i i inary eva lua t ion  

They showed t h a t  t h e  method 

2.  I n e l a s t i c  S t r u c t u r a l  T e s t s  and Analysis 
[Subtask B) 

.- --- ~ 

...---------- 

'The o b j e c t i v e s  o f  t h i s  subtask are to develop, eva lua te ,  and jmp-ove 

computer-based techniques f o r  solving i n e l a s t i c  s t r u c t u r a l  yrobleins and t o  
provide s t r u c t u r a l  t es t  d a t a  f u r  eva lua t ing  analysis procedures,  con- 

s t i t u t i v e  equat ions,  f a i l u r e  c r i t e r i a ,  and computer codes e In  a d d i t i o n  t o  

a n a l y s i s  e f f o r t s ,  work dur ing  t h i s  per iod included beam and p l a t e  t e s t s ,  a 

high-ternpcrat-ure noz z 1 e- t o  - sphere t e s t ,  coord ina t ion  of  an i n t e r n a t i o n a l  

p ip ing  berichnark problem e f f o r t ,  and a high-temperature s t r a i n  gage evalua- 
t i o n  e f f o r t .  

During t h i s  r c p o r t  pe r iod ,  t h e  subcontract with Grumman Aerospace 

Corporation was continued, the development work on t h e  three-dimensional 

HEX moduli o f  t h e  PLANS computer program was completed, and a f i n a l  r e p o r t  
was begun, a long with a revised userPs manual. f o r  tine program. 
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u n i a x i a l  stress s ta te .  Specimens are cycled through a tempcrature range,  

w i th  peak temperature being 649°C (1200°F) a 

enced t o  date .  

No f a i l u r e s  have bcen experi-  

An updated s tudy  of C ~ I I J -  c reep-rupture  d a t a  f o r  304 s t a i n l e s s  s t e e l  

r e f e r e n c e  hca t  (3"2796 was Begun as p a r t  of an e f for?  t n  develop Ashby-type 

Fracture  maps 

ruptu.rc l i f e  and c reep  r a t e  was a l s o  exam2ned. 

~ S O ' C  (1200~1.') I temperatarc dcpendcncies of  t h e  sccoridary c reep  rate and 

r u p t u r e  Life were found to  be similar, a t  least  f o r  t e s t  t imes 4 6  days. 

A t  lower temperatiires. t h e  dependencies were found t o  be d i f f e r e n t ,  p r i -  
mar i ly  because of-" change in s t ra in  r a t e  behavior ,  

The val i d i t y  of the Monkmnn-Grant c o r r e l a t i o n  between 

For  teiiiperatures above 

'Two p rev ious ly  r epor t ed  notched-bar tes ts  a t  452 and 593°C (900 arid 

A n  i n e l a s t i c  analysis of  a circular notched ba r  11W"F) are continuixig. 

w i t h  f u l l y  r eve r sed  cyc l i c  loading has been i n i t i a t e d .  

The f i rs t  phase sf a "sensivity s tudy  of current design ru les  t o  

hea t - to -hea t  material p r ~ p e r t y  var ia t ions1 '  was completed. 

p rope r ty  da t a  1"rom a number of h e a t s  o f  304 s t a i n l e s s  s t ee l  were conipiled, 

s t a t i s t i c a l l y  evaluated,  and placed i n  n format s u i t a b l e  f o r  i nco rpora t ion  

i n t o  a p p r o p r i a t e  i n e l a s t i c  analyses .  

Avai lable  

The s t a t i s t i c a l l y  reduced d a t a  are 
sumnarized i n  t h i s  r e p o r t ,  

A set. of  r e fe rence  fatigtac and c r e e p r u p t u r e  CUTVBS were generated 

f o r  t h e  se€erence h c a t  of  type 3614 stainless s tee l  a t  ~ 9 3 ° C  [ l l ~ O " ~ : j .  

'These C R - A ~ ~ S  will  be used i n  the program as a commoii basis  f o r  e s t i m a t i n g  

t h e  f a i lu re  condi t ior is  fo r  l a b o r a t o r y  s t r u c t u r a l  t e s t s  e 

I n  cooperat ion with the  ASME Boiler and Pressurc Vessel Code, T a s k  

Force on S t r a i n  Limits and Creep Fat igue,  e f f o r t s  were undertaken t o  

geiierate a ma t r ix  of tests t o  a i d  i n  assessing var ious  caxtdidate time- 
dependent f a t i g u e  c r i t e r i a .  

gene ra t ing  unique loading h i s t o r i e s ,  whj ch w i l  I provide maxi mum s e p a r a t i o n  
between t h e  p rcd ic t io r i s  o f  t h e  va r ious  damage t h e o r i c s  e 
short-terin t e s t s  i d e n t i f i e d  t o  d a t e  include those  with a creep or r e l a x a -  

t i o n  hold pcrhod a t  some in t e rmed ia t e  stress [within the  c y c l i c  stress- 
s t r a i n  loop) dur ing  loading o r  reloading. 

'Xlre matrix is being s e l e c t e d  on the hasis o f  

?'lie most promising 





j3t:~hod was completed us ing  two ORNI, b r n  

p I ate, 
4x1 the case of  t h e  bcam and by 28% j n  tb:: citsc of  15ie p l d k .  

w i t h  detailed i ne l a s t i c  analysis, the isochronous ~wt'bi";,d underpredirted 

t h e  ,.ilaxiimm d e f l e c t i o n s  by 17!: i n  t he  case of t h e  beam and by 32% i n  the  

ark tests - OTIC iscaxt m d  orit: 

The method iinderpredi c t e d  the, mc istired alaximnri d e f i  e c t i o  
A q x r e d  

case s f  t h e  p l a t e .  

A s i m p l i f i e d  i n e l a s t i c  p ip ing  anaBysis ~ ~ ~ i i p t i t e r  code named PACE wcis 

ob ta ined  from t h e  IIKAEA and used t o  analyze the &:ttteili$-Columbus elbow 

i n e l a s t i c  t e s t ,  
:ionc w i t h  (1) another simplified i n e l a s t i c  pipirig ariaiysis c o ~ ~ i p u t e r  code 
named PI R A X 2 ,  [ 2 j I' csiil ti; fr:-m the genera L - p ~ w p o s  e f i n  1 te-- el emeiit compiit CT 
r ~ t r % t .  MAkC s. a;ld ( 3 )  til? experimental d a t a .  

Resul t s  f o r  t h e  PAC%, z,nalysis v~ere conparcd w i t h  analyses 

5 'Therms% Katchet t ing 'Tests (Subtask __- 1:) 

'I'he o b j e c t i v e  of  this subtask is  t o  p r ~ v i d e  careful. ly obtained ratchct- 

t i n g  t e s t  da ta  arid creep-fatigue 9a.ililz.e d a t a  under ratchetting cond i t ions  

f o r  evaliiatinig bas ic  d e s i g n  a n a l y s i s  methods and fa i lure  c r i t l e ~ i a  and f o r  
v c r i f i c a t i o n  and qual i f i c a t i u n  of i n e l a s t i c  anal p i s  computer codes by 

benchmark p ~ u h l c m  c a l c u l a t i o n s ,  Four p ipe  r a t c h e t t i n g  t e s t s  havc been 

csmpleted; a f i f t h  and s i x t h  test have been planned arid are awaiting 
apprrsval t o  proceed. 

The f i r s t  'two tes t s ,  'T'S'T-1 and '6TY'-2, were on type 304 s ta in less  
s ree l  specimens. 'l'he final. repori; was p i~b l i shed  earlier f,ORNL-5586,1 and 

thcre was no ckctivity on these t e s t s  dur ing  t h e  present  per iod,  
The t h i r d  t e s t ,  6?T-5, wa5 on a sectinn of' 2 I J 4  CP-1 Mo stecl  pipe 

wedded w i t h  Tnconel 52 f i l l e r  iiietal to a s e c t i o n  of type JIG stainless 

s t e e l  p ipe .  
t i o n  (UKS)  5 I "  06.  'Ihe f i n a l  reposr (oRbJ1,-5?.50) on t h e  expe r imnta l  
r e s u l t s  and one-dimensional analyyses was published i n  an earllcr per iod .  

A two-dimensional a n a l y s i s  of t h e  weldrnent region of the s p e e i ~ e n  has TIOW 

bee11 ~ol l lp~ete t j ,  and thc r e p o r t  on the analysis is awaiting f inat  approval 

beI'ore be ing  e d i t e d .  

This  t e s t  was i n  response t o  GRBKP Data Eequlrement Specifica- 





loca ted  on the t r a n s v e r s e  centeerline o f  t h e  specimen. Two of-. t he  s p ~ i -  
mens were annealed a f t e r  welding, while one was left i n  t h e  as-deposi ted 

cond i t ion .  

measured deformation f i e l d  i n  t he  annmd.ed specimens, b u t  a cons ide rab le  

discrepancy e x i s t e d  1,ctwccn a n a l y s i s  and experiment i n  t h e  ;erua of t h e  

h e a t - a f f e c t e d  zone i n  t h e  as-deposi t e d  specinen.  

Tlie f i n i t e - e l emen t  ana lyses  could reasonably predic t  t h e  

High-temperaturc t e s t i n g  i s  nl so under way u n  a plate-weldment spec i -  

nien s i m i  Jar t o  t hose  used i n  t h e  room-temperatiarc :jc;rieS mei1.t ioned above. 

Here, however, t h e  weldmerit i s  loca ted  on t h e  1c;ngitudinal cen tc r l  ine of' 

t h e  specimen. Thus far ,  "600 h r  ~f c reep  data have bezn accumulated as 

533°C ( I  1 0 0 ° F )  I 

In  conjunct ion with the  plate-weldment t c s t s ,  we have beeli i nves t  i - 
g a t i n g  t hc  e f f e c t s  o f  welding r e s i d u a l  s t r e s s e s  on the deformation be- 

hav io r  o f  wclded coniponcnts. A p re l imina ry  analyt ical  i n v e s t i g a t i o n  was 

c a r r i e d  o u t  f o r  a pipe wall thermal r a t c h e t t i n g  s i t u a t i o n  with t h e  i n c l u -  

s i o n  o f  an assumed r e s i d u a l  stress f i e l d .  The r e s u l t s  o f  t h e  investigs- 

t i o n  i n d i c a t e d  t h a t  t h e  e f f e c t s  o f  t h e  residual s t r e s s e s  became negligible 

a f t e r  about ten thurmal cyclcs .  

measurements on plate-weldment specimens sjrnilar t o  those used i n  t h e  

room-temperature t r s t s ,  but. cans ide ra t ion  o f  these h a s  riot 1 ed t o  improvcd 

agreement between a n a l y s i s  and experiment. 

We have also been making r e s i d u a l  s t r e s s  

We are continii ing ou r  program of un iax ia l  t e s t i n g  on type 308 stain- 

l e s s  s t e e l  weld mctal with Battelle-Columbus Laboratories. 

this series o f  tests i s  t o  enable  us to develop arid r e f i n e  c o n s t i t u t i v e  

equat ions f o r  t h i s  material. b r i n g  t h i s  r e p o r t  pe r iod ,  the  tes t  program 

was extended t o  i nc lude  an a d d i t i o n a l  s i x  c y c l i c  s t r e s s - s t r a i n  t e s t s ,  f i v e  

cons t an t - load  creep t e s ~ s ,  arid three composite cyc l i c -c reep  t e s t s  i n  kvhich 

pe r iods  of c reep  are i n t e r s p e r s e d  wirh pe r iods  o f  c u n s t a n t - s t r a i n - r a t e  

cyc l ing ,  'The d a t a  from t h e s e  tests have now been received and a r e  beirng 

a-nalyzed. 

The  purpose of 

In p r e p a r a t i o n  f o r  p o s s i b l e  notch. t e s t i n g  of welded specil~icns, a 
l i t e r a t u r e  survey ha.s been completed or, t h e  cffccts o f  notches on t h e  

f a i l u r e  o f  u n i a x i a l  t e n s i o n  specimens a t  e l e v a t e d  temperatures a 'lhe 

survey i n d i c a t e d  t h a t  notch s t rengthening  o r  weakening is riot to he 







1 * CONSTTTUTIVE EQUA'i'JQN DEVELOPMENT 

c,  E ,  Pugh 

The o h j c c t i v e  of  t h i s  subtask i s  t o  derive and v e r j f y  mathematical 

d e s c r i p t i o n s  ( c o n s t i t u t i v e  equa t ions )  o f  t h e  i n e l a s t i c  behavior of  breeder  

r e a c t o r  s t r u c t u r a l  metals  through combined t h c o r c t i c d l  and experimental  

i t i ves t iga t ions .  Experimental a c t i v i t i e s  i nc lude  exp lo ra to ry  t e s t i n g  of 

u n i a x i a l  and b i a x i a l  specimens from r e f e r e n c e  h e a t s  o f  t h e  m a t e r i a l s  

involved. 

between p r c d i c t i o n s  and d a t a ,  and t h e  a p p l i c a b i l i t y  of t h e  equa t ions  t o  

p r e d i c t  t h c  response o f  s t r u c t u r a l  members i s  examined f u r t h e r  i n  t h e  

s t r u c t u r a l  t e s t  and a n a l y s i s  subtask r e p o r t e d  i n  Chapter 2 e 

on c o n s t i t u t i v e  equa t ions  f o r  use i n  design ana lyses  arc formulated as 
a r e s u l t  o f  t h e s e  e f f o r t s .  

C o n s t i t u t i v e  model s are assessed through d e t a i l e d  comparisons 

Guidel ines  

In t e r im  equa t ions  have been i d e n t i f i e d  f o r  t ypes  304 and 316 s t a i n -  

l e s s  s t e e l  and 2 1 / 4  Cr--1 Mo s tee l .  A s  a d d i t i o n a l  t es t  d a t a ,  advances i n  

model development, and a p p l i c a t i o n  experience a r e  obtained,  r e v i s i o n s  o r  

replacement equa t ions  have been and will cont inue t o  be made a v a i l a b l e  on 

a con t inu ing  b a s i s .  \fliereas equa t ions  for  e l a s t i c - p l a s t i c  and creep 

s t r a i n s  are p r e s e n t l y  formulated as a d d i t i v e  quant i  t i e s ,  a long-range goal  

i s  t h e  development o f  a u n i f i e d  t h e o r y  covering both s h o r t -  and long-time 

behaviors ,  

E f f o r t s  t o  develop an adequate higli-temperature,  b i a x i a l - s t r a i n  ex- 

tensometer are  a l so  included i n  t h i s  subtask.  In a d d i t i o n ,  u n i a x i a l  tes ts  

performed t o  c h a r a c t e r i z e  v a r i o u s  product forms of r e f c r c n c e  h e a t s  o f  

materials a re  r e p o r t e d  with t h i s  subtask.  F i n a l l y ,  t h i s  chap te r  r e p o r t s  

on t h e  p e r i o d i c  assessments  t h a t  are made of  t h e  mechanical p r o p e r t i e s  
d a t a  needed t o  support  imp1 ementation of  t h e  recommended c o n s t i t u t i v e  

equa t ions  i n  design a p p l i c a t i o n .  



2 

1.1 Recommendation of Modif icat ions t o  C o n s t i t u t i v e  Equations 
i n  RDT Standard F9--5T 

___ 

C. E .  Pugh J. A. Cliriard 
R. W. Swindeman 

(Last r epor t ed  i.n OF!.NL-5433, pp. 1-42) 

1.1.1 Background t o  equat ion .. .- modi f i ca t ions  
~____...._..I_ 11- 

Our l a s t  p rogres s  r e p o r t '  d iscussed a r e e v a l u a t i o n  t h a t  was under way 

o f  t h e  c o n s t i t u t i v e  equat ions now i n  RDT Standard F9-5T (see Refs. 2 - 4 ) .  

The s tudy was emphasizing improved r e p r e s e n t a t i o n  o f  t h e  e f f e c t s  t h a t  

c r eep  (or  r e l a x a t i o n )  styailis have on sul?seyuent p1asti.c y i e l d i n g  and 

flow. In p a r t i c u l a r ,  one shortcoming o f  t h e  e x i s t i n g  equa t ions  being 

addressed i s  t h a t  when r e l a x a t i o n  hold pe r iods  a r e  imposed a t  peak s t r a i n  

p o i n t s  i n  f ixed - s t r a in - r ange  cycl ing,  s t r e s s - s t r a i n  loops p r e d i c t e d  on t h e  

b a s i s  of e x i s t i n g  F9-5T e q u a t i m s  s e q u e n t i a l l y  move so t h a t  u n r e a l i s t i c  

mean s t r e s s e s  can develop with continued c y c l i n g .  

during t h e  p r e s e n t  r e p o r t  pe r iod ,  and modificati.ons t o  t he  equa t ions  were 

recormnended5 t o  the  RDT Standard F9-4 Task Force f o r  t h e i r  review and 

approval ,  While i n i t i - a 1  a t t e n t i o n  i n  t h i s  s tudy  was given ' t o  2 1 /4  C r - - 4  Mo 

s tee l ,  we recognize t h a t  t h e  same p r e d i c t i v e  f e a t u r e s  and ques t ions  are 

That s tudy was completed 

a l s o  p r e s e n t  i n  t h e  equat ions f o r  types 304 and 

Accordingly, Ref. 5 recommends t h e  same type of  

a l l  t h r e e  a l l o y s .  

Two attachments were prepared and provided 

t h e i r  convenieiice i n  reviewing t h e  proposed mod 

316 s t a i n l e s s  s t e e l .  

equat ion mod i f i ca t ion  f o r  

t o  the Task  Force f o r  

f i c a t i o n .  'I'he f i r s t  was 

a b r i e f  background wr i t e -up  which descr ibed shortcomings of the e x i s t i n g  

equat ions,  t h e  proposed mod i f i ca t ions  and t h e i r  bases, and s e v e r a l  com- 

p a r a t i v e  c a l c u l a t i o n s  showing p r e d i c t i o n s  made with and without t h e  pro- 

posed modif icat ion.  
o f  F9-57' with t h e  inodif icat ions i n d i c a t e d  by e i t h e r  a "C" (change) o r  "N" 

(new a d d i t i o n )  i n  t h e  margins. rhe fol lowing paragraphs and S e c t s .  1 . 1 . 2  

and 1 .1 .3  summarize t h e  f irst  attachment These mod i f i ca t ions  have been 

approved and will be included i n  t h e  r e v i s i o n  t o  F3-5T t h a t  i s  p r e s e n t l y  

i n  preparae ion.  

The second attachment was a complete copy o r  Chapter 4 
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The i n i t i a t i o n  of  t h i s  s tudy was d i scussed  e x t e n s i v e l y  i n  our  las t  

p rogres s  r e p o r t ,  where we o u t l i n e d  s e v e r a l  cand ida te  mod i f i ca t ions  t h a t  

had been examined a t  t h a t  time and compared a n a l y t i c a l  p r e d i c t i o n s  with 

observed c h a r a c t e r i s t i c s  o f  m a t e r i a l  behavior .  However, most of  t h e  

cand ida te  mod i f i ca t ions  examined focused on t h e  idea t h a t  a v a i l a b l e  d a t a  

from t e s t s  i nvo lv ing  f i x e d - s t r a i n - r a n g e  c y c l i n g  with r e l a x a t i o n  hold 

p e r i o d s  can be b e t t e r  r ep resen ted  i f  incremental  t r a n s l a t i o n s  ( d a .  . j  o f  

the  y i e l d  s u r f a c e  i n  stress space a r e  allowed t o  depend on p l a s t i c - s t r a i n  

increments and on c r e e p - s t r a i n  increments.  The v a r i o u s  approaclies incorpor-  

a t e d  such a dependence on creep s t r a i n s  i n  d i f f e r e n t  ways. 

7-3 

These include:  

1. 

2 .  

5. 

4, 

al lowing t h e  y i e l d  s u r f a c e  t o  t r a n s l a t e  with totlxL c reep  s t r a i n s  i n  

t h e  exact  manner as with p l a s t i c  s t r a i n s ,  t h a t  j.s, 

al lowing t h e  y i e l d  s u r f a c e  t o  t r a n s l a t e  w i t h  transient creep s t r a i n s  

i n  t h e  same manner as wi th  p l a s t i c  s t r a i n s ,  t h a t  i s ,  

1 1 - 2 1  

a l lowing t h e  y i e l d  s u r f a c e  t o  t r a n s l a t e  with t o t a l  c r e e p - s t r a i n  

increments a t  a r a t e  t h a t  i s  dependent on t h e  in s t an taneous  value 

of accumulated c r e e p - s t r a i n  hardening, t h a t  i s ,  

(1.3) 

P H 
max where 5 = c 

and the c u r r e n t  va lue  of c r e e p - s t r a i n  hardening; 

a l lowing t h e  y i e l d  s u r f a c e  t o  t r a n s l a t e  with t o t a l  creep s t r a i n  i n  

t h e  same manner as with p l a s t i c  s t r a i n  but with a l i m i t  p laced on 

t h e  amount of  t r a n s l a t i o n  t h a t  can occur with c reep  (or  r e l a x a t i o n )  

s t r a i n s ,  t h a t  i s ,  

+ E i s  t h e  sum of t h e  maximum expected p l a s t i c  s t r a i n  

where U = C i f  a. 5 l i m i t  and B = 0 i f  a , .  l i m i t .  e .,i 7, I 
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Considerat ion was a l s o  given t o  asco-mrnodating d e s i r e d  c h a r a c t e r i s t i c s  

through mod i f i ca t ions  of  on ly  t h e  p l a s t i c i t y  model. and  not  through creep- 

p l a s t i c i t y  i n t e r a c t i o n s ,  f o r  example, r e s e t t i n g  a t u  zero  on stress re -  

versals However, a comprehensive model o f  .this type was not  e s t a b l i s h e d .  

I t  was a l s o  recognized i n  this s tudy that  promising developlrlents ( e . g . ,  s e e  

Sec t .  1.2) are  under way f o r  equat ions t h a t  t r e a t  t o t a l  i.ne1asti.c s t r a i n s  

i n  u n i f i e d  ways ( i . e . ,  t hey  do not  s e p a r a t e  p l a s t i c  and c reep  s t r a i n s  i n t o  

d i s t i n c t  e n t i t i e s ) .  However, t h e s e  evolving models cannot. be recommended 

fo r  use i n  general  design work a t  t h i s  time. They have to be a s ses sed  fur -  
t h e r  i n  r e l a t i o n  t o  t h e i r  o v e r a l l  p r e d i c t i v e  c a p a b i l i t i e s ,  t h e i r  a d a p t a b i l -  

i . t y  i n  computational method.s, and t h e i r  requirements f o r  material proper- 

t i e s  d a t a .  

ij 

‘The recommendation made5 f o r  iilcl1.lSion i n  F9--5T fa1 1.s wi th in  category 

(4 )  l i . s t e d  above, and i: was made a f t e r  each o f  those cand ida te  mod i f i ca -  

t i o n s  was examined i.n l i g h t  of experimental  data from s e v e r a l  types o f  

t e s t s .  The tes ts  examined i.nclude (1) f i x e d - s t r a h - r a n g e  cyc l ing  with re-  

laxat i -on hold pe r iods  and no mean s t r a i n ,  ( 2 )  f i xed - s t r a in - r r inge  cyc l ing  

with r e l a x a t i o , .  hold pe r iods  and t e n s i l e  mean s t ra i ins ,  (3) , t e n s i l e  t e s t s  

a f - t e r  d i - f f e r e n t  amounts of  c r eep  s t r a i n i n g ,  and ( 4 )  i n t e r s p e r s e d  f i x e d -  

s t r a i n - r a n g e  cycl-ing and load -con t ro l l ed  creep pe r iods .  
h a v i o r a l  f e a t u r e s  t h a t  f a c t o r e d  h e a v i l y  i n t o  t,he recoiiimended mod i f i ca t ion  

are  l i s t e d  h e r e .  F i r s t ,  p r e d i c t e d  stress-strain loops f o r  f i x e d - s t r a i . n -  

range cyc l ing  with no mean 

eithcx (or  both) extreiiiitier, o f  the  c y c l e s  are  s t a b l e  (cy-cle t o  c y c l e ) ,  

and 110 s ig i i i f ica i i t  liiean s t ress  develops.  Secoiid, f o r  t h i s  same type  of 

cyc l ing  buL wi th  a mean s t r a i n ,  t h e  in i t i .31  mean stress can change by a 

l i m i t e d  amount i n  a d i r e c t i o n  away from t h e  hold p o s i t i o n  ( i .  e .  , t e n s i l e  

Telaxat ion hold per iods can cause an i n i t i a  l y  t e n s i l e  iiieaii stress t o  

change t o  a modest compressive mean s t r e s s )  ‘Third, t h e  s h i f t  i.ri t h e  y i e l d  
va lue  w i t h  load-controll .ed c reep  s t ra ins  must be l i m i t e d  and n o t  allowed 
t o  cont inue i n d e f i n i t e l y  w i t h  t h e  accumulation of l a r g e  c reep  s t r a i n s .  

These f e a t u r e s  con t r ibu ted  to s e l e c t i o n  of t h e  s p e c i f i c  reconunendati.on 
s t a t e d  i n  the  next s e c t i o n .  A t o p i c a l  r e p o r t  w i l l  h e  prepared during t h e  

next r e p o r t  period covering t h e s e  developments. 

‘Uiree nnajor be -  

Lrain and with r e l a x a t i o n  hold pe r iods  a t  



5 

1 , 1 . 2  Recommended mod i f i ca t ions  t o  c o n s t i t u t i v e  equa t ions  - 

The recommendation made i s  o f  t h e  type l i s t e d  as category (4) above, 

in which motion of  t h e  y i e l d  s u r f a c e  due t o  c reep  (or  r e l a x a t i o n )  s t r a i n s  

i s  l i m i t e d  t o  a maximum amount. B r i e f l y ,  t h e  recommendation l eaves  t h e  

equat ions f o r  crcep i n  Rcfs. 2 and 3 unchanged. The p l a s t i c i t y  model 

a l s o  remains t h e  same, except t h a t  creep s t r a i n s  are now allowed t o  a f f e c t  

t h e  kinematic  movement of  t h e  y i e l d  s u r f a c e  according t o  

where t h e  f i r s t  and l a s t  terms on t h e  r i g h t  a r e  as b e f o r e 3  and where 

In Ey. (1 .6) ,  C i s  t h e  p l a s t i c - h a r d e n i n g  c o e f f i c i e n t  t h a t  appears i n  E q .  

( l * S ) ,  a i s  t h e  c u r r e n t  e f f e c t i v e  va lue  o f  t h e  t r a n s l a t i o n  t e n s o r  01.- 
23 

which measures t h e  d i s t a n c e  froin t h e  o r i g i n  oE d e v i a t o r j c  s t r e s s  space 

t o  t h e  c e n t e r  of  t h e  y i e l d  s u r f a c e ,  and v%K = 0 i s  t h e  c u r r e n t  y i e l d  

stress i n  u s e  a t  any i n s t a n t  i n  an a n a l y s i s .  A i s  a c o e f f i c i e n t  t h a t  may 

be temperature ,  h i s t o r y ,  and m a t e r i a l  dependent; t h e  b a s i s  on which t o  

q u a n t i f y  it i s  p r e s e n t l y  incomplete.  However, examinations such as those  

desc r ibed  i n  t h e  next s e c t i o n  of t h i s  r e p o r t  suggest t h a t  A I: 0.3 is a 

reasonable  approximation f o r  2 1 / 4  Cr-1 Mo s t e e l  a t  538°C (1000°F).  

temperature  i s ,  of course,  i n  t h e  range o f  fas t  breeder  r e a c t o r  (FBR)  

a p p l i c a t i o n s  f o r  t h i s  a l l o y .  Although complete determinat ions o f  the 

c o e f f i c i e n t  A would undoubtedly i n d i c a t e  t h e  dependencies c i t e d  above, 

u n t i l  fu-ther e v a l u a t i o n s  are made, u s e  o f  t h i s  cons t an t  va lue  ( A  = 0.3)  

has been recommended f o r  a1 1 t h r e e  materials a t  FBR design temperatures  

i n  t h e  creep regime. 

- 

Y 

This  

The i n t e n t  of ;the A& l i m i t  i s  t o  a l low r e l a x a t i o n  t o  occur  and y e t  

maintain s t a b i l i t y  o f  s t r e s s - s t r a i n  loops i n  t h e  v i c i n i t y  of  mean s t r e s s -  
f r e e  s t a t e s .  'There, creep s t r a i n s  are t o  a f f e c t  u the same a s  i f  t he  

same amount o f  p l a s t i c  s t r a i n  occurred.  However, under load -con t ro l l ed  

creep,  t h e  s h i f t  i n  t h e  y i e l d  s u r f a c e  due t o  creep i s  no t  allowecl t o  

ij 
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exceed t h i s  l i m i t .  The l i m i t  a c t u a l l y  a l lows recovery o f  t h e  i n i t i a l  m a n  

s t r e s s  generated f o r  s i t u a t i  ons with cyc l ing  about l a r g e  mean stra’ins.  

The o v e r a l l  p l a s t i c i t y  model i s  now s t a t e d  below when t h e  von Mises 

r e p r e s e n t a t i o n  of the y i e l d  s u r f a c e  i s  used. The y i e l d  s u r f a c e  i s  

expressed as 

where t h e  y i e l d  s u r f a c e  (f) i s  loca ted  i n  d e v i a t o r i c  s t r e s s  space (a’ ) 

by ai. and i t s  s i z e  i s  measured by K .  

pressed by t h e  evo lu t ion  of  ai- (kinematic hardening c o n t r i b u t i o n )  accord- 

ing t o  E q .  ( 1 “  s ) ,  and t h e  change i n  i t s  s i z e  j s  expressed by v a r i a t i o n s  

i n  K ( i s o t r o p i c  hardening c o n t r i b u t i o n ) .  The K model i n  Refs. 2 and 3 

remains unchanged; t h a t  i s ,  K i s  allowed t o  depend on t h e  p l a s t i c  s t r a i n  

i j  
Location of  t h e  s u r f a c e  i s  ex- 

P t h e  c reep  s t r a i n  C and temperature according t o  a number o f  op- 

t i o n s  wi th in  t h e  following framework: 

P C  P i- hij dEij  c + ar a K  dT . d K  (E E T) = gi j  deij  
ij, i j ’  

The flow equati.on f o r  d~‘ i s  based on t h e  normali ty  p o s t u l a t e  ij 

and X i s  evaluated through use of t h e  cons i s t ency  cond i t ion  t h a t  dJ = 0 

i n  going from one p l a s t i c  s t a t e  t o  another :  

P l a s t i c  s ta tes  e x i s t  only when f = 0, e l a s t i c  s ta tes  e x i s t  when f < 0.  

and no meaning i s  a t t ached  t o  f > 0. Combining t h e s e  s t a t emen t s  g ives  the 

loading cond i t ions ,  flow equat ions,  and kinematic hardening equat ions.  In  

w r i t i n g  t h e s e ,  use i s  made of  t h e  term 

.Elastic loading (unloading) occiirs when 

f < 0 o r  f = 0 and dZ < 0 , (1.12) 
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and 

,7 

(1.13) 

( 1 . 1 4 )  

*Neutral loading g ives  r i s e  t o  no p l a s t i c  s t ra ins  during a change i n  
s t r e s s  which rcmai.ns on t h e  su r face ;  

f’ = 0 and d C  = 0 , (1.15) 

dF = o ,  (1.16) P 
ij 

and 

c d u .  = Fi d, .Lj ij 

*Plast ic  Loading occurs  when 

f = 0 and iSC < 0 

P dz: ,. 
%J 2CK ij d E . .  = - [all:j a ) , 

and 

(1 .17)  

[ I .  1.8) 

(1.19) 

(1.20) 

Notc that t h e  creep s t r a i n s  appear i n  both t h e  p l a s t i c  flow equa t ions  

[ E q .  (1.19) 1 and t h e  loading c o n d i t i o n s  through JC.  Also, the i n f l u e n c e s  

of  creep (or r e l a x a t i o n )  t h a t  occur during hold pe r iods  are  important t o  

t h e  o v e r a l l  model s t a t emen t .  Therefore ,  t h e  in f luence  o f  creep s t r a i n s  

I d a . .  = lf dF:, .) i s  p rc sen t  i n  t h e  equat ions f o r  e l a s t i c  and n e u t r a l  load- 
irigs [Eqs. (1.14) arid [1.17)]  as well as f o r  p l a s t i c  loading [Eq. (1 .20 ) ] .  

c 
3 Z J  

1 .1 .3  I l l u s t r a t i v e  ana lyses  - 
A s  a p a r t  of  t h e s e  a c t i v i t i e s ,  a n a l y t i c a l  p r e d i c t i o n s  o f  s t r e s s - s t r a i n  

responscs were coinpleted f o r  s e v e r a l  loading s i t u a t i o n s  t o  i l l u s t r a t e  pre-  
d i c t i v e  features o f  t h e  c o n s t i t u t i v e  equa t ions .  The p r e d i c t i o n s  have been 

compared wi th  those  of  o t h e r  equa t ions  and with experimental  d a t a .  Some 
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comparisons a r e  shown below of p r e d i c t i o n s  based on t h r e e  models: 

(1) c u r r e n t 2 , 3  R D T  F9-ST equati-ons,  ( 2 )  t h e  equat ions* suggested by Rock- 

well Internat ional /Energy Systems Group ( R I / E S G )  i n  Ref. 6 ,  and (3) t h e  

modified equat ions we recornmended. 

used i n  each of t h e  t h r e e  s e t s  of  p r e d i c t i o n s .  'Three d i f f e r e n t  loadi-ng 

s i t u a t i o n s  a r e  shown below i.n o rde r  t o  di.scuss c h a r a c t e r i s t i c s  of these  

t h r e e  models. 

The same m a t e r i a l  p r o p e r t i e s  were 

S p e c i f i c  d a t a  a r e  a l s o  shown f o r  two of t h e  cases .  

The f i r s t  case involves  c y c l i c  u n i a x i a l  I.oading o f  a specimen between 

s t r a i n  l imits (&E = iO.25%) where t h e r e  i s  110 mean s t r a i n .  A t  t h e  

compressive ex t r emi ty  of each cyc le ,  t h e  t o t a l  s t r a i n  i.s he ld  cons t an t  f o r  

0.1 h r  and t h e  s t r e s s  allowed t o  r e l a x .  The p r e d i c t i o n s  f o r  t h i s  case a r e  

based on material p r o p e r t i e s  from t h e  Nuclear Systems Matemhls Tiadbook 

f o r  2 1 /4  Cr-1 Mo s t e e l  a t  538°C (lOOO°F). Figures 1.1 through 1.3 show 

t h e  f i r s t  50 c y c l e s  p r e d i c t e d  by t h e  t h r e e  s e t s  o f  eqmtiaris.  

i l l u s t r a t e s  the continued d r i f t  i n  t h e  s t r e s s - s t r a i n  loops t h a t  i s  p re -  

d i c t e d  by t h e  c u r r e n t  F(3-5T equat ions f o r  t h i s  type of c y c l e ,  even with 

th i . s  r e l a t i v e l y  b r i e f  hold p e r i o d .  This  d r i f t  would h y p o t h e t i c a l l y  con- 

t i n u e  with r epea ted  cyc l ing  u n t i l  t h e  peak compressive s t r e s s  approached 

L ~ T O ,  The p r e d i c t e d  s h i f t  p e r  cyc le ,  of course,  would i n i t i a l l y  be g r e a t e r  

i f  t h e  hold pe r iods  were longer .  Figures  1 . 2  aiid 1 . 3  i l l u s t r a t e  t h a t  both 

t h e  method discussed i n  Ref. 6 and t h e  one we recommended resu1.t i n  

s t a b l e  s t r e s s - s t r a i n  loops throughout t h i s  c y c l i c  loading,  Thi.s s t a b i l i t y  

i s  i.n keeping wi.th experimental  obse rva t ions ;  f o r  example, Ref. 6 in -  

cluded a t e s t  under t h e s e  p a r t i c u l a y  cond i t ions  i n  i t s  Table I and noted 

t h a t ,  a t  one-half  o f  t h e  c y c l i c  l i f e  of %he specimen, t h e  r a t i o  of peak 

t e n s i l e  s t r e s s  (I t o  peak compressive stress 0 was seen t o  be (5 /a = 

1 - 0 8  from experimental  d a t a .  

a7JoC = 1.0 ,  while  those i n  F i g .  1 .3  have ay/aC = 1.03. 

cyc l ing  between f i x e d  s t r a i n  l imits with r e l a x a t i o n  hold pe r iods .  Here, 

max 

Figure 1.1 

T c ! r e  
?he p r e d i c t i o n s  shown i n  F i g ,  1 . 2  have 

The second type  o f  loading considered here  a l s o  involves  u n i a x i a l  

*'This suggest ion was discussed i n  Kef. 1 and i s  of  category (1) 
l i s t e d  above i n  S e c t .  1.1.1. Thc approach i s  a c t u a l l y  t h e  same as t h a t  
recommended, except t h e r e  i s  no l i m i t  p laced on t h e  amount o f  s h i f t  i n  
the y i e l d  su r face  t h a t  c3.n occur w i t h  continued c reep  s t r a i n i n g .  
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F ig .  1.1. S t r e s s - s t r a i n  loops f o r  f ixed - s t r a in - r ange  cyc l ing  JXC- 
d i  c t e d  on b a s i s  of c u r r e n t 3  K D T  Standard F3-5T c o n s t i t u t i v e  equa t ions ;  
2 1/11 Cr-1 Mo s t e e l  a t  5 3 8 O C  (lOOO°F), 0.1-hr compressive r e l a x a t i o n  hold.  

however, t h e  cyc l ing  i s  assumed t o  occur about a mean s t r a i n ,  

u l a r  case p resen ted  he re  has a mean s t r a i n  o f  0.2% and a s t r a i n  range of  

0.4y0. A longer hold time (24 hr )  i s  taken t o  occur a t  t h e  t c n s i l e  extrem- 
i t y  of  each cyc le ,  and t h e  temperature is  again taken t o  bc 538'C: ( 1 O O O " F ) .  

P r o p e r t i e s  used i n  t h e  ana lyses  of t h i s  problcm were taken from hea t  

31'5001 ( a i r  melted) of  2 1 / 4  Cr-1 Mo s t e e l  and are given i n  Kef, 1, F ig-  

ures 1 . 4  through 1 .6  show t h e  t h r e e  sets of  s t r e s s - s t r a i n  p r e d i c t i o n s  f o r  
ten cycles o f  t h i s  ty19e of loading.  Figure 1 . 4  i l lust - ra tes  t h a t  t h e  pres- 
en t  F9-5T equatiuris aga in  p r e d i c t  loops t h a t  d r i f t  away from the end of 
t h e  c y c l e  where the  hold pe r iod  occurs .  

t i o n  made i n  Ref. G are shown i n  F i g .  1.S9 and s t a b l e  h y s t e r e s i s  loops 

'Hie p a r t i c -  

P r e d i c t i o n s  based on the sugges- 
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Fig. 1.4. Stress-strain loops pred ic ted  on basis of current3 RDT 
Standard FS-ST constitutive equations for fixed-strain-range cycling with 
a mean strain and a tensile re laxat ion hold period of 24 hr; 2 1/4  Cr-1 Mo 
steel  at 538'C (1000°F) .  
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equat ions  suggested i n  Ref. 6.  Loading cond i t ions  are t h e  same as i n  
F i g .  1 . 4 .  
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Fig.  1.6. S t r e s s - s t r a i n  loops p r e d i c t e d  on b a s i s  o f  c o n s t i t u t i v e  
equa t ion  mod i f i ca t ions  recommended in Ref. 5. 
the  same as in Figs.  1 . 4  and 1.5. 

Loading c o n d i t i o n s  a r e  



1.4 

are p red ic t ed  f o r  a l l  cyc le s .  These I.oops iiiai.ntairi t h e  i n i t i a l  t e n s i l e  

mean stress [about 2 8 , 3  MPa (4 .14  k s i ) ] .  Loops p red ic t ed  by t h e  recom- 

mended procedures  (shown i n  F i g .  1.6) show a modest (but l imi t ed )  d r i f t  

of t h e  loops  i n  t h e  coiiipressive d i - r e c t i o n .  

s t ress  i s  l o s t ,  a s t a b l e  loop i s  e s t a b l i s h e d  a f t e r  about fou r  cyc le s ,  arid 

t h e  s t a b l e  loop  has  3 mean compwssive st ress  o f  about 10 MPa (1.5 k s i ) .  

An experiment wi th  prec i . se ly  t h i s  loading and u s i i l g  a specimen from hea t  

3P5601 was performed, and  s t r e s s - s t r a i n  r e s u l t s  a r e  shown i n  F i g .  1 . 7 .  

'lhe i n i t i a l  mean t e n s i l e  

ORNL-- DWG 78- 14947 
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200 

4 5 0  
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5 0  
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Y 

m 
w 
K 
t 
Cn 

- 5 0  

- io0 

- 450 

--200 

- 2 5 0  

... 

- 

0 0.2 0.4 0.6 0.8 

STRAIN (9'0) 

F i g .  1 . 7 .  Measured s t r e s s - s t r a i n  loops For 2 1 / 4  CP-1 Mo s t ee l  
(heat 3P.5601) f o r  t h e  loading cond i t ions  considered i n  F i g s ,  1 . 4  through 
1 . 6 .  



Note that  t h e  i n i t i a l  mean srress indccd was riot maintained, and t h e  mea- 

sured loop d r i f t e d  f o r  a few cycles u n t i l  a s t ab le  loop .was e s t a b l i s h e d  

with a mean compressive stress o f  9.5 MPa (1 -5 k s i ]  I These r e s u l t s  are 
i n  good agreement wi th  t h e  p r e d i c t i o n s  o f  t h e  recommended procedures,  and, 

a c t u a l l y ,  t h e s e  d a t a  played a r o l e  i n  t h e  s p e c i f i c  recomiendations t h a t  

A = 0 . 3  i n  E q .  (1 .6) .  

The l a s t  loading s i t u a t i o n  t o  be discussed he re  invo lves  s i n g l e  load- 
i n g s  through a f i x e d  s t r e s s  range a f t e r  success ive  pe r iods  of  c r eep  have 

occurred.  In  p a r t i c u l a r ,  cons ide r  t h e  load histogram shown i n  F i g .  1.8, 

t o  which t h e  spccimen used i n  Fig.  L.7 was subsequent ly  exposed. 

c y c l e s  were performed between stress limits of 4150 MPa (21.7 k s i ) :  

first immediately a f t e r  t h e  t e n  f ixed - s t r a in - r ange  c y c l e s  shown i n  Fig. 

1 . 7 ,  the second a f t e r  a 0.5-hr p e r i o d  o f  creep,  t h e  t h i r d  a f t e r  a 19-hr 

Fouv 

t h e  

ORNL- DWG 78-1+946 
h h 

I IV V I  -1 
I 

2$& Cr- 1 Mo 

n 1 h L L -  __.-_-_-.I-.. 
0 hr 0.5 hr 19 hr 45 hr CREEP 

0 0.2 8.4" 1.6 1.8 " 3.2 
STRAIN (70) 

F i g ,  1.8.  Measured s t r e s s - s t r a i n  responses  f o r  c y c l i n g  between f ixed  
s t ress  l i m i t s  [?lSO MPa (L21.7 k s i ) ]  a f t e r  pe r iods  o f  creep;  2 l / 4  Cr-1 
Mo s t e e l  (heat  3P5601). 
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pe r iod  of crecp,  and t h e  f o u r t h  a f t e r  a 45-hr pe r iod  of c r eep .  

of c r eep  were a t  a s t r e s s  o f  150 MPa. The s t r e s s - s t r a i n  ( e l a s t i c - p l a s t i c  

p l u s  c r e e p - s t r a i n )  responses predi c t cd  by t h e  t h r e e  s e t s  o f  equat ions a r e  

shown i n  F igs ,  1.9 through 1.11. 

s t r a i n  loops are captured both by t h e  c u r r e n t  F9-5T equat ions (see Fig.  1 -91  

and by t h e  equat ions we recommend (see F i g .  1 .11 ) .  On comparing F i g ,  1 . 8  

with Figs .  1 . 9  and 1.11, one x e s  t h a t  t h e  quan t i t aL ive  p r e d i c t i o n  of t h e  

loop widths i s  s l i g h t l y  b e t t e r  f o r  t h e  reconmended r e v i s e d  equat ions than 

f o r  t h e  ciirrent FY-5T equa t ions .  However, on comparing Figs .  1 .8  and 

1.10, one sees t h a t  t he  c h a r a c t e r i s t i c s  of these d a t a  a r e  not captured we11 

by t h e  modified equat ions suggested i n  Rcf. 6 .  The Kef. 6 suggest ion 

al lows creep s t r a i n s ,  however l a r g e ,  t o  cont inue t o  s h i f t  t h e  y i e l d  su r face  

as though LEiey were p l a s t i c  s t r a j n s .  Data such as those shown i n  Fig.  1 .8  

i l l u s t r a t e  t h e  need fo r  a bound on  his t ype  o f  s h i f t .  We s e l e c t e d  bq. 

(1.6) f o r  the boiund. 

A l l  pe r iods  

General c h a r a c t e r i s t i c s  of the s t r e s s -  

1 . 2  Development o f  Refined Consti tuti .ve L a w s  

D. N .  Robinson 

___..I- __l_s___.. . .... .^_I. . 

(Last r epor t ed  i n  ORNL-5433, pp. 42-47) 

I. 2 1 Basic mode1 developinent 

A repor ' t  e n t i t l e d  A Unified Creep-Plasticity Model for Structural 

Metals a t  High Terpera twd  was publ ished during t h i s  r e p o r t  p e r i o a .  

r e p o r t  o u t l i n e s  t h e  development of t h e  ORNL u n i f i e d  c o n s t i t u t i v e  theo ry ,  

p r e s e n t s  a complete mathematical s ta tement  o f  t h e  model f o r  isothermal  

cond i t ions ,  and con ta ins  ni.imerous c a l c u l a t i o n s  conducted under a v a r i e t y  

of  combinations o f  t h e  niodel parameters ,  The o b j e c t i v e  of t h e  parameter 

s tudy w a s  .to demonstrate t h e  c a p a b i l i t y  of t h e  u n i f i e d  model t o  r ep resen t  
qual i ta t ive ly  most o f  t h e  important phenomenological f e a t u r e s  observed 

i n  r e a c t o r  system a l l o y s  a t  high temperature .  
t h a t  study have been r epor t ed  i n  previous p rogres s  r e p o r t s  ( e . g . ,  Ref. 8 ) .  

Since t h e  w r i t i n g  o f  Ref. 7 ,  a.n e f f o r t  has  been made t o  e s t a b l i s h  t h e  

The 

Ceptain o f  t h e  r e s u l t s  of 

u n i f i e d  model parameters t o  cha rac t e r i - ze  quantitntiveZy a l i m i t e d  set  of 

experimental  d a t a  r e p r e s e n t i n g  2 1 / 4  Cr--P Mo s t e e l  (heat  20017) a t  566OC 
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F i g .  1.9. Stress-strain loops pred ic ted  on basis o f  c u r r e n t 3  RDT 
Standard F9-5T c o n s t i t u t i v e  equations for t h e  t e s t  cond i t ions  o f  F i g .  1.6. 
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(105OOF). 

s t r u c t u r a l  analyses"  t o  ensurc t h a t  t h e  model g ives  reasonable  p r e d i c t i o n s  

of  behavior under inhomogeneous and m u l t i a x i a l  s t r e s s  s ta tes .  Resu l t s  o f  

t h e s e  s t r u c t u r a l  analyses wi 1 1 be compared with t e s t  r e s u l t s .  

A r e s u l t i n g  s e t  o f  parameters i s  c u r r e n t l y  being used i n  

For completeness, a s ta tement  of t h e  ( i so the -ma l )  uiiif i e d  c o n s t i t u t i v e  

equat ions i s  given here ,  t o g e t h e r  with a l i s t i n g  of the s p e c i f i c  parameter 

va lues  determined f o r  heat 20017 o f  2 l / 4  Cr--1 Mo s t e e l  a t  566°C (1050°F) .  

The c o n s t i t u t i v e  model is: 

F(y1-1)/2 cij ; %' > 0 and S .C 

P 5 0  

o r  

F > 0 and S . . C  I 0 

> 0 ij ij 

I z j  ij 

2uf: = ij 

0 ;  

I 

(1 21) 

where 

1 
-72 = - a  .a 1 

J z  C .C 2 iJ ij ij ij 

X i j  - - sin' - c1 
ij 

Here, E 

t h e  d e v i a t o r i c  s t r e s s ,  and a i s  a s t a t e  v a r i a b l e  r e l a t e d  t o  t h e  i -n te rna l  

i s  t h e  i n e l a s t i c  s t r a i n  ra te ,  o i s  t h e  a p p l i e d  s t r e s s ,  S i j  i s  ij ij 

ij 

*The u n i f i e d  equat ions,  t o g e t h e r  with these  parameters,  have heen 
implemented i n  t h e  ORNL f in i t e - e l emen t  computer code PEACRE, as well as 
i n  a special-purpose code being developed under subcontract  a t  'Ihc 
Un ive r s i ty  of I'ennessee (see S e c t .  1 . 7 , 3 ) .  



2 1  

(1 23) 

d i s l o c a t i o n  s t r u c t u r e .  'The parameters are: 

rl = 6.25 

111 = 4.50 

6 = 1  

p = 10.61 x 1 0 7  MPaehr (1.539 x l o 7  ksi . l ir)  
R r 2 - 2 5  x 10-5 1ir-J 

f~ = 3 . 0  1 0 - 4  hr-l 

K = 6.595 MPa (1 .0  k s i )  
(; = 1 x 1 0 - 6  
0 

Figures  1 . 1 2  and 1.13 are included t o  demonstrate t h a t  t h e  above 

va lucs  provide a reasonably a c c u r a t e  r e p r e s e n t a t i o n  of  t h e  s t a t e d  heat 

OHNI.  OW(; 78 22683 

1 

Fig .  1 . 1 2 .  Comparison o f  c a l c u l a t e d  response ( s o l i d  l ines) and 
cxperimental  da ta  taken under c o n s t a n t - s t r a i n - r a t e  ex tens ions  o f  0.004 
and 0.0004/min. Experimental d a t a  are from 2 1/4 Cr--l Mo s teel  (heat  
20017) a t  566°C (1050°F) and a r e  taken from Kef. 9. 
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F i g .  1 a 13. Colnparison of  c a l c u l a t e d  creep response ( s o l i d  l i n c s )  
and experimental  d a t a .  
l e v e l s  o f  55, 69, 83, 97, 110, and 1 2 4  MPa (8, 10 ,  1 2 ,  1 4 ,  16,  and 18 
k s i ) .  Experimental d a t a  (A=  10 k s i ,  0 = 15 k s i ,  0 = 18 k s i )  are  from 
2 1 / 4  Cr-1 Mo s t e e l  (heat  20017) a t  566°C (1050'F) and are takcn from 
Ref. 9. 

Calculated curves correspond t o  cons t an t  s t r e s s  

of t h i s  a l l o y ,  i n  ternis of both s t r a i n - r a t e  s e n s i t i v e  p l a s t i c i t y  and 

t r a n s i e n t  and secondary creep.  These f i g u r e s  compare model c a l c u l a t i o n s  

w i t h  p rev ious ly  publ ished u n i a x i a l  experimental  d a t a .  

1 . 2  a 2 Exploratory experiments c o n t r i b u t i n g  t o  a data base 
I- _. 

f o r  t h e  O%hI, u n i f i e d  equat ions 
I _. . . . .. .. .- -_ .̂I_- 

Material parameters f o r  t h e  OKNL u n i f i e d  c o n s t i t u t i v e  law were spec i -  

f i e d  i n  Sec t .  1 . 2 . 1  yepresent ing a d a t a  set  o f  2 1 / 4  Cr-1 Mo s t e e l  (hcat 
20017) a t  5 6 6 O C  (1050'F). These parameters were obtained by comparing 
c a l c u l a t i o n s  of u n i a x i a l  response with e x i s t i n g  d a t a  (i.~., c reep  tes ts ,  

r e l a x a t i o n  t e s t s ,  and monotonic and c y c l i c  c o n s t a n t - s t r a i n - r a t e  t e s t s )  and 
a d j u s t i n g  t h e  pa?-meters t o  g ive  s a t i s f a c t o r y -  agreemznt . Guidance f o r  
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adjinst ing t h e  parameters was provided by the. ex tens ive  parameter semi  - 
t i v i t y  s tudy  r epor t ed  j n  Ref. 7 .  Thus, an "optimum" 5ct o f  values  was 

o b t a i n c d  b a s i c a l l y  through t r i a l  ant1 c r r o r .  

Ult imately,  it will be necessary t o  d e f i n e  3 complete d a t a  base f o r  

the u n i f i e d  model, t o g e t h e r  w i t h  a sys t ema t i c  procedure f o r  determining 

t h e  parameters  e x c l u s i v e l y  from t h a t  d a t a  s e t .  

t h e  data base c u r r e n t l y  used i n  conjunct ion with the RD?' Standard F9-ST 

p-cocedures i s  a necessa ry ,  but not a s u f f i c i e n t ,  base on which t o  d e t e r -  

mine t h e  complete set  o f  m a t e r i a l  parameters  o f  t h e  u n i f i e d  model. Were, 

we o u t l i n e  b r i e f l y  a se t  of  exp lo ra to ry  tes ts  not  included i n  t h e  c u r r e n t  

d a t a  base,  which can be used t o  e s t a b l i s h  c e r t a i n  of t h e  parameters i n  

t h e  model. These t e s t s  and o t h e r s  will be desc r ibed  i n  more d e t a i l  i n  a 
forthcoming t o p i c a l  r e p o r t .  

A s  pointed o u t  i n  Xef. 7, 

'The tes t  sequence i s  i l l u s t r a t e d  by t h e  p re l imina ry  t e s t  d a t a  shown 

i n  Figs.  1.14 and 1 . 1 5 ,  

a t  S 3 S a C  (IOOO'F). Figure 1.14 shows a s t r e s s - s t r a i n  h y s t e r e s i s  loop 

t h a t  was obtained by t e s t i n g  over a s t r a i n  range o f  :kO.2% and a s t r a i n  

r a t e  o f  ".0.004/miri. 

rcsponse produced a f t e r  s e v e r a l  c y c l e s .  

S t r e s s  r e l a x a t i o n  was measured from each of  t h e  p o i n t s  i n d i c a t e d  on 

These data were obtained from 2 1 /4  Cr-1 Mo steel  

The loop r e p r e s e n t s  a r e l a t i v e l y  s t a b l e  stress-strain 

t h e  unloading segment of t h e  h y s t e r e s i s  loop i n  F i g .  1 . 1 4 ;  t h a t  i s ,  the 

t o t a l  s t r a i n  was he ld  cons t an t  f o r  0 . 1  h r  a t  each of t h e  i n d i c a t e d  p o i n t s  

and t h e  s t r e s s - t i m e  response recorded; t h e s e  responses are shown i n  Fig. 

l s l §*  Cycling was resumed between each hold pe r iod  t o  once again o b t a i n  

e s s e n t i a l l y  t h e  same s t a b l e  s t r e s s - s t r a i n  loop. 

Figure 1.15 shows t h a t  stress r e l a x a t i o n  from t h e  h i g h e r  stress l e v e l s  

i s  "classical1' i n  t h e  sense t h a t  the (negat ive)  r e l a x a t i o n  ra te  i s  i n i -  

t i a l l y  high and diminishes  t h e r e a F t e r  . 
l e v e l s  o f  138 M P a  ( 2 0  k s i )  o r  less,  t h e  i n i t i a l  stress rate i s  zero o r ,  
i n  some cases, s l i g h t l y  p o s i t i v e  (a stress i n c r e a s e  with t ime) ."  If  

t h e  time scale i n  Fig.  1.15. were expanded, we would s e e  t h a t  t h e  stress 

For e:cample, €or s t a r t i n g  s t r e s s  

_.--..I__ 

" A t  t h e  low s t r e s s e s  where t h e  i n i t i a l  s tress r e l a x a t i o n  r a t e  i s  pos i -  
t i v e ,  t h e  s t r e s s - r a t e  magnitude i s  q u i t e  small and appa ren t ly  s a t u r a t e s  a t  
some maximum va lue  as thc  s t r e s s  i s  f u r t h e r  lowered. 
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Fig. 1 .14 .  S t a b l e  s t r e s s - s t r a i n  h y s t e r e s i s  loop f o r  2 1 / 4  Cr-1 Mo 
s t e e l  a t  538OC (1000'F). Poi.nts i n d i c a t e  where stress r e l a x a t i o n  tes ts  
were conducted (1 .O k s i  = 4 .895  MPa) . 

does, i n  a l l  cases ,  e v e n t u a l l y  rc lax.  The g r e a t e r  the unloading p r i o r  t o  
r c l a x a t i o n  t h e  longer  t h e  h e s i t a t i o n  per iod before  stress r e l a x a t i o n  

commences. I 

Because t h e  s t r e s s - s t r a i n  response shown i n  Fig. 1 .14  is c s s e n t j a l l v  
s t a b l e ,  we may assume tha t ,  i n  repeated cyc le s ,  t h e  p a t h  i n  s t a t e  space 

* < ,  I h i s  h e s i t a t i o n  phenomenon i s  be l i eved  t o  be t h e  same as that  which 
occurs  i n  creep under a b r u p t  stress r educ t ions .  The s l i g h t  increasc i n  
stress before  l e v e l i n g  o f f  and thcri f i n a l l y  decreasing i s  bel ieved t o  be 
o f  t h e  same o r i g i n  as t h e  a n e l a s t i c  s t r a i n  recovery observed under stre5q 
rcductions i n  c rcep  tests.  
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F i g .  1.15. S t r e s s - t i m e  r e l a x a t i o n  responses  corresponding t o  p o i n t s  
i n d i c a t e d  i n  F i g .  1 . 1 4  (1 . O  ksi = 6.895 MPa). 

i s  l i kewise  s t a b l e .  Fu r the r ,  w e  can j u s t i f i a b l y  assunle t h a t  rhe i n e l a s t i c  

s t a t e  o f  t h e  material does n o t  change s i g n i f i c a n t l y  on abrupt  iiTi1oading. 

Thus, a t  caeh of  t h e  i n d i c a t e d  p o i n t s  i n  F i g .  1 ,14 from which t h e  r e l axa -  

t i o n  responses were measured, t h e  m a t e r i a l  was i n  e s s e n t i a l l y  t h e  s a n ~  
s ta te .  

According t o  the model of Ref. 7 ,  t h e  stress 0 ,  corresponding t o  
a given s ta te  a ,  a t  which t h e  i n e l a s t i c  s t r a i n  ra te  [and t h u s  t h e  stress 
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r e l a x a t i o n  r a t e )  j u s t  vanishes  on reducing t h e  s t r e s s ,  i s  given by 

i n  which K r e p r e s e n t s  t h e  threshold s t r e s s  below which no i n e l a s t i c  s t r a i n  
ra te  occurs  i n  t h e  undeformed s t a t e  o f  t h e  ma te r i a l . *  

s t r e s s  i s  known a t  which t h e  r e l a x a t i o n  r a t e  j u s t  vanishes ,  t h c  ~ n a t e r i a l  

may be s a i d  t o  be i n  t h e  i n e l a s t i c  s t a t e :  

Conversely, i f  the 

assuming, of  course,  t h a t  K i s  klnown from an indepmdent  t e s t .  

I f ,  i n  a t e s t  such as t h a t  depicted i n  F i g s .  1 .14  arid 1.15, we d e t e r -  

mine t h e  va lue  oE - K a t  which t h e  i n i t i a l  s t r e s s  r e l a x a t i o n  r a t e  be- 

c o m e ~  zero on reducing t h e  s t r e s s ,  t hen  we know t h e  i n e l a s t i c  stat:: cx of  

the m a t e r i a l  corresponding t o  each o f  t h e  p o i n t s  i n d i c a t e d  i n  b i g .  1 .14 .  

‘Thus, w e  know t h e  i n e l a s t i c  state, the i s t m z s ,  and t h e  i n e l a s t i c  s t r a i n  

r a t e t  a s s o c i a t e d  with each po in t  i n  Fig. 1 . 1 4 .  

Many tes t s  i n  which t h e  cyc l ing  i s  perfo-rmed over d i f f e r e n t  strain 

r a t e s  and s t r a i n  ranges,  producing d i f f e r e n t  i n e l a s t j c  s ta te> ,  al low us  t o  

know t h e  i n e l a s t i c  s t r a i n  r a t e  corresponding t o  a range of s t a t e  p o i n t s  

( o ,  a )  f o r  which o - 01 > K .  This  i s ,  of course,  p r e c i s e l y  what i s  nec- 

e s s a r y  t o  q u a n t i t a t i v e l y  f i x  the parameters i n  t h e  flow law appearing i n  

t h e  equat ions o f  Ref. 7 and Sec t .  1 . 2 - 1 .  Several  tes ts  desc r ibed  above 

a r e  now being conducted on 2 1/4 C r  1 Mo s t e e l  a t  538°C (1000°F). 

1 . 2 - 3  Numerical i n t e g r a t i o n  s t u d i e s  (Last reportet.1 i n  ORNL-5433, p. 46) .......I........ ___I_____ 

A major cons ide ra t ion  i n  t h e  implementation of c o n s t i t u t i v e  laws such 

as those  s t a t e d  i n  Sec t .  1 . 2 . 1  and Re{. 7 i s  whether t hey  r e q u i r e  s p e c i a l  

and, t h e r c f o r e ,  p o s s i b l y  i n e f f i c i e n t  nurricrical procedures f o r  their  i n t e -  

g r a t i o n .  I f  t h i s  i s  s o ,  t h e i r  i nco rpora t ion  i n t o  l a r g e - s c a l e  f i n i t e -  

element programs could lead t o  excessive c o s t s  i n  performing i n e l a s t i c  
a n a l y s i s  .. 

%The measurement of K i s  i o  be made independently by performing o r d i -  
na ry  creep t e s t s  t o  determine t h e  s t r e s s  l e v e l  below which one can p m c t i -  
caZZy cons ide r  no creep t o  occur.  

i n i t i a l  s t r e s s  r a t e  from t h e  r e l a x a t i o n  t e s t s .  
j ’This  i s  known f o r  t h o s e  p o i n t s  whe-n^e 0 - c1 > K because we know the  
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Two para1 le1 e f f o r t s  a r e  now procecding which Lire corizerrled with 

p o t e n t i a l  nuvierical problems i nvolvecl i n  conducting s t r u c t u r a l  ana lyses  

w i t 1 1  t h e  u n i f i e d  equa t ions  i n  f i n i t e - e l e m e n t  codes.  
formed uncler subconlcract with The lliii v e r s i t y  o f  Tennessee' and t h e  second 

wi th in  OWL, 

i n  S e c t .  1 e 2 , 1  are  being implemented, togethei- with t h e  speci f i c  parameters 

given i n  t h a t  s e c t i o n .  These parameters  are based on r e p r e s e n t a t i o n s  of 

d a t a  from 2 l/4 Cr-1 Mo s t e e l  (hea t  20017) a t  566°C (1050°F) ,  

The f i r s t  i s  per- 

In each case ,  t h e  O R N L  u n i f i e d  c o n s t i t u t i v e  equa t ions  s t a t e d  

In 'The I Jn ivc r s i ty  of 'Tennessee s tudy,  a special-purpose f in i t e - c l emen t  

code has  been developed which i s  capable  o f  so lv ing  axisymmetric s t r u c t u r a l  

problems. An i m p l i c i t  kuler algori thm f o r  t h e  t ime i n t e g r a t i o n  i s  b e i n g  

used i i i  t h a t  s tudy .  The plan i s  t o  i n v e s t i g a t e  s e v e r a l  thick-walled cyl i i i -  

d e r  problems involving v a r i o u s  i n t e r n a l  p r e s s u r e  h i s t o r i e s  and i n i t i a l  

c o n d i t i o n s ,  both t o  a s s e s s  t h e  numerical d i f f i c u l t i e s  involved and t o  

ensure t h a t  t h e  unj  f i e d  c o n s t i t u t i v e  modcl p rov ides  p h y s i c a l l y  r e a l i s t i c  

p r e d j c t i o n s  of  response i n  such problems. 7'0 d a t e ,  only u n i a x i a l  c a l c u l a -  

t i o n s  have been c a r r i e d  o u t .  

r epor t ed  i n  Kef. 7 .  

The ORNI, s tudy included t h e  implementation o f  t h e  unj f ied c o n s t i t u -  

These comparc f avorab ly  with c a l c u l a t i o n s  

t i v e  equa t ions  i n t o  t h e  PLACRL f i n i t e - c l e m e n t  computer code. 

accomplished (by W .  K .  S a r t o r y )  using no s p e c i a l  i n t e g r a t i o n  schemes be- 

yond those avai  l a b l e  i n  t h e  QRYL computer sof tware l i b r a r y ,  Several  

t r i a l  s t r u c t u r a l  prohlems have been run s u c c e s s f u l l y ,  ranging from uni-  

a x i a l  loading t o  t h e  complex b i a x i a l - s t r e s s  histogram corresponding t o  

t h e  Thermal t r a n s i e n r  t e s t  TTT-1 ( s e e  Kef. 10). 

This WELS 

Figures  1.16 through 1.19 g ive  t h e  r e s u l t s  o f  t h e  thick-walled c y l i n -  

d e r  (pipe) a n a l y s i s  u s ing  t h e  TTT-1 thermal and p res su re  histogram. The 

hoop s t r e s s - s t r a i n  responses  a t  t h e  inne r  and o u t e r  s u r f a c e s  arc shown i n  
Figs .  l . 16  and 1 . 1 7 ,  r e s p e c t i v e l y ,  and t h e  hoop and axial  ( r a t c h e t t i n g )  

s t r a i n s  a t  t h e  o u t e r  s u r f a c e  are shown i n  F i g s .  1.18 and 1.19, r e spec -  

t i v e l y .  These c a l c u l a t e d  resu l t s  a r e  not  intendcd f o r  comparison with 

t h e  TI'T-1 experimental  resu l t s  because t h e  niat e r i a l  c o n s t a n t s  used are 

  TI,^ p r i n c i p a l  i n v e s t i g a t o r s  i n  t h i s  s tudy xre  Professors ,J. E .  Stone- 
k i n g  and A. <;. Baker. 
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Fig. 1.16. Hoop s t r e s s - s t r a i n  response a t  i nne r  s u r f a c e  of  c y l i n d e r  
u s ing  TTT-1 histogram and m a t e r i a l  parameters  s p e c i f i e d  i n  Sect. 1 . 2 . 1 .  

r e p r e s e n t a t i v e  o f  2 1 / 4  Cr-1 Mo s t e e l  and not  t y p e  304 s t a i n l e s s  s tec l ,  

as used i n  t h e  experiment. Furthermore, no temperature dependence of  

t h e  ma te r i a l  parameters was included i n  the a n a l y s i s .  

t h a t  t h e  r e s u l t s  o f  t h i s  complex s t r u c t u r a l  a n a l y s i s  do appear qualita-- 

t i v e l y  reasonable  and t h a t  t hey  were ob ta ined  with no serious numerical 
d i f f  i c u l t i e s  

I t  i s  enroixaging 
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Fig .  1.17. Hoop s t r e s s - s t r a i n  response a t  o u t e r  s u r f a c e  of  c y l i n d e r  
u s i n g  TTT-1 histogram and material parameters s p e c i f i e d  i n  Sec t .  1 . 2 . 2 .  

1 .3  Uniaxial Exploratory Testing 

R .  W. Swindeman 

(Last r e p o r t e d  i n  OKNL-5433, pp. 65-69) 

1.3.1 'Testing o f  type  304 s t a i n l e s s  s teel  

During t h i s  r e p o r t  pe r iod ,  an updated a n a l y s i s  was completed of t h e  
c r e e p  d a t a  from t h e  r e f e r e n c e  heat (YT27961 o f  t ype  304 s t a i n l e s s  s teel .  
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A careful s tudy  

biried d a t a  sets 
16-mm (3/8-in.)  

1. 

2 ,  

3 .  

4. 

5. 

of t h e  secondai-y creep ~ a e e  was performed us ing the com- 
on 25-mm (1- in . )  p l a t c ,  l 1  51-llm ( 2 - i n . 1  p ~ a ~ e ,  

b a r .  l 5  A f i n a l  ve r s ion  o f  t h e  Frost-Ashby d e f ~ ~ m a s : i o n  

and 

map16 was developed, a long wi th  contour maps for s e v e r a l  o f  t h e  parameters 

t h a t  e n t e r  i n t o  t h e  d e s c r i p t i o n  of creep,  i nc lud ing  t h e  s t r e s s  exponent, 

thermal a c t i v a t i o n  energy, t r a n s i e n t  s t r a i n  asymptote, and a s s o c i a t e d  

t r a n s i e n t  ra te  cons t an t .  

i s  now i n  t h e  p u b l i c a t i o n  p rocess .  

This  information was p u t  int.0 a r e p o r t ,  l 7  which 

The fol lowing conclusions were drawn. 

Evaluat ion o f  t h e  stress arid temperature  dependencies o f  t h e  param- 

e te rs  d e s c r i b i n g  deformation i n  type 304 s t a i n l e s s  steel i n d i c a t e  

t h a t  a t  least  f o u r  r eg ions  o f  d i f f e r e n t  behavior  e x i s t  i n  t h e  tem- 

p e r a t u r e  range 425 t o  800°C (800 t o  1500'F). 

In t h e  ve ry  low-s t r e s s  r eg ion  where F r o s t  and Ashby p r e d i c t  d i f f u -  

s i o n a l  creep,  some experimental  evidence e x i s t s  t o  support  t h e i r  model. 
In t h e  high-temperature  r eg ion  [above 6SOoC (1200°F)] where Frost  

and Ashby p r e d i c t  d i s l o c a t i o n  creep,  t h e  experimental  evidence a l s o  

suppor t s  t h e i r  model. 
In  t h e  h i g h - s t r e s s ,  low-temperature r e g i o n  where F r o s t  and Ashby p re -  

d i c t  d i s l o c a t i o n  g l i d e ,  experimental  d a t a  do not  support  t h e  assumed 

stress and temperature  dependcncies,  

nism, then  new deformation models must be  employed. 

A r eg ion  e x i s t s  n o t  far froin where t h e  d i s l o c a t i o n  g l i d e ,  d i s -  

l o c a t i o n  c reep ,  and d i f f u s i o n a l  c r eep  f i e l d s  meet, where very high 

stress and temperature  dependenc ies f o r  c reep  a r e  observed. This  

r eg ion  i s  produced by t h e  dynamic p r e c i p i t a t i o n  o f  M ~ C F ,  c a r b i d e s ,  

which s t a b i l i z e  a f i n e  d i s l o c a t i o n  network and prevent  subgra in  

fovrnat i on. 

Experimental work has been d i r e c t e d  toward understanding creep be- 

If g l i d e  i s  t h e  dominant mecha- 

h a v i o r  o f  t ype  304 s t a i n l c s s  stcel  under c y c l i c  and r eve r sed  s t r e s s e s .  A 

r e p o r t  was prepared t h a t  included a l i t e r a t u r e  review and summary of  BRNL 

work on c y c l i c  creep a t  Sc33"C (1100'F) .18 

c l u s i o n s  as a r e s u l t  of t h i s  s tudy.  

We reached t h e  following con- 

1. For  temperatures  ranging from 300 t o  600'C (600 t o  1100"F), t h e  
stress corresponding t o  g r o s s  p l a s t i c  flow has an athermal c h a r a c t e r .  
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2 .  

3 .  

4.  

S. 

5 .  

7 .  

8. 

Above a c r i t i c a l  s t r e s s ,  recovery processes  ir if luence t h e  g ross  

p l a s t i c  flow s t r e s s .  

d i t i o n s  exceeds t h i s  c r i t i c a l  stress and t h e  maximum s t r e s s  t o  mini- 

muin s t r e s s  r a t i o  i s  near  zero, t h e  g ross  flow s t r e s s  can recover  dur-  

ing t h e  pe r iod  of  t h e  cyc le  a t  t h e  minimum strec;s. I'his l e a d s  t o  

r e c u r r e n t  y i e l d i n g  and a l s o  t o  an a c c e l e r a t i o n  o f  t h e  creep ra te .  

For some combinations o f  s t r e s s ,  temperature,  frequency, and s t r e s s  

r a t i o ,  t h e  creep raLe i n  c y c l i c  creep t e s t s  can be suppressed r e l a -  

t i v e  t o  t h c  s r a t i c  creep ra te .  
t h e  r c l a t i o n  between a n e l a s t i c i t y  and c reep  i s  needed before  t h i s  

phenomenon can be f u l l y  explained.  

The reappearance o f  primary creep due t o  thermal recovery a t  low 

s t r e s s  i s  no t  s i g n i f i c a n t  f o r  temperatures  t o  6 0 0 " ~  ( 1 1 0 0 " ~ )  a t  

stress l e v e l s  i n  t he  range 100 t o  140 MPa (15 t o  20 k s i ) .  The c y c l i c  

c reep  response he re  agrees reasonably wel l  w i t h  p r e d i c t i o n s  based 

on s t r a i n  hardening,  

For r e v e r s a l  creep cond i t ions ,  t h e  creep i n  any cyc le  i s  u s u a l l y  

equal t o  o r  less than  t h e  c reep  i n  uncycled m a t e r i a l  over  t h e  same 

time pe r iod .  

T rans i en t  s t r a i n s  d u r i n g  r e v e r s a l  creep are not s o l e l y  a manifesta-  

t i o n  of  a n e l a s t i c i t y  because t h e  s t r a i n  l e v e l s  (1) can exceed t h e  

e l a s t i c  component, ( 2 )  a r e  n o t  l i n e a r l y  r e l a t e d  t o  stress, and (3) do 

no t  recover  a t  zero stress.  Reversal  crccp appears t o  involve d i s -  

l o c a t i o n  r emob i l i za t ion  and dynamic recovery mcchanisms . 
I n t e r p r e t a t i o n  o f  r e v e r s a l  creep d a t a  i s  complicated by u n c e r t a i n t y  

about t h e  equivalence o f  t ens ion  and compression creep behavior.  

E x i s t i n g  d a t a  suggest t h a t  a u s t e n i t i c  s t e e l s  a r e  about 10% s t r o n g e r  

i n  coiupression than t ens ion .  

Relaxat ion d a t a  from c y c l i c  r e l a x a t i o n  tes ts  are comparable t o  
monotonic d a t a  from iincycled rnatcrial for temperatures  t o  600°C 

(1100°F). Af t e r  s e v e r a l  c y c l e s ,  the ve ry  shor t - t ime c y c l i c  r e l a x a -  
t i o n  r a t e s  are of ten h ighe r  than p r e d i c t e d  from a s t r a i n - h a r d e n i n g  

theo ry  based on t o t a l  accumulated c reep  s t r a i n ,  h u t  r e l a x a t i o n  rates 

approach creep ratcs a t  longer  t imes.  

When t h e  maximum s t r e s s  under c y c l i c  c reep  con- 

A iiiore complete understanding o f  
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9. The hea t - to -hea t  v a r i a t i o n  i n  t h e  creep s t r e n g t h  o f  a u s t e n i t i c  s t a i n -  

less s t e e l s  i s  not  manifested i n  c y c l i c  r e l a x a t i o n  f o r  s h o r t  hold 

times I 
by t h e  i n f l u e n c e  o f  p l a s t i c i t y  and a n e l a s t i c i t y .  

Short-t ime r e l a x a t i o n  tes ts  fron? v a r i o u s  p o i n t s  on a s t a b i l i z e d  

s t r e s s - s t r a i n  h y s t e r e s i s  loop suggest  t h a t  a n e l a s t i c i t y  i s  a very 

important component o f  t h e  deformation p racess  . 

This  sugges t s  t h a t  t h e  time-dependent behavior i s  dominated 

1.0, 

1 1 -  I n  c r e e p - p l a s t i c i t y  i n t e r s p e r s i o n  tests, t h e  short- t ime creep response 

is h i g h l y  s e n s i t i v e  t o  t h e  p l a s t i c - s t r a i n  h i s t o r y .  

t i c  s t r a i n s  produce some o f  t h e  same shor t - t ime  c reep  response as 
reve r sed  creep s t r a i n s .  

Although small c y c l i c  p l a s t i c  s t ra ins  can e i t h e r  a c c e l e r a t e  o r  sup- 

p r e s s  t h e  sho r t - t ime  t r a n s i e n t  s t r a i n  r a t e ,  t h e  long-term t r e n d  of  
t h e  c reep  curve i s  not  g r e a t l y  a f f e c t e d  by c y c l i c  o r  monotonic 

p l a s t i c i t y .  

Thermal c y c l i n g  with temperature changes i n  t h e  range + 2 7 O C  (449°F) 

Reversed p l a s -  

12. 

13. 

and low f r equenc ie s  (10,8 Hz) produces c reep  

t h e  deformation a t  t h e  maximum temperature ,  

In  t h i s  r e p o r t  pe r iod ,  we have examined t h e  

on both c reep  and r u p t u r e  a t  S38OC (1000'F). The 

s e v e r a l  tes ts  are  p l o t t e d  i n  Fig. 1.20. The t e s t  

t h a t  i s  dominated by 

mpact o f  c y c l i c  stresses 
r e su l t s  from one o f  

s t a r t e d  under cons t an t  

s t r e s s  and t h e n  switched t o  c y c l i c  stress a f t e r  ' ~ 5 0 0  h r .  'Thereafter,  

we a l t e r n a t e d  i n  500-hr time blocks between cons t an t  stress and c y c l i c  

stress. 
pe r iod  a t  t h e  minimum stress. 

spent  a t  t h e  maximum s t r e s s .  

during t h e  c y c l i n g  p e r i o d s  and t h a t  t h e  l i f e  was n e a r l y  doubled. 

iinplies one of two th ings :  

time accumulation i n  determining c reep  rup tu re ,  o r  ( 2 )  s i g n i f i c a n t  re- 
covery o f  creep damage i s  p o s s i b l e  under c y c l i c  cond i t ions .  

A c y c l i c  stress wave was s e l e c t e d  t h a t  had no s i g n i f i c a n t  hold 

More than  90% of  t h e  t ime i n  t h e  t e s t  was 
We observed t h a t  t h e  creep rate was reduced 

Th i s  

( l j  s t r a i n  accumulation i s  more important than 

1 . 3 - 2  Representat ion o f  u n i a x i a l  c r eep  d a t a  f o r  type 304 s t a i n l e s s  
steel  (heat  9T2796) a t  538°C (1000°F) 

In support  o f  t h e  a n a l y s i s  of  capped c y l i n d e r  specimen CC-2 (see 
Sec t .  2 .31,  a r e p r e s e n t a t i o n  was prepared o f  a v a i l a b l e  u n i a x i a l  c r eep  
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F i g .  1.20. E f fec t  of c y c l i c  stress on c reep  o f  t ype  304 s t a i n l e s s  
steel  a t  5 3 8 " ~  (1000°F). 

d a t a  f o r  t h e  r e fe rence  h e a t  (9'1'2796) of  type 304 s t a i n l e s s  s t e e l  a t  538°C: 

(1000'F). Avai lable  d a t a  cons i s t ed  o f  (1) s i x  r e l a t i v c l y  shor t - t iwe  
tests on specimens from 25-nm (1 - in . )  p l a t e  and a t  s t resses  i n  t h e  range 

1 2 1  t o  207 MPa (17 .5  t o  30 k s i )  and ( 2 )  nine long-time t e s t s  on speciioens 

from 51-mm (2- in . )  p l a t e  a t  sLresses i n  t h e  r m g c  o f  55 t o  138 MPa <8 t o  

20 k s i ) .  The creep sti-ai~i E was divided i n t o  th ree  components: e 
- I €  3 . F .  (1.74) t r a n s  d i s c  d i f f  ' E = E  e 



n 5 

where 

E = c reep  s t r a i n ,  
i" 

= t r a n s i e n t  creep s t r a in ,  t r a n s  
F_ =: s t e a d y - s t a t e  d i s l o c a t i o n  c reep  s t ra in ,  
cd i f f  == s t e a d y - s t a t e  d i f f u s i o n a l  c r eep  s t r a i n .  
d i s c  

A t  538'C [100OoFj ,  w e  found t h a t  a t  any tirne t t h e  d i f fus iona l .  c r eep  s t r a i n  

was 

i . = E d i f f t  , d l f f  

i s  given by d i f f  where t h e  d i f fus io r i a l  c r eep  r a t e  E 

2.48 x (when u i s  i n  k s i )  

3.6 x cs (when (5 i s  i n  MPa) 

- - 
d i f f  E 9 

where E i s  i n  pe rcen t  per  hour and cr i s  t r u e  stress. 
c reep  s t r a i n  was found t o  be 

The d i s l o c a t i o n  

where t h e  secondary creep r a t e  i s  given by 

(0/63)1° (when (T i s  i n  k s i )  

(a/434)lo (when u i s  i n  MPa) 

E =  
S 

[ I .  26) 

Representat ion o f  t h e  t r a n s i e n t  c r e e p  component was exmilied i n  ternis of  

two r e l a t i  onships  : 

= E & [ I  -- exp ( - - ~ t l l  a 
E t r a n s  

and 

- cpt - E t r a n s  (1 + p t >  

(1 e 27)  

In  E q .  ( 1 . 2 7 ) ,  if a = 1, r i s  de f ined  by the i n v e r s e  o f  t h e  t h e  f o r  t h e  

r a t i o  E 

The parameter u i s  a v a i l a b l e  t o  provide more shor t - t ime  c u r v a t u r e  t o  t h e  

t o  be 0.632, and E~ i s  t h e  t r a n s i e n t  creep s t r a i n  asymptote. t r an s''-t 
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exponent ia l  func t ion .  For example, c1 could he s e l e c t e d  as 0 . 5 ,  In t h i s  

i n s t ance ,  t h e  r va lue  would be '~0.5 of  the r va lue  when a = 1. The s t ress  

dependence o f  t was found t o  be t 

( 6 . 2 5  x lo- '  cr? (when u i s  i n  k s i )  

and r t o  be r e l a t e d  t o  s t r e s s  by: 

3.265 x l o x G  u 7  (when u i s  i n  k s i )  

6.868 x l o - *  u2 (when 0 i s  i n  MPa) 

Here, E, i s  i n  pe rcen t  and r i s  i n  ( h ) ' " ' .  

The s i n g l e  r a t i o n a l  polynomial form provides  a f i n i t e  i n i t i a l  c reep  

r a t e ,  and t h e  primary creep-hardening va lue  can a l so  be  so lved  c x p l i c i t l y ,  
'The parameter c i s  equ iva lcn t  t o  t h e  parameter L- i n  t h e  exponent ia l  forin, 

while  t h e  parameter p i s  given by 1 . 7 2 r .  
't 

1.3.3 Tes t ing  o f  type  316 s t a i n l e s s  s t ee l  
___-I -__ 

A l l  o f  our  planned t e s t s  on t h e  r e f e r e n c e  hea t  (8092297) of  type 316 

s t a i n l e s s  s t e e l  were coiiipl e t e d ,  and a summary r e p o r t  was dur ing  

this pe r iod .  'Testing was p r i m a r i l y  a t  593°C (1100'F) and included t e n s i l e  

s t r a i n - c y c l i n g ,  c reep ,  and r e l a x a t i o n  t e s t s .  A few var iab le- tempera ture  

t e n s i l e  te.;ts and v a r i a b l e - s t r e s s  c reep  tes ts  were a l s o  performed. 

Most behavioral  f e a t u r e s  o f  type 316 s t a i n l e s s  s teel  were s i m i l a r  t o  

those  d isp layed  by type  304 s t a i n l e s s  s t ee l .  

mations t h a t  were e s s e n t i a l  l y  "athermal" over  a range of temperatures  and 

5 t r a i n  ra tes .  
v a r i  a b l e - s t r e s s  c reep  t e s t i n g .  

flow stress due t o  thermal ag ing  and a decrease  i n  c reep  s t r e n g t h  due t o  

aging.  Other conclus ions  d r a w  €rom t h i q  s tudy  on type  316 s ta inless  

s t ee l  a r e  as follows. 

1. The t r u e  s t r e s s  vs  t r u e  s t r a i n  t e n s i l e  flow r m v e  f o r  reannealed 

Both e x h i b i t e d  p l a s t i c  de fo r -  

Both d i sp layed  a tenclency toward s t r a i n  hardeiiing under 

Both exh ib i t ed  an i n c r e a s e  i n  p l a s t i c -  

specimens above t h e  0.2% y i e l d  s t r e n g t h  can be sepa ra t ed  i n t o  t h r e e  

hasdening s t a g e s  on t h e  basis of  t h e  behavior  o f  t h e  s t r a i n - h a r d e n -  
ing  c o e f f i c i  e n t  ( 0 )  . 
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2 .  

3 .  

4. 

5. 

6 .  

7” 

8 .  

A t  low stresses, 0 i s  r e l a t i v e l y  cons t an t .  A t  i n t e rmed ia t e  stresses, 
6 dec reases  with i n c r c a s i n g  stresses. A t  h igh s t r e s s e s ,  0 t ends  

toward zero,  and s t e a d y - s t a t e  deformation develops wherc t h e  flow 

stress urn i s  c o n s t a n t ,  

The s t e a d y - s t a t e  flow stress i n  t h e  t e n s i l e  t e s t  i s  t h e  same as t h e  

t rue  stress i n  t h e  creep t e s t  when t h e  s t r a i n  rates a r e  t h e  same, 

The uniform s t ra in  ( a t  ul t i rnate)  i n  t h e  t e n s i l e  t e s t  and t h e  t o t a l  

i r i c l a s t i c  s t r a i n  a t  t h e  onse t  o f  t e r t i a r y  c reep  i n  c reep  t e s t s  a r e  

n e a r l y  t h e  same. 
‘r’lle creep curves t o  10 ,000  h r  can be c h a r a c t e r i s t i c a l l y  descr ibed by 

t h r e e  parameters :  t h e  secondary creep r a t e  C t h e  t r a n s i e n t  creep 

s t r a i n  asymptote E and t h e  t r a n s i e n t  creep r a t e  cons t an t  r. The 

t r a n s i e n t  r a t e  cons t an t  can be r c l a t e d  t o  the o t h e r  parameters.  

Under v a r i a b l c - l o a d  cond i t ions ,  t h e  creep and t e n s i l e  rcsponses  are 

dominated by s t r a i n  hardcning ( a s  opposed t o  thermal recovery) f o r  

s t r e s s e s  up t o  200 M l k  (29 k s i J .  Above 200 Ml’a, dynamic and thermal 

recovery become i n c r e a s i n g l y  important .  

The r e l a x a t i o n  s t r e n g t h  f o r  m u l t i p l e  loading s i t u a t i o n s  i n c r e a s e s  w i t h  

accumulated creep s t r a i n  and p l a s t i c  s t r a i n .  Except f o r  a t r a n s i e n t  

per iod  a t  t h e  s ta r t  of  r e l a x a t i o n  tes ts ,  most of  t h e  log  F ?  v s  l o g  o 

curvcs  ob ta ined  from r e l a x a t i o n  tes ts  can be superjiiiposed onto a mas- 
t e r  curve by simple t r a n s l a t i o n s .  Generally,  t h e  log v s  l o g  CI 

cutlies exh ib i t ed  n region i n  which t h e  hac1 t h e  same s lope  as t h e  

secondary creep r a t e  curvc l o g  E v s  log o.  ‘The stress exponent was 

near  8.  

S t r a i n  c y c l j  ng a t  room teniperature produced the  maxirrwn s t r e s s  range 

beforc  100 c y c l e s  were completcd. A f t e r  100 c y c l e s ,  s o f t e n i n g  was 

observcd e 

Iligh-temperature s t r a i n  cyc l ing  r evea led  t h a t  most o f  t h e  hardening 

was produced a f t e r  t e n  c y c l c s .  The hardening r a t e  iricrcascd with 

i n c r e a s i n g  temperature  i n  t h e  rangc 316 t o  593°C (600 t o  1100’F).  

S’ 

A’ 

‘ r  

21 

1.3.4 Tes t ing  of 2 l / 4  Cr-1 Mo s t e e l  

Thc l ack  of a “ r e f e r e n c e f t  hea t  of  2 1 /4  C r - - l  Mo s tee l  113s made it 

d i f f i c u l t  t o  perform a proper  exp lo ra to ry  t e s t i n g  prograrri on t h i s  m a t e r i a l .  
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The problem is  compounded by a v a r i e t y  o f  heat  t r ea tmen t s .  

s t u d i e s  involved r e l a x a t i o n  and c r e e p - p l a s t i c i t y  t e s t s  on h e a t  20017; when 

the supply o f  t h i s  m a t e r i a l  was exhausted, we s t a r t e d  te5;ts on hea t  3P5bo1. 

This  work was teinporarily suspended t o  do some t e s t i n g  on t h e  Metals 

P r o p e r t i e s  Council (MPC) hea t  of  m a t e r i a l  f o r  ITT-3. We then  r e tu rned  

t o  more t e s t i n g  on h e a t  3P5601 t o  g e t  d a t a  i o  support  r e v i s i o n s  of  c o n s t i -  

t u t i v e  equa t ions .  T e s t s  on hea t  3P560P included tensi l e ,  creep,  creep-  

p l a s t i c i t y ,  and r e l a x a t i o n  t e s t s  a t  538'C (lOOOOE). Data were processed 

and summarized t h i s  r e p o r t  per iod i n  a r epor t20  t h a t  draws t h e  follow- 

i n g  conclusions.  

Our e a r l i e r  

1. 

2 ,  

3. 

4. 

5. 

6 .  

The y i e l d  s t r e n g t h  of hea t  3P5601 i s  not s c n s i t i v e  t o  s t r a i n  ra te  i n  

t h e  range 6 . 7  x lo - '  t o  6 .7  x lO-'l/sec, 

similar obse rva t ions  for  o t h e r  h e a t s  of  2 1 / 4  Cr-1 Mo s t e e l .  

The u l t i m a t e  t e n s i l e  s t r e n g t h  a t  538°C (1000'F) dec reases  with s t r a i n  

r a t e  below lO+/sec and merges w i t h  s t r e s s  v s  s t r a i n -  r a t e  d a t a  

de r ived  from c o n s t a n t - s t r e s s  creep t e s t s .  This  i s  t y p i c a l  of  o t h e r  

h e a t s .  

Tens i l e  e longa t ion  i n c r e a s e s  wi th  dec reas ing  s t r a i n  r a t e  but then 

dec reases  a t  r a t e s  t y p i c a l  of  c o n s t a n t - s t r e s s  c reep  tests.  

Sigmoidal c r eep  occurs  a t  538°C (1000'F) i n  t h e  s t ress  range 103 

t o  155 MPa (15 t o  22.5 k s i ) .  The behavior  i s  i d e n t i c a l  t o  t h e  

"nonclassical"  c r eep  phenomenon observed i n  hea t  20017 i n  t h e  same 

range of  s t r e s s  and tempemture .  The sigmoidal c h a r a c t e r  i s  g e n m a l l y  

l i m i t e d  t o  creep s t r a i n s  below 0.5%. 

Some a s p e c t s  of  t h e  creep response ?or varying s t r e s s e s  are no t  

q u a n t i t a t i v e l y  p r e d i c t e d  by c o n s t a n t - s t r e s s  creep d a t a  when t h e  

s t r a in -ha rden ing  r1~1 e i s  invoked. Generally,  t h e  observed creep 

rates are lower than  expected irnmedjatcly a f t e r  s t r e s s  redi ic t ions 
and h ighe r  than expected irnmediatcely a f t e r  stress i n c r e a s e s .  
The i i i i t i a l  r e l a x a t i o n  s t r a i n  r a t e s  a r e  g e n e r a l l y  h ighe r  t han  pre-  
d i c t e d  from t h e  s t r a in -ha rden ing  ru le ,  but ,  f o r  t imes around 100 h r ,  

t h e  r e l a x a t i o n  s t r a i n  r a t e s  a t  low s t r e s s e s  are  gene ra l ly  lower than 

p r e d i c t e d .  The flow stress r ecovc r s  s i g n i f i c a r i t l y  during r e l a x a t i o n  

This i s  coiisistenL with 
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and needs eareFLt1 a t t e n t i  on when f u r t h e r  c r e e p - p l a s t j  c i t y  i n t e r -  

a c t i o n  models are foriiiiilated. 

We a r e  now t e s t i n g  a VAR hea t  o f  mctZerial (heat  5b448) in t h e  p o s t -  

weld h e a t - t r e a t e d  cond i t ions  (1)Wti'I') . T e s t s  planned on hea t  56448 are  

sunanarized i n  Tab1 e I .  1 and include t e n s i l c ,  s t r a i n - c y c l i n g ,  r e l a x a t i o n ,  

creeps, an3 yet-to-bc-def i n e d  c r e e p - p l a s t i c i t y  experiments.  Prel iminary 

datn showing x s u l t s  o f  a few t e n s i l e ,  c ~ c e p ,  and r e l a x a t i o n  t e s t s  a r e  

provided i n  F i g s .  1 . 2 1  through 1.23.  These t e s t s  r evea l  t h a t  t h e  PW117 

produces a m a t e r i a l  t h a t  i s  f a i r l y  s t a b l e  and fol lows a well-ordered flow 

struss vs  s t r a i n - r a t e  response.  T h i s  means t h a t  u n i f i e d  c o n s t i t u t i v e  

equat ions of t h e  type cu r ren t1  y under dcvelopment should work reasonably 

we1 1 f o r  t h i s  m a t e r i a l  because dynamic s t r a i n  aging and s t r a in - induced  

m e t a l l u r g i c a l  i n s t a b i l i t i e s  are  no t  s p e c i a l  c o n s i d e r a t i o n s  he re .  

ORNL DWG 79-6042 ETD 

300 

.-. 
m 
U 

s .- 
g 200 
W 
CL: 
I- m 

100 

0 

2 I/4 Cr 1 Mo 
HEAT 56448 
6 7  X IO-liIsec 

- 

50 

40 

- .- 
'(I 

+ 

30 
W 
LT 
I- 
v) 

20 

10 

D 
0 10 20 30 40 50 60 70 w) 

STRAIN (%) 

Fig.  1 . 2 1 .  Engineering stress  vs s t r a i n  c u r r e n t  a t  t h r e e  ternpera- 
t u r e s  f o r  VAK 2 1 / 4  Cr--1 Mo s tee l ,  heat 56448 PWHT. 



Tab le  1.1.  E x p l o r a t o r y  t e s t s  on 2 1 /4  Cr-1 Mo s tec l  VAR 
h e a t  56448 ( annea led  + 40 h r  PWliT) 

Tzmperaturc S t r a i n - r a t e  S t a r t i n g  s t r e s s  S t r a i n  r ange  S t r e s s  stati1s 
{ " C  ( 0 F ) j  ( s e e  '1 [MPa ( k s i ) ]  (05) 

T e s t s  

T e n s i l e  482 (900) 6 .7  x 101; 
510 (950) 6 . 7  x lo- ,  Completed 
538 { l O O O )  6 . 7  x Completed 
538 :1300: 6 .7  x 

Completed 538 :1003; 6 .7  x 
538 :1000) 6 . 7  x 10 
566 :1050) 6 . 7  x io - '  

S t r a i n  c y c l i n g  482 (900) 6 .7  x IO-' 
(some tes t s  w i t h  510 (950) 6 . 7  x 101," 
r e l a x a t i o n  h o l d s  538 (1000) 6 .7  x lo-, 
51 h r j  538 (1000) 6 . 7  x lo-, 

538 (1000) 6 .7  x 
538 (1000) 6 . 7  x 10 
538 {lOOO) 6 .7  x 10:: 
536 ;1000) 6 . 7  x 10- 

5 538 (1000) 6 . 7  x 
538 (1000) 6 .7  x 
538 (1000) 6 .7  x 
566 ( l0SOj 6 . 7  x 10 

S t r a i n  cyc1ir.g w i t h  482 (90oj 6 .7  x 
- 5  

yelaxation h o l d s  5iO c950) 6 .7  x 

(10 hr o r  rnorc; 538 (1000) 6 . 7  x 10 - 5  
5 

538 (1000) 6 .7  x 10  
538 (1000) 6 . 7  x 101, 
566 (1050) 6 .7  x 10 

Mul t ip l e - load  u n i a x i a l  282 (900) 140 (23 .3)  Three r u n s  complete  
r e l a x a t i o n  (100 h r  510 (950) 140 (20 .3)  Th-ree runs complete  
or nore )  538 (1000) 100 (14 .5)  

535 (iOCl0j 140 (20 .3)  
538 (1000) 200 (29.0) 
566 (:050j 140 (20.3) 

Constant, s t r e s s  c r e e p  482 ;9iiO) 125 (15.1)  In  p r o g r e s s  
(100 h r  o r  more) 540 (950) i 2 5  (18 .1 )  i n  p r o g r e s s  

538 ( : O O O )  1.10 ( 2 0 . 3 )  

538 (1000) l o o  (14 .5 )  

538 (1030) 70 (10.0)  
538 (1030) 53 ( 7 . 3 )  
566 (1050) 125 (18.1) 

538 (1000) 125 (18.1) 

538 (1000) 85 (12 .3)  

- I 

0 . .: 
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0 .6  
0.4 
0 . 3  
0.6  
0.4 
0.3 
0 .6  
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0 . 4  
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I .  T i .  5 Deformation s t u d i o s  of! 308 C l i b  weldments 
l__-l__I I _ _ _ - ~  - 

'l'he s t a t u s  n f  in for ina t ion  on 308 controlled-residual-clement [CKE:) 
weldmcnts was r e v i  ?wed. 

Ihg inee r ing  Uevelopment Laboratory (I IEDL)  , Idaho Nat i ~ ~ i : 3 l  h g i n e e r i n g  

Laboratory ( I N E L )  , and Argonne Nat ional  Laboratory (RNL) a Ma J o r  ernphasi s 

was placed on ga the r ing  useful t e n s i l e  arid crccp data  r a t h e r  t han  styes:<- 
r i ipture ,  f a t i g u e ,  arid crack growth inforiiiat ion * Somewhat a r b i t r a r i l y ,  we 

def ined  useful creep information as da tn  f o r  temperatures  in t h e  range 

4 2 7  +o 649°C (800 t o  1200'F) and for s t r e s s e s  covered by t h c  code iw-  

T h i s  review included work a t  ORNL,  Hanford 

ciirci~ious s t r e s s - s t r a i n  curves a t  1"" s t r a i n .  On t h e  b a s i s  o f  t h i s  d e f i n i -  

t i o n ,  we found about 18 (*reel) tests of i n t e r e s t ,  Of' n ine  t e s t s  a t  5(33'C 

(I 100n F) , seveua 1 were on salnplcs prepared by U R U L  f o r  t h e  West i n g l ~ n u s e  

ildvanced Reactors  Divis ion (wnftll) program on 1niolcImerit.s. 2 ' 
welds were n o t  t y p i c a l  of welds produced by c u r r e n t  welding p r a c t i c e s ,  

some long-time c reep  d a t a  and a v a i l a b i l i t y  o f  un te s t ed  specimens made 

%hi s m a t e r i a l  a t t r a c t i v e  f o r  more s t u d i e s  Log c r e e p - s t r a i n  vs l o g  time 
p l o t s  for l o n g i t u d i n a l  wold metal  a r e  provided i n  F ig .  1 . 2 4 .  These d a t a  

were produced by King e t  a1 IC'- 

s h o r t  times. I'he curvcs  

are s t e e p  a t  long times, which impl i e s  s u b s t a n t i a l  t e r t i a r y  creep p e r i o d s ,  

Tlic c r eep  d a t a  were wel l  behaved, and we attempted modeling the behavior. 

by R f a i r l y  siiiiple modified exponenti a1 c reep  equat ion:  

Although t ~ i c s e  

We see t h a t  t h e  curves t e n d  t o  be f l a t  a t  '1 

T h i s  imp1 i e s  extreinely h i g h  i n i t i a l  creep r a t e s  + 

wherc 

ci = c reep  s t r a i n ,  

Q = t r a n s i e n t  s t r a i n  a::ymptotc, 
c 

t 
F = t r a n s i e n t  s t r a i n  ra te  parameter,  

B = minimum c reep  r a t e ,  
3 

c1 = c o n s t a n t ,  which was s e l e c t e d  t o  be 1 / 2 .  

(1 I 2 8 )  

The  e values var ied ,  more o r  less, with a power of stress (see Fig.  1 . 2 5 ) ,  

w h i b c  t h e  B v a l u e s  seemed t o  v a r y  e x p o n e n t i a l l y  with stress ( see  Fig.  

1 2 6 ) .  We chose to let r be a f u n c t i o n  of e and 2 according t o  the, 

t 

S 

t 8 
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ORNL-DWG 70-22486 
STRESS ( k s i )  

4a 20 30 40 60 80 400 io2 

308 CRE 
593 g: 

100 200 300 400 600 
STRESS (MPa) 

Fig .  1.25. T rans i en t  s t r a i n  asymptote vs s t r e s s  f o r  type  308 CRE 
weld metal a t  593°C (1100°F). 

rel a t  i on  

B 
e r = b e  t 9 ’  (1.29) 

where b and f3 are parameters  determined from t h e  d a t a  p l o t t e d  i n  Fig.  1.27. 

The c reep  law de f ined  by Eqs. ( 1 . 2 8 )  and (1.29) w i l l  be used f o r  f u r t h e r  

s tudies  of weldment behavior  under varying stresses ~ 
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Fig.  1.26. Secondary creep r a t e  v s  s t ress  f o r  type 308 CRE weld 
metal a t  5 9 3 " ~  ( l l O O ° F ) .  
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L-DWG 7~-22483 

i O0 

10-5  IO-^ 1 o - ~  10-2 io+ 
SECONDARY CREEP RATE %/h 

Fig. 1 . 2 7 .  C o r r e l a t i o n  between E i ; r  and secondary creep ra te  f o r  
type 308 CKE weld metal a t  593'C (1100*F). 

1.4 M u l t i a x i a l  Exploratory Tes t ing  

J. R. E l l i s  

1.4.1 Mul t i ax ia l  creep tes ts  ~.-..-.__. 

Test  C400'3, i n v e s t i g a t i n g  c reep  arid rccovery phenomena i n  type  304 

stainless steel  a t  593°C ( I  100°F) under purely t o r s i o n a l  loading,  was 

continued f o r  f o u r  weeks i n t o  the c u r r e n t  r e p o r t  pe r iod .  

s t a r t - u p  o f  t h i s  tes t  were given i n  our  l a s t  p rogres s  r epor t , 23  along 

D e t a i l s  of rhe 

with the d a t a  generated during t h e  f irst  seven weeks of  t h e  experiment. 
The d a t a  generated du r ing  t h i s  r e p o r t  p e r i o d  are desc r ibed  below. 

T e s t  cond i t ions  i n v e s t i g a t e d  du r ing  the four  a d d i t i a n a l  weeks, des ig -  
na t ed  loading stages (8) through ( l l ) ,  a r e  summarized i n  Table 1 .2 .  The 

main d i f f e r e n c e  between t h e s e  cond i t ions  and those  used i n  e a r l i e r  s t a g e s  
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Table 1 . 2 .  Summary o f  t h e  loading  h i s t o r y  dur ing  t h e  f i n a l  s t a g e s  
o f  t e s t  C1009, type 304 s t a i n l e s s  s t e e l  

Time o f  p a r t i c u l a r  Tors iona l  
st r e s  s 

[MPa ( k s i ) ]  
Loading loading s t a g e  (hr )  Objec t ive  o f  

- - -  loading s t a g e  s t age  - 
S t a r t  F in i sh  

8 1159.3 1327,'7 55.11 (7.99) E s t a b l i s h  b a s e l i n e  creep 
d a t a  a t  an i~ncreased  
torsi~onal st ress  l e v e l  

9 1327.7 1494.1 5.01 (0.73) I n v e s t i g a t e  t o r s i o n a l  
s t r a i n  recovery at a 
low s t r e s s  l e v e l  

10 11194.1 1659 a 5 55.11 (7.99) Repea tab i l i t y  check 

11 1695.5 182.3 I 67  5.01 (0.73) R e p e a t a b i l i t y  check 
.._. -. , ...-.. ~ ..... .I.______ ___ - ............ 

i s  t h e  h ighe r  s t r e s s  l e v e l  - 55.11 MPa (7.99 k s i )  as opposed t o  45.76 MPa 

(6.64 k s i ) .  Creep curves  determined dur ing  loading s t a g e s  (8) and (10)  

a r e  shown i n  F igs .  1.28 and 1 .29 .  Comparison o f  t h e s e  curves  with ea r l i e r  

d a t a 2 3  show, as expected, t h a t  k c m a s i n g  t h e  tors ior la1 stress by 9 .4  MPa 

(1.35 k s i )  t o  55.11 MPa (7.99 k s i )  caused s ign i f i . can t  i n c r e a s e s  i n  t h e  

creep s t ra ins  occur r ing  dur ing  t h e  one-week h o l d  pe r iods .  

f o r  loading s t a g e s  (8) and (10) are conipared wi th  each o t h e r  i n  Fig. 1 .70.  

A s  was t h e  case  f o r  e a r l i e r  loading,  t h e  ends of t h e  two curves are re la -  

tive1.y well matched i.n terms o f  both t o t a l  s t r a i n  arid s t r a i n  ra te .  F i g -  

u r e s  1.31 and 1.32 show t h a t  s l i g h t ,  bu t  measurable,  s t r a i n  recovery 

occurred dur ing  t h e  one-week pe r iods  a t  l o v ~  s t r e s s e s .  Present d a t a  on 
s h e a r - s t r a i n  recovery  are cornpared i n  F i g .  1 .33 wi th  d a t a  determined 

e a r l i e r  i n  t h i s  t e s t  and a l s o  with u n i a x i a l  recovery d a t a  r epor t ed  f o r  

t h i s  material i n  Ref- 24. Keeping i n  mind the  small s t ra ins  involved,  
t h e  p re sen t  d a t a  a r e  i n  reasonably good agreement wi th  t h e  u n i a x i a l  da t a .  

The c reep  curves  

A s  i n  t h e  e a r l i e r  s t a g e s  o f  the experiment,  t h e  c a l i b r a t i o n  of  the 

t ransducer/shim assembly used f o r  s t ra i .n  measurement was checked at t h e  
begirini-ng and end o f  each recovery  p3riod;  t h e  r e s u l t s  are  shown i n  Table  
1 .3 .  Procedures used i n  t h i s  work were i d e n t i c a l  t o  t hose  descri-bed p re -  
v i o u s l y  i n  Ref-. 23.  'Table 1 . 3  i n d i c a t e s  t h a t  t h e  val.ues obta ined  show no 
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ORNL-DWG 78-22081 

INTERRUPTION OF POWER 
SUPPLY TO STRAIN TRANSDUCER-.- 3 

f, - 

! '.- 
304 STAINLESS STEkL 
(HEAT ST 2796) 
593OC ( 1 100' F ) 
SPECIMEN C4009 
TORSIONAL STRESS = 55 11  MPa (7.99 ksi) 
EQUIVALENT STRESS = 95.45 MPa (13.84 ksi) 1 

UNLOADING TO TORSIONAL 
STRESS = 5.01 MPa (0 73 ksilsr 

-- L--- \-READ IJPPER TIME SCALE 

'2 ,TRNN ACHIEVED ON LOADING 
TO TORSIONAL STRESS = 55.11 MPa (7.99 ksi) 

1159.3 1159.5 1159.7 1159.9 1160.1 1160.3 1160.5 1160.7 1160.9 
I II I I I I  II II I 1 I1 II II 1 I I 1 .-._I.-.L 

1150 1170 1190 1210 1230 1250 1270 1290 1310 1330 
TlME (hr) 

Fig .  1.28. To ta l  t e n s o r i a l  shea r  s t r a i n  v s  t ime fo r  t o r s i o n a l  creep 
t e s t  C 4009; s t a g e  (8) loading.  

wel l -def ined t r e n d  and t h a t  t h e y  f a l l  w i th in  2% of t h e  average value,  
Q,496%/V, assumed t o  hold  f o r  t h e  e n t i r e  test .  'This small d e v i a t i o n  was 
taken t o  mean t h a t  t h e  trarisducer/sliim assembly was func t ion ing  p r o p e r l y  

du r ing  t h e  l a t t e r  s t a g e s  o f  the experiment.  

Th i s  t empora r i ly  concludes t h e  b i a x i a l  creep/recovery experiments f o r  
t s e  304 s t a i n l e s s  steel. 'The p l a n  i s  t o  s h i f t  t h e  emphasis of ou r  next  

b i a x i a l  creep, t e s t i n g  t o  2 1 / 4  Cr-1 Mo s teel ;  t h e  next  t e s t s  w i l l  be under 

pure t o r s i o n a l  l oad ings  at 538°C (1000°F). The s t u d i e s  on 2 1 / 4  Cr-1 Mo 

s teel  are t o  c o n t r i b u t e  t o  f u r t h e r  v a l i d a t i o n  of t h e  equa t ions  now i n  

RDT FS-5T and t o  support  development of u n i f i e d  c o n s t i t u t i v e  equa t ions  
wi th  an emphasis on m u l t i a x i a l  a s p e c t s .  
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304 STAINLESS STEEL 

593% (1100'F) 
SPECIMEN C4009 
TORSIONAL STRESS = 55. I 1  MPa (7.99 ksi9 
EOUIVALENT STRESS = 95.45 MPa (13.84 ksi) 

(HEAT 9~ 2796) 

STAGE (8) LOADING 

I I I 1 I I I 
TIME SCALE FOR ' STAGE (8) LOADING 1150 1175 1200 1225 1250 1275 1300 1325 

0.725 I I I I I I I I 1 --I I I I I I 

1300 1350 1400 1450 1500 1550 1 600 1650 
TIME SCALE FOR 
STAGE (IO) LOADING 

TIME (hr3 

Fig. 1 e 30 .  Comparison of creep carves determined du r ing  loading 
stages [Sj  and (10);  t o r s i o n a l  stress = 55.11 MPa (7.99 k s i ) .  

1 . 4 . 2  M u l t i a x i a l  p l a s t i c i t y  experiments a t  room 
I 

and e 1 e G t  e d t emn Gat u re  s 

Two e x p l o r a t o r y  tes ts  were conducted i n  t he  m u l t i a x i a l  s t r e s s - s t a t e  

l a b o r a t o r y  t o  i n v e s t i g a t e  t h e  b i a x i a l  y i e l d  behavior o f  t y p e s  304 and 

316 s t a i n l e s s  s tee l  a t  temperatures  i n  t h e  range 2 1  t o  5 9 3 ' ~  (76) t o  a l o o " ~ ) ,  
i n c l u d i n g  some i n t e r a c t i o n  between creep and p l a s t i c i t y .  

t h e s e  experiments was conducted on type  304 s t a i n l e s s  s t e e l  and the  second 
The first o f  
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I I I I I ! j 

I z 
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5 CL: 0.795 1 
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8 
2 0.790 1 
Lff 
I- 1 0.785 
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0.775 I 

STRAIN AT START OF 
/RECOVERY PERIOD 

STRAIN AT END QF 
RECOVERY PERIOD 

i 
~. 4 1 - 

I 

304 STAINLES STEEL 
(HEAT 9T 2796) 
593OC ( 1 1 OO* F) 
SPECIMEN C4009 
TORSIONAL STRESS = 5.01 MPa (0.73 ksi) 
EQUIVALENT STRESS = 8.68 MPa (1.26 ksi) 

I 
-i 

I 
I 

I i I I I I I I I I I I I I 
I 

I 710 1730 1750 1770 1 790 1810 1830 1650 1670 1690 
TIME (hr) 

v, 
w 

Fig. 1 .32 .  Total t e n s o r i a l  shear s t r a i n  v's time for torsional creep 
t e s t  C 4r lOY;  s t a g e  (11) l o a d i n g .  
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RECOVERY DATA OBTAINED A T  593OC 
SUBSEQlJFNT TO CREEP A T  TI-IC CQUIVALENI  
STRESS INDICATED BELOW 

0 79 23 MPa ( 1 1  49 ksil 

U 95 45 MPa 413 84 ksi) 

I 
10' 102  1 o3 

MAXIMUFA SlHESS (MPa l  

Fig. 1.33. Comparison o f  t e n s u r i a l  shear s t r a i n s  recovered under low 
t o r s i o n a l  stresses i n  t e s t  C 4009 w i t h  e a r l i e r  da t a  determined under uni -  
a x i a l  loading  (Ref. 2 4 ) .  S o l i d  l ines r ep resen t  un iax ia l  resu l t s ,  and 
p o i n t s  r e p r e s e n t  t o r s i o n a l  t e s t  results. 
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on type 316 s t a i n l e s s  s t e e l .  P r i o r  t o  t h e s e  experiments,  s t r a i n  measure- 

ment methods had t o  be developed with s u f f i c i e n t  r e s o l u t i o n  t o  a l low 

d e f i n i t i o n  o f  small o f f s e t  y i e l d  sur faces  a t  e leva ted  temperatures .  

D e t a i l s  a r e  given i n  t h e  fol lowing paragraphs of  the  ins t rumenta t ion  

techniques developed and a l s o  o f  t h e  d a t a  generated f o r  t h e  two ma te r i a l s .  

1 . 4 . 2 . 1  Specimen ins t rumenta t ion .  The s t r a i n  gages s e l e c t e d  f o r  
._I.. --.- 

t hese  experiment s we r e  we 1 dab 1 e -res i. s t  an c e type  manufactured by A i  1 t ech  . 
Since the experiments were t o  be conducted under isothermal  condi t ions ,  

i t  was n0.t judged necessary t o  a t tempt  p r e c i s e  temperature compensation 

us ing  the  dummy elements o f  t h e s e  gages. Rather,  we planned t o  use t h e  

a c t i v e  elements o f  s u i t a b l y  o r i en ted  gages t o  form rec tangular  s t r a i n  

gage r o s e t t e s .  

Two of  t h e  four  Ai l tech  gager; that  were iiiounted on 45" he1i.x angles  

a r e  shown i n  F i g .  1.34. 'These four  gages were connected i n  a f u l l  b r idge  

c i r c u i t  and used f o r  t o r s i o n a l  s t r a i n  measurement. 'The se tup  f o r  a x i a l -  

s t r a i n  measurement cons i s t ed  o f  two gages pos i t ioned  along t h e  specimen 

a x i s  and two dummy gages pos i t ioned  a t  90" t o  t h e  specimen a x i s .  These 

four  gages were connected i n  a ha l f -b r idge  c i r c u i t ,  with t h e  dyiiiiny gages 

being used t o  give some degree o f  temperature compensation. P r i o r  t o  

attachment,  gages were s e l e c t e d  from a ba tch  of  25 ( a l l  with nominally 

t h e  same gage f a c t o r )  so t h a t  t he  br idge  c i r c u i t s  could be formed using 

r e l a t i v e l y  well-matched gages. This  s e l e c t i o n  was made on t h e  b a s i s  o f  

gage r e s i s t a n c e  rneasureriients made a t  t h e  t e s t  temperature of most i n t e r e s t ,  

593°C (1100OF). 

Also shown i n  Fig. 1.34 i s  one o f  four  f o i l  s t r a i n  gage r o s e t t e s  which 

were bonded a t  d i ame t r i ca l ly  opposed l o c a t i o n s  on t h e  specimen!s mid- 

s ec t ion .  

o f  t h e  Ai l t ech  gages t o  be evaluated a t  room temperature and a t  i n t e r -  

mediate temperatures  before  proceeding t o  t h e  high temperalures.  

The primary func t ion  of  t h e s e  gages was t o  al low the performance 

A t o t a l  of  seven i n t r i n s i c  thermocouples were a l s o  a t t ached  t o  t h e  
S ix  o f  t hen  were pos i t ioned  as d i a m e t r i c a l l y  opposed p a i r s ,  specimens. 

one p a i r  being pos i t i oned  a t  t h e  specimen's midsection and t h e  o t h e r  two 
a t  locat ior is  e q u i d i s t a n t  above and below t h e  midsection. The seventh 
thermocouple was used for  temperature  con t ro l  and was pos i t ioned  on t h e  
specimen's midsection. 
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i n  c a l i b r a t i o n  experiments conducted wi th in  t h e  e l a s t i c  range of t h e  
ma te r i a l .  Procedures used i n  t h i s  work are descr ibed  i n  the  fol lowing.  

A s  a f irst  s t e p ,  t h e  f o i l  s t r a i n  gage c i r c u i t s  were set  up using 

s tandard  shunt c a l i b r a t i o n  procedures  so t h a t  10 V was equiva len t  t o  300 !.E 

on t h e i r  smallest range and 30,000 LIE on t h e i r  l a r g e s t  range. A s e r i e s  

o f  pre l iminary  experiments showed t h a t  similar r e s o l u t i o n s  could not  be 
achieved with t h e  Ai l t ech  gages used i n  conjunct ion with s tandard Endevco 
s i g n a l  condi t ion ing .  This  d i f f i c u l t y  was reso lved  by incorpora t ing  t h e  
a m p l i f i e r s  o f  a TR-10 analog computer i n t o  t h e  Ai l t ech  c i r c u i t s  t o  simply 

inc rease  t h e i r  ou tpu t s  u n t i l  t h e  requi red  r e s o l u t i o n  was obtained.  To 

o b t a i n  a p r e c i s e  c a l i b r a t i o n  of  t h e  Ai l t ech  gages, t h e  specimens were 
f irst  subjec ted  t o  a predetermined a x i a l  load wi th in  t h e  e l a s t i c  range 
of t h e  material and t h e  corresponding output  from t h e  f o i l  gages was 

determined. Adjustments were then  made t o  t h e  Endevco s i g n a l  condi t ioner  

a s soc ia t ed  wi th  a x i a l - s t r a i n  measurement u n t i l  t h e  output  from t h e  Ai l tech  

gage c i r c u i t  was t h e  same as t h a t  from t h e  f o i l  gage c i r c u i t .  The same 

approach was used i n  s e t t i n g  up t h e  Ai l t ech  gage c i r c u i t  f o r  t o r s i o n a l  
s t r a i n  measurement. In  t h i s  case, a predetermined t o r s i o n a l  load was used 
t o  o b t a i n  a r e fe rence  t o r s i o n a l  e l a s t i c  s t r a i n .  

F ina l ly ,  a series o f  experiments us ing  a x i a l  loads only,  t o r s i o n a l  

loads only,  and combined t ens ion - to r s ion  loads were conducted t o  i n v e s t i -  
gate t h e  performance o f  t h e  Ai l tech  s t r a i n  gage r o s e t t e s  under t h e s e  t h r e e  
types  o f  loading.  O f  p a r t i c u l a r  i n t e r e s t  was whether o r  not  t h e  t o r s i o n a l  

s t r a i n  measurements were a f f e c t e d  by a x i a l  loading and v i c e  versa .  A s  can 
be seen i n  Table 1.4, t he  Ai l t ech  r o s e t t e s  performed as well as t h e  f o i l  
r o s e t t e s  i n  t h e s e  experiments.  

1.4.2.3 Yield su r face  d a t a  f o r  type 304 s t a i n l e s s  steel .  The f irst  
y i e l d  su r face  determined from specimen 10-5 was t o  e s t a b l i s h  base l ine  d a t a  
us ing  proven experimental  techniques a t  room temperature.  Here, f o i l  

s t r a i n  gages provided t h e  s t r a i n  input  f o r  computer con t ro l ,  and t h e  
experimental  procedures  were i d e n t i c a l  t o  those  descr ibed  p rev ious ly  i n  
f<ef.  25. This  i n i t i a l  y i e l d  su r face  i s  shown i n  Fig. 1.35 and has  the 

same bas i c  f e a t u r e s  as those  determined ea r l i e r  f o r  t h i s  material.25 The 
n e a r - c i r c u l a r  form i n d i c a t e s  t ha t .  t h e  von Mises y i e l d  c r i t e r i o n  provides  



Table 1.4.  Comparison o f  d a t a  o b t a i n e d  from 4 i l t e c h  and f o i l  s t r a i n  gages subjec ted  
t o  un iax ia i  and b i a x i a l  ioading during t es t  10-5 

Axial loading  on ly  Tors iona l  l a d i n g  o n l y  C9mb i rI ed c e:: s i on - i or s i oii 1 oad i r i  g 

S t r a i n  from S t r a i n  from Strain froin S t r a i n  from S t r a i n  from S t r a i n  f r cn  
Axial a x i a i  gages t o r s i o n a l  gages Tors iona l  a x i a l  gages t o r s i o n a l  gages Axial  Tors iona l  axial g a p r s  t o r s i o n a l  g a g e s  
load ( \ .E)  (us1 loag  ( ; , E )  i u s )  l o a d  ( i l  5 ) ( ; l L )  

(V)"  [t')-, (y) b 
.Ailtech Foi l  A i l t e c h  Fo i l  A i l t z c h  F o i l  ,Ailtech F o i l  A i l t e c h  r o i l  .4ll-,cch F o i l  

~~~~~~ ~~~ 

0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 V 
ii. 25 i, 26 I -1 0 . 2 5  - 5  1 23 ' 3  9.25 0.25 2b 2s 2 5  2 3  

1 46 4: 0.50 0 , 5 0  52 53 4 5 43  ill 0.50 53 53  1 -1 0 .50  -2 
0.75 sc 79 - -2 0.75 -1 1 0 51 69 0.75 6.75 76 69 7. 0 67  19 
1.00 10s 104 2 -3 I .00 -1 1 92 92 I .  olr 1 .00  I02 106 93 89 
0.75 79 79 1 -2 0.75  -3 I G 9 b9 0.75 0 . 7 5  76  :9 7 0  68 
0.50 5 3  52 1 -2 0.50 -6 1 bh 30  0.50 0.50 51 53 4 7 -16 
0 .25  26 1 5 0 -1 0.25 0 1 23 23 0.25 c.25 2 6  ,7 7 " 3  23 

0 0 0 0 0 9 0 0 
3 3  -0.23 4 . 2 5  -2 4 -2 b -24 -2 3 

0 0 0 0 0 0 
4.25 -f > -2 6 c 1 4 . 2 5  c 
0 

-0.50 -53 -5 3 -1 2 4 . 5 3  -1 -46 -36 i'.so 4.j0 -5 0 -53 4$? 4 5  
4 . 7 5  4 0  -73 -2 2 4.75 4 -1 4 9  4 9  4 3 . 7 5  4 . 7 5  -7 it -75 -7G -38 
-1.00 -104 -105 -2 3 -1. 00 5 -1 -9 .? -92 -1.00 -1.00 -130 -105 4 4  4 1  i: 
-0.75 -7 9 -79 -1 2 -4.75 4 -1 -7 L1 4 9  4.75 3.75 -7 7 -60 -71 -68 
-0 .50 -54 -53 -1 1 4.50 3 -1 --i 7 4 7  -0.50 -0.50 -5 0 -s3 3 s  3 7  

-24 4 . 2 5  -28 -2 7 0 0 4 . 2 5  2 0 -2 3 -24 4 . 2 5  4 . 2 5  4 5 i .  

0 0 0 0 0 0 0 0 0 0 0  Li U il 0 0 

??  

~, .. 0 
-'. 5 _ I  

r -  

2 

11 -L f -?-I 

"'1.0 v = 11.99 MPa ( 1 . 7 4  k s i ) .  

b l . O  i' = 14.31 MPa (2 .03  k s i ' : .  
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SPECIMEN 10-5 
PROBING RATE -300 pt/min 

OAN LLDWG 78-22649 

RUN 

3 1  
1 2  
r . 3  

F i g .  1.35. I n i t i a l  y i e l d  sur face  determined f o r  type 304 s t a i r i l e s s  
s t e e l  a t  room temperature  us ing  f o i l  strain gages. 

a rcasonable  approximation of  t h e  measurements. 

t h e  measured sur face  i s  about 63.4 MPa ( 9 . 2  k s i ) ,  and t h i s  i s  i n  reason- 

ab le  agreement w i t h  t he  earlierz5 values  which a v e n g e d  about 59.3 MPa 

(8.6 k s i ) .  

'lhe average r ad ius  of 
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In  t h e  second s t e p  o f  t hese  experiments, an i n i t i a l  y i e l d  su r face  was 
determined us ing  Ai l t ech  s t r a i n  gages f o r  computer con t ro l .  

surface i s  shown i n  €:ig. 1.36 and i s  compared t o  t h e  one generated using 

f o i l  s t r a i n  gages ir ,  F i g ,  1.37. Probes i n  t h i s  second experiment f e l l  

s h o r t  o f  thosc  i n  t h e  experiment us ing  f o i l  gages, most no t i ceab ly  i n  

loading  d i r e c t i o n s  involv ing  negat ive  ax ia l  loading and negat ive  t o r s i o n a l  

That y i e l d  

ORNL-DWG 78-22650 

RUN - 
0 1  
0 2  
A 3  
v 4  
c . 5  

ROOM TEMPERATURE 
SPECIMEN 10-5 
PROBING RATE -300 pdrnin 

Fig. 1.35. I n i t i a l  y i e l d  s u r f a c e  determined f o r  type 304 s t a i n l e s s  
s teel  a t  room temperature  us ing  Ai l t ech  s t r a i n  gages. 
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PROBING RATE -300 pitlnli i l  

Fig.  1 .37 .  Comparison o f  i n i t i a l  y i e l d  s u r f a c e s  determined f o r  
type 304 s t a i n l e s s  s tee l  a t  room tempera ture  u s i n g  f o i l  and A i l t e c h  
s t r a i n  gages.  

l o a d i n g .  I n t e r e s t i n g l y ,  t h e  averoge r a d i u s  f o r  the y i e l d  s u r f a c e  g e n e r a t e d  

u s i n g  A i l t e c h  gages [60 .7  MPa (8 .8  k s i ) ]  i s  i n  c l o s e  agreement w i t h  t h e  
data i n  Ref. 25. The r e l a t i v e l y  good agreement noted  above was taken  t o  

m a n  t h a t  u s i n g  A i l t c c h  gages f o r  y i e l d  d e t e r m i n a t i o n s  i s  p o s s i b l e ,  a t  

least  a t  room temperatiare.  However, because  questions s t i  11 remained re- 

g a r d i n g  t h e i r  performance a t  e l e v a t e d  t e m p e r a t u r e s ,  we dec ided  t o  conduct 
a similar e v a l u a t i o n  a t  a n  i n t e r m e d i a t e  tempera ture  [ 2 3 2 O C  (450Or) ] b e f o r e  

proceeding  t o  t h e  t e s t  teniperature  of most i n t e r e s t ,  593'C (1100'F) .  



6 3  

S p I: c i men he a t  i n  g was ac h i ev ed 1.1 s irig a s i n  g 1 e - z one , qua -ct  z - c 1 mien t 
r a d i a n t  furnace .  The s i x  thermocouples descr ibed  e a r l i e r  wcrc used t u  

ob ta in  an optimum temperature  p r o f i l e  i n  t h e  specimenq s gage length .  
involved experimentat ion wi th  d i f f e r e n t  amounts of thermal i n s u l a t i o n  on 
t h e  gage length  and a l s o  adjustment of t h e  pos i t i on  of t h e  furnace rela- 

t i v e  t o  t h e  specimen. 
t e s t  temperature ,  232°C (450°F),  t h e  b e s t  temperature p r o f i l e  t h a t  could 
be obta ined  involved a drop cf about 5 ° C  (9'F) a t  s t a t i o n s  25.4 mm (1 i n . )  

above and below t h e  midsect ion.  

T h i s  

With t h e  specimen's midsect ion a t  t h e  nominal 

The genera l  approach adopted a t  232°C (450°F) was i d e n t i c a l  t o  t h a t  
After r e c a l i b r a t i o n  o f  t h e  used i n  t h e  room temperature experiments.  

A i l t ech  s t r a i n  gages, an i n i t i a l  y i e l d  su r face  was determined i n  a series 
of  repea ted  experiments using t h e  f o i l  s t r a i n  gages. A second series of 
y i e l d  su r face  de te rmina t ions  was then made us ing  t h e  Ai l tech  s t r a i n  gages. 
The r e s u l t s  of t h e s e  experiments are shown i n  Figs.  1.38 and 1.39, and 
t h e  two y i e l d  l o c i  a r e  compared i n  Fig. 1 . 4 0 .  Again, t h e  von Mises y i e l d  
c r i t e r i o n  provides  a reasonable  approximation of i n i t i a l  y i e l d  behavior,  
and, aga in ,  t h e  Ai l t ech  y i e l d  su r face  f a l l s  w i th in  t h a t  determined us ing  
f o i l  gages.  
MPa (5.4 k s i )  and 35.2 MPa (5.1 ksi) . Both t h e s e  va lues  are  s i g n i f i c a n t l y  
less than  t h e  value obta ined  by i n t e r p o l a t i n g  t h e  e a r l i e r  d a t a  of  Kef. 26, 

where the radius of t h e  i n i t i a l  y i e l d  s u r f a c e  was determined t o  be about 
44 .1  M Y a  (6 .4  k s i )  a t  t h e  temperature  under cons idera t ion .  The conclusion 

reached as a r e s u l t  of t h i s  second series of eva lua t ion  experiments 

w a s  t h a t  t h e  Ai l t ech  s t r a i n  gage se tup  appeared s u i t a b l e  For y i e l d  su r face  
s t u d i e s  a t  e leva ted  temperatures .  

The average r a d i i  f o r  t h e  two y i e l d  surfaces were about 3 7 . 2  

P r i o r  t o  cont inuing  t h e  experiment a t  h igher  temperatures ,  t he  f o i l  
gages a i d  t h e i r  a s soc ia t ed  lead  wires  were removed from t h e  specimen. 
011 resuming t h e  tes t  and hea t ing  t o  593°C (llOO"Fj, it was found t h a t  two 

o f  t h e  four  Ai l t ech  gages mounted on 45' h e l i x  ang le s  had f a i l e d  dur ing  

heatup. 
this tcst a n d  t o  instruinent a second type  304 s t a i n l e s s  steel  specimen 
f o r  a r epea t  experiment t h a t  w i l l  emphasize d a t a  genera t ion  a t  593°C 

Rather t han  Teplacing t h e  d e f e c t i v e  gages, we decided t o  te rmina te  

(1100°F) * 
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232% (450°F) 
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PROBING RATE -300 pe/rnin 

Fig .  1.38. i n i t i a l  y i e l d  su r face  determined f o r  type 304 s t a i n l e s s  
s t e e l  a t  2 3 2 O C  (4SO'F) us ing  f o i l  s t r a i n  gages. 

1 . 4 . 2 . 4  Yield surface da ta  f o r  type 316 s ta inless  s tee l .  The f i r s t  ._-_I_.- ____ __-- -... 

experiments conducted on type  316 s t a i n l e s s  s t e e l  were t o  provide base-  

l i n e  da t a  f o r  t h i s  ma te r i a l  a t  room temperature and a l s o  t o  check the  

opera t ion  of t h e  i n s t a l l e d  Ai l t ech  s t ra i .n  gages. I n i t i a l  y i e l d  su r faces  

were determined us ing  f o i l  s t r a i n  gages ( s e e  F i g .  1.41) and Ai l tech  gages 

(see F i g .  1 .42) .  Figure 1.43 shows t h a t  t h e  two y i e l d  su r faces  are 
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-60 -1 304 STAINLESS STEEL 
(HEAT 9T  2796) 
232OC (45OOF) 
SPECIMEN 10-5 
PROBING RATE -300 pt/rnin 

Fig.  1.39. I n i t i a l  y i e l d  su r face  determined f o r  type  304 s t a i n l e s s  
s t e e l  a t  232'C (450'F) us ing  Ai l t ech  s t r a i n  gages. 

approximately c i r c u l a r  and have an  average r a d i u s  of about 89.6 MPa (13.0 

k s i ) .  This  va lue  compared c l o s e l y  wi th  t h e  average r a d i i  CS6.2 MPa 

(12.5 ksi) ] determined i n  ear l ie r  experiments.  2 7  

ment between t h e  two y i e l d  su r faces  was taken  t o  mean t h a t  t h e  Ai l t ech  
gages were func t ioning  proper ly .  

The good o v e r a l l  agree-  



- 60 + 

Y I E L D  SURFACE 
DETERMINED 
USING A I L l t C H  
S F R A I N  GAGES 

YIELD SURFACE 
DETERMINED 
USING FOIL  
STRAIN GAGES-- 

304 STAINLLSS STEEL " 

SPECIMEN 10 5 
PROBING RA r E  . 300 #( i i i i r i  

60 

Fig.  1.40. Comparison o f  i n i t i a l  y i e l d  s u r f a c e s  determined for  type 
304 s t a i n l e s s  s t ee l  a t  232°C (450°F)  u s i n g  f o i l  and Ail tech s t r a i n  gages.  

The specimen was next  h e a t e d  t o  232'1: (450"F) ,  and t h e  Ailtech gages 
were c a l i b r a t e d  by l o a d i n g  t h e  specimen t o  a predetermined v a l u e  i n  t h e  

e l a s t i c  range and f o r c i n g  t h e  A i l t e c h  gages t o  read  t h e  Same a s  the f o i l  

gages.  

s t r a i n  gages are shown i n  F i g s .  1.44 and 1 .45 ,  r e s p e c t i v e l y ,  and both 

yie1.d l o c i  are shown f o r  coinparison i n  Fig. 1.45. The r a d i i  of  t h e s e  

y i e l d  s u r f a c e s  aP"e 70% of  t h e  r a d i u s  a t  room tempera ture .  

The y i e l d  s u r f a c e s  subsequent ly  determined u s i n g  f o i l  and Pl i l tech 

One f ea tu re  of 
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6 STAINLESS STEEL 

--- 1 00 SPECIMEN 61 14 
PROBING RATE -300pdmin 

F i g .  1 . 4 1 .  I n i t i a l  y i e ld  sur face  determined f o r  type 316 s ta inless  
s teel  a t  room temperature us ing  f o i l  strain gages. 
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RUN 
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16 STAINLESS STEEL 
( W EAT 8082297) 
RSOM TEMPERATURE 
SPECIMEN 5114 

- PROBING RATE -300,udrnin 

F i g .  1 . 4 2 .  l n i t i a l  y i e l d  surface determilled f o r  t y p e  316 s t a i n l e s s  
s tee l  a t  room tempera ture  u s i n g  Ail tech s t r a i n  gages.  

t he  d a t a  shown i n  F i g .  1 .45  i s  ellat probes i n v o l v i n g  s m a l l  n e g a t i v e  t o r -  

s i o n a l  l o a d i n g s  f a l l  c o n s i s t e n t l y  s h o r t  of  t h e  average c u r v e .  Later, t h i s  

was found t o  b? caused by n o i s e  genera ted  by one of  t h e  A i l t e c h  gages 

be ing  imsed f o r  t o r s i o n a l  s t r a i n  measurement ~ Another d i f f i c u l t y  i d e n t i -  

f i e d  i n  Fig.  1.45 was t h a t  a system c o n t r o l  problem caused t h e  specimen 
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- I D O L  PROBING RATE -300 pe!min 

Fig. 1.43. 
less a t  room t empra tme  using foil and Ailtech strain gages. 

Comparison of  i n i t i n ?  y i e l d  surfaces determined f o r  typc  316 s t a i n -  
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-80 

SPECIMEN 6114 
PROBING RATE -300 pe /m in  

F i g .  1 . 4 4 .  I n i t i a l  y i e l d  surface determined f o r  type 316 s ta in less  
s t e e l  a t  232°C (450°F) u s i n g  f o i l  sLra in  gages.  

t o  be overloaded during t h e  experiments w i n g  Ai l tech  gages. 

ing  the  specimen, t he  r e s i d u a l  s t r a i n  i n  the  a x i a l  sense was found t o  

be 0.14% while t h a t  i n  t h e  t o r s i o n a l  sense was 0.017%. 'To e l imina te  

t h e s e  r e s i d u a l  s t r a i n s ,  the specimen was w b j e c t e d  t o  a sequence of  load- 

ing t o  r e t u r n  it t o  a s t a t e  of zero s t r e s s  and zero s t r a i n .  TWO f u r t h e r  

y i e l d  su r faces  were then determined us ing  f o i l  s t ra in  gages t o  e s t a b l i s h  

t h o  eEfect of t h e  overload.  The da t a  generated a r e  compared i n  Fig.  1 . 4 7  

On unload- 
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RUN 
0 1  
0 2  

316 STAINLESS STEEL 
(HEAT 8092297) 
232OC (45OOF) 
SPECIMEN 61 14 
PROBING HATE -300 Filmin 

NOTE: A SYSTEM CONTROL PRQBLE 
PREVENTED COMPLETION OF 
ALL 16 PROBES IN THE SECOND 
RUN 

F i g .  1.45. I n i t i a l  yie1.d su r face  determined f o r  type 316 s t a i n l e s s  
steel  a t  232°C (4SOOF) us ing  Ailtech s t r a i n  gages.  

with the average y i e l d  su r facc  dctennined us ing  f o i l  gages p r i o r  t o  t h e  

over load .  

s t r a i n  values ,  t h e  d a t a  f e l l  short  of  the average curve most markedly i n  
probe d i r e c t i o n s  n e a r e s t  t h e  a b s c i s s a .  That t h e  d a t a  were approximately 

symmetrical about the o r i g i n  of loading i n d i c a t e d  t h a t  t h e  at tempt  t o  

r e t u r n  t h e  specimen t o  a s t a t e  of  zero s t r a i n  had been success fu l .  

As a n t i c i p a t e d  from t h e  r e l a t i v c  magnitudes of  the r e s i d u a l  
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NQTE- THE DATA POIN7-S SHOWN WERE 
DE-TERMINED USING FOIL STRAlM 
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232OC !450°F) 
SPECIMEN 6114 
PROBING HATE -300 pr/min 

FOIL SI-RAIN GAGES-- 

F i g .  1.49. E f fec t  of  acc iden ta l  overload on t h e  i n i t i a l  y i c l d  bc- 
havior  o f  type 316 s t a i n l e s s  s t e e l  a t  232°C ( 4 5 0 ° F ) .  

Before cont inuing the  experiment a t  h i g h e r  temperatures ,  t h e  f o i l  

The specimen was then s t r a i n  gages and t h e i r  l ead  wires wcrc removed. 

heated t o  454°C (SSO'F). 

t h e  Ai l t ech  s t r a i n  gages had t o  be r e c a l i b r a t e d  a t  t h i s  temperature .  

F i r s t ,  t h e  specimen was loaded t o  predetermined l e v e l s  wi th in  t h e  e l a s t i c  

range of  the  inaterial. 
modulus were used t o  c a l c u l a t e  t h c  corresponding s t r a i n  values and, assum- 

ing  3000 LIE was equiva len t  t o  10 V,  c a l c u l a t i n g  corresponding vo l t ages  

P r i o r  t o  determining any f u r t h e r  y i c l d  su r faces ,  

Handbook va lues  of  t h c  c las t ic  modulus and shear 
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was poss ib l e .  The f i n a l  s t e p  was t o  a d j u s t  t he  gain of t h e  Fndevco s i g m i  

condi t ioning u n t i l  the requi red  vol tages  were obtained.  

Resul ts  o f  t h e  y i e l d  surface determinat ion subsequently umlertaken 

a t  454°C (850°F) a r e  shown i n  F i g .  1.48. The average r ad ius  i s  about 5 7 . 1  

MPa (8 .3 k s i ) ,  a f a c t o r  o f  0 .6  of the  room temperature va lue .  The t i e l id  

noted earlier f o r  da t a  from probes wi th  small negzt ive components o f  

ORNL-DWG 78 - 2 2 6 6 2  

f 
U 

RUJ 
0 1  
0 2  

I I 

316 STAINLESS STEEL 

Fig. 1 .48.  I n i t i a l  y i e l d  sur€ace  determined f o r  t y p e  316 s t a i n l e s s  
s t e e l  a t  454°C (850°F). 



t o r s i o n a l  loading t o  f a l l  s h o r t  of average behavior  can ~ 1 s o  be observed 

i n  F i g ,  1.48. Another c h a r a c t e r i s t i c  of  t h e  da ta  is t h e  s i g n i f i c a n t  

increase i n  s c a t t e r  betweel-1 values  obtained i n  runs 1 and 2 .  l%is prob- 

lem was inves t iga t ed  a t  some length  i n  t h e  next s t age  of t h e  expcriment, 

a s  descr ibed  below. 

On inc reas ing  t h e  t e s t  temperature  t o  59 .3"~  ( m o O r q ,  thc noise  

l e v e l s  011 t h e  t o r s i o n a l  s t ra in  s i g n a l s  increased  t o  t he  po in t  t h a t  accu ra t e  

c a l i b r a t i o n  w a s  impossi b lc .  Ihe output  of  each to r s iona l  gage was moni- 

t v red  independently,  and we e s t a b l i s h e d  t h a t  a s i n g l e  gage was l s r g c l y  

1-esponsible  f o r  t h e  no i se  problem. T h i s  gage and i t s  oppos i te  number. were 

el jininated from t h e  s t ra in  gage se tup  hy retlucing t h e  f u l l - b r i d g e  c i r c u i t  

t o  a ha l f -b r idgc  c i r c u i t ,  Although so lv ing  t h c  irnrncdiate problem, t h i s  

modi f ica t ion  reduces the  accuracy of t h c  to r s iona  I s t r a i n  measurments  by 

e1 iminat ing compensation f o r  bending. Another check pcrformed a t  t h i  5 

timc concemcd d r i f t  i n  tlie s t r a i n  measurements. With t h e  speciiiien i n  an 
unloaded condi t ion ,  both a x i a l  and t o r s i o n a l  s t r a i n s  were monitored ovcr 

a 66-hi- per iod .  During t h e  l a s t  10 h r  o f  t h i s  per iod ,  t h e  d r i f t  r a t e  i n  

both a x i a l  and t o r s i o n a l  measurements was determined t o  be ahout 1 u t / h r .  

Drift rates of t h i s  o r d e ~  were no t  viewed as a problem because it  was known 

that complete y i e l d  su r faces  ~ o u l d  be def ined  i n  less  t h m  30 min. 

Procedures used i n  c a l i b r a t i n g  t h e  Ai l tech  s t r a i n  gages a t  593°C 

j l l O 0 " F )  involveJ  loading wi th in  t h e  e l a s t i c  range arid us ing  handbook 

va lues  of Young's modulus and shear  modulus, as descr ibed previous ly .  

i n i t i a l  y i e l d  s i i r face subsequently determined a t  t h i s  terripcraturc i s  
shown i n  F i g .  1.49. I t s  a v e n g c  r ad ius  was determined t o  be 48.5 blPa 

(7.0 k s i ) ,  about h a l f  t h e  s i z e  of  t h e  y i e l d  su r face  determined at x-oom 

temperature .  

d a t a  s u f f e r  considerable s c a t t e r .  

The 

tven with t h e  e l imina t ion  o f  t h e  noisy  t o r s i o n a l  gage, t h e  

The f i n a l  s t a g e  of t h e  experiment was aimcd a t  determining t h c  e f f e c t  

of c reep  deformation on subsequent y i e l d  behavior.  

ance of  A i l t ech  gages had previous ly  been shown t o  be ques t ionable  a t  

s t r a i n s  g rea to r  than  l%, r e l a t i v e l y  low-stress v a l u e s  would be used t o  

keep s t r a i n s  bclow t h i s  l e v e l .  The specirrien was p r e s t r e s s e d  along the  

r a d i a l  loading path (fi 'JI? = 0 1 1 )  t o  t h e  po in t  012 = 011//2 = 41,4 blPn 

Because t h e  perform- 
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RUN 
0 1  
u 2  

C SPECIMEN 61 14 
PROBING RATE -300 peimin 

F i g .  1.49. I n i t i a l  y i e l d  su r face  determined f o r  type 316 s t a i n l e s s  
s t e e l  a t  593°C ( 1 1 0 0 ~ ~ ) .  

(6.0 k s i )  i n  tens ion- tops ion  stress space and he ld  a t  t h i s  po in t  f o r  84 

rnin. The specimen was then unloaded t o  t h e  est imated c e n t e r  of t h e  new 

y i e l d  su r face ,  0 1 2  = c r l 1 / 6  = 13.8 MPa ( 2 , O  k s i ) ,  and a y i e l d  su r face  

deteymination made. ‘The r e s u l t s  a r e  shown i n  F i g .  1.50. 

During t h e  hold per iod ,  l i t t l e  usefu l  mu l t i ax ia l  creep d a t a  were 
obtained because tlie computes software necessary f o r  r ap id  da t a  acquis i  - 
t i o n  was not  a v a i l a b l e  a t  t h e  time o f  t h e  experiinent. 

s t r a in  r a t e s  during the  i n i t i a l  stages o f  creep were n o t  quan t i f i ed  w i t h  

m y  degree of  c e r t a i n t y .  A t  t he  end o f  t h c  8.I-min hold per iod ,  t h e  

l h u s ,  t he  high 
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ORN L-OWG 78.- 22664 

RUN 
0 1 
13 2 

16 STAINLESS STEEL 
(HEAT 8092297) 
593% ( 1  1 COOF) 
SPECIMEN 6114 
PROBING RATE -300 pdrnin 

I -60- 

F i g .  1.50. Subsequent y i e l d  su r face  determined f o r  type  326 s t a i n -  
less s t e e l  a t  593°C (1100'F) a f t e r  pre loading  t o  u l 2  = o ~ ~ / t ' ~  = 41.4 MPa 
(6.0 ksi) and holding f o r  1 . 4  h r .  

i n e l a s t i c  s t r a i n  accumulated i n  both t h e  a x i a l  and t o r s i o n a l  senses  was 
about  0.02%. 

s t r a i n s  caused a s i g n i f i c a n t  shift o f  the c e n t e r  of t h e  y i e l d  su r face  
away from t h e  o r i g i n  of loading .  

creep appeared t o  have l i t t l e ,  i f  any, e f f e c t  011 t h e  size of t h e  sub- 
sequent y i e l d  su r face ,  i t s  r ad ius  being about 48.3 MPa (7.0 k s i ) .  Whether 
o r  no t  t h e  y i e l d  su r face  was deformed by t h e  p r e s t r e s s  i s  d i f f i c u l t  t o  
determine w i t h  c e r t a i n t y  because of t h e  s c a t t e r  i n  t h e  da ta .  

Figure 1.50 shows t h a t  even t h e s e  r e l a t i v e l y  small i n e l a s t i c  

The prestress and a s soc ia t ed  per iod  o f  

The experiment p l an  c a l l e d  f o r  i nc reas ing  t h e  level of- p r e s t r e s s  i n  

small increments and f o r  d e f i n i t i o n  of  subsequent y i e l d  surfaces whcn 
creep rates  had dropped t o  acceptab le  va lues .  During a t tempts  t o  introduce 
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more s i - g n i f i c a n t  l e v e l s  o f  i n e l a s t i c  s t r a i n  i n t o  t h e  specimen, t h e  two 

A i l t e c h  gages used f o r  a x i a l  - s t r a i n  measurement Fa i led  i n  quick s u c c e s s i o n ,  

caus ing  t h e  t e s t  t o  be t e r m i n a t e d .  

1.4.2.5 Concl.usions. The followi.ng concliisi.ons were reached r e g a r d -  

i n g  t h e  i n s t r u m e n t a t i o n  t e c h n i q u e s  used in t h i s  experiment .  

1. A i l t e c h  s t r a i n  gages can be used t o  form s t r a i n  gage r o s e t t e s ,  which, 

i n  ' turn,  can be used t o  de te rmine  s m a l l - o f f s e t - y i e l d  s u r f a c e s  under  

t erisi.on- t o r s  i o n  1 oad ing  . 
2 .  Yie1.d s u r f a c e s  determined u s i n g  A i l t e c h  s t r a i n  gages a t  rooin and 

i n t e r m e d i a t e  tempera tures  show some eviderice o E d i s t o r t i - o n ,  t h e  

most l i k e l y  cause o f  which i s  noi.se. 

3 .  4 t  tempera tures  above 232°C: (45OoF) ,  t h e  A i l t e c h  s t r a i n  gages proved 

u n r e l i a b l e ,  w i t h  a lmost  h a l f  t h e  i n s t a l l e d  gages f a i l i n g  a t  v a r i o u s  

s t a g e s  of  t h e  experiment .  

The fo l lowing  conclusions were drawn r e g a r d ;  ng t h e  y i e l d  behavior  of types  
304 and 316 s t a i n l e s s  s tee l  a t  room, i n t e r m e d i a t e ,  and e l e v a t e d  tempei-a- 

t u r e s .  

1. The von Mises y i e l d  c r i t e r i o n  p r o v i d e s  a r e a s o n a b l e  approximation o f  

i n i t i a l  y i e l d  behavior  over  t h e  tempera ture  range 2 1  t o  5 9 3 O C  (7U t o  

i i o o ° F j .  

2 ,  The hardening  behavior  of type 316 s t a i n l e s s  s tee l  subsequent  t o  one 

r a d i a l  c r e e p  deformation i s  "kinematic" i n  n a t u r e .  T h i s  o b s e r v a t i o n  

i s  i n  keeping w i t h  t h e  c o n s t i t u t i v e  e q u a t i o n  m o d i f i c a t i o n  d i s c u s s e d  

i l l  S e c t ,  1.1 of t h i s  r e p o r t .  

1 . 5  Development o f  Methods f o r  Measluring B i a x i a l  
S t r a i n s  a t  Eleva ted  Temneratures 

. . . . . . .. . __ ................... ~. 

J. R .  E l l i s  

(Las t  r e p o r t e d  i n  O K N J L 5 . 1 3 3 ,  pp. 87-92)  

During t h e  c u r r e n t  r e p o r t  p e r i o d ,  a s e r i e s  o f  p r e l i m i n a r y  e v a l u a t i o n  

experiments  was conducted on our  m u l t i a x i a l  s t r a i n  extensometer .  These 

experiments  were aimed a t  i n v e s t i g a t i n g  t h e  i n s t r u m e n t ' s  c a p a b i l i t i e s  i n  

measuring t o r s i o n a l  and d i a m e t r a l  s t r a i n s  and a l s o  f i n a l i z i n g  t h e  des ign  



of  t h c  f i l  t e r / a m p l i f i c r s  necessary t o  aclzievc t h e  r.ecpiired rer;oluticm. 

More r ecen t ly ,  t h c  va r ious  o p t i c a l  and e l e c t r o n i c  conponcnts o f  t h e  l a s e r  

i n t e r f e romete r  system ( t o  be used €or a x i a l  s t r a i n  measurement) were TC- 
ccived from t h e  manufacturer and assembled f o r  eva lua t ion  on t h e  mult i -  

a x i a l  c a l i b r a t i o n  f j x t u r e .  Details of  t h i s  work are given below. 
As descr ibed  i n  d e t a i l  i n  Kef. 28, t o r s i o n a l  s t r a i n  mcasurenients made 

us ing  t h e  m u l t i a x i a l  extensometer involve t h e  summation of  output  from two 
p a i r s  o f  r o t a r y  v a r i a b l e  d i f f e r e n t i a l  t ransformers  (RVDTs) . 'The f irst  

experiment was aimed a t  determining whether o r  no t  t h e s e  outputs  could be 
suinmecl using a simple summing junc t ion  without t h e  R V D T s  i n t e r a c t i n g  t o  
produce an excess ive ly  noisy  output  s i g n a l .  The approach adopted i n  
answering t h i s  question. was t o  mount a s i n g l e  sensor  and i t s  a s soc ia t ed  
R V D T s  on t h e  m u l t i a x i a l  c a l i b r a t i o n  f i x t u r e  and t o  sub jec t  it t o  simu- 

l a t e d  s t r a i n s .  The f i x t u r e ' s  r o t a r y  t a b l e  was used t o  i n v e s t i g a t e  angu- 
lar  r o t a t i o n s  over a 1-200 arc-min range a t  20 arc-min i n t e r v a l s .  Output 

from t h e  two R V D T s  was measured independent ly  at  each s e t t i n g .  These 
ou tpu t s  were summed mathematically,  with t h e  r e s u l t s  shown i n  Table 1.5.  

The angular  range was i n v e s t i g a t e d  aga in ,  t h i s  rime with t h e  combined 

outputs from t h e  RVDTs being obtained d i r e c t l y  from a s i m k n g  junc t ion ;  t h e  

relsul ts  a r e  a l s o  given i n  Table 1.5. Comparison o f  t h e  two s e t s  o f  summed 

data and measurement of n o i s e  l e v e l s  made during t h e  experiments show t h a t  
t h e  method o f  t o r s i o n a l  s t r a i n  measurement under cons ide ra t ion  i s  pract j  - 
cable ,  provided noise  l e v e l s  are kept  t o  a minirnum us ing  f i l t e r s ,  

The second experiment eva lua t ing  t h e  t o r s i o n a l - s t r a i n  rneasurement 
sy-c;tem i n v e s t i g a t e d  p s s i b l f :  cross-coupl ing e f f e c t s  dur ing  s imulated 
t ens ion - to r s ion  loading.  An angular  range o f  560 arc-min was i n v c s t i -  
gated using t h e  c a l i b r a t i o n  f i x t u r e ,  and readings  o f  t h e  surnrned output  

f r o i n  t h e  K V D T s  were taken a t  10 arc-min i n t e r v a l s .  After e s t a b l i s h i n g  
base l inc  d a t a  €or zero a x i a l  displacement 

i n v e s t i g a t e  superimposed ax ia l  displacements i n  t h e  range o f  (1.27 mm 

(i-0.050 i n . )  a t  0.~54-mIil (0,010-in.)  i n t e r v a l s .  Typical  resul ts  are shown 
i n  Table 1.6; i n  th is  cacje, the data are f o r  nega t ive  angular  r o t a t i o n s  

and p o s i t i v e  a x i a l  displacements .  Note t h a t  t h e  e f€ec t  of t hese  super- 
imposed a x i a l  displacements i s  n e g l i g i b l e .  This  was taken t o  mean t h a t  

the experiment was repeated t o  
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Table  1 . 5 .  P r e l i m i n a r y  e v a l u a t i o n s  o f  t h e  t o r s i o n a l  s t r a in  
measurement sys  tern; coinpari son of  mathematical  and 

d i r e c t  summations of  outputs from two RVDl‘s 

___ 
Angular 

r o t a t i o n  Output from 
(arc -min) RVDT 1 

(VI 

Experiment 1 Experiment 2 
________._ __ 

Ma-thematical s l i m  D i r e c t  sum o f  
of  o u t p u t s  froiii o u t p u t s  from 

RVD‘I’s 1 and 2 RVDTs 1 and 2 

Output from 
KVDT 2 

0‘) (VI (V 

200 

180 

160 

140 

120 

100 

80 

60 

40 

20 

0 

-2 n 
-40 

-60 

-80 

-1 0 0 

-4 2 0 

-4  4 0 

-1 6 0 

-180 

-200 
._------___ 

0.986 

0.904 

0.826 

0.753 

0.654 

0.552 

0.441 

0.328 

0.223 

0.127 

0 

-4 .134  

-0.285 

4 . 4 3 7  

-0.583 

- 0 . 7 0 4  

- 0 . 8 8 3  

-1.068 

-1.275 

-1.486 

-1 . 68 7 

1 649 

1.427 

1.239 

1.082 

0.388 

0.709 

0.534 

0.379 

0.247 

0.138 

0 

4 . 1 2 8  

-0 , 2 5 5 

-4 . 369 

-0 .470  

4 . 5 4 4  

4 . 6 4 6  

-0 .740  

4 . 8 3 3  

-4 . 9 17 

-0 .987  

2.635 

2,331 

2.065 

1.835 

1.542 

1 .261  

0 . 9 7 ‘7 

0.707 

0.470 

0 265 

0 

4” 262 

-0.540 

-0.806 

-1.053 

-1.248 

-1.529 

~ -1.808 

-2 e 108 

-2 -403 

-2 * 674 

2 636 

2,331 

2 066 

1.837 

1 . S A 3  

1.263 

0.977 

0.709 

0.47’2 

0.266 

0 

4 . 2 6 3  

- 4 . 5 4 0  

4 . 8 0 5  

-1.052 

-1.243 

-1.52s 

-1.803 

-2 103 

-2 a 394 

-2.666 



Table 1.6. Effect of superimposing axial displacenrents on the summed outputs 
from RVDTs 1 and 2 during simulated specimen rotations 

i n  t h e  range 0 t o  4 0  arc-min 

Summed output  voltage from RVDTs 1 and 2 
f o r  particular axial displacements 

Angular 
rot at i on o m  0.254 lnm 0.508 mm 0.762 iim 1.016 mrn 1 270 iliin 

(arc-min) (0 in.) (0.010 i n . )  rO.020 in.) (0.030 in.] (0.040 in.] (0.050 i n . ]  

Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 3; 

0 0 0 0.003 0.001 0.003 0 4.001 0.001 0 0 -0.002 -0.001 

-1 0 1.493 1.498 1.498 1.496 1.501 1.496 1.486 1,490 1.499 1.498 1.504 1.493 

-2 0 2.953 2.947 2.952 2.945 2.950 2.951 2.930 2.932 2.948 2,953 2.950 2,953 

-3 0 3.495 4.457 4.502 4,483 iz.502 4.494 3.502 4.495 4.505 4.515 4.497 4 * 499 

4 0  6.033 b.038 6.032 6.031 6.038 O.Ls.1.3 6.035 6.029 6.055 6.058 6.035 6.033 

-5 0 7.535 7.535 7.543 7.527 7.533 7.535 7.511 7.527 7.538 7.528 7.541 7.522 

-60 8.995 8.995 9.011 8.995 8.999 8.992 8.996 5.995 8.993 13.988 8 ,995  8.996 
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.tile i n  s trumen t succe s s f u  1 1 y de coup 1 e s Lor s ioiia 1 s t r a i n  me as ureinent s from 

a x i a l  s t r a i n i n g .  

Regarding t h e  r e s o l u t i o n  o f  t h e  t o r s i o n a l  s t r a i n  measurement system, 

we dec ided  t o  a i m  f o r  t h e  v a l u e  found adequate  in y i e l d  s u r f a c e  experiments  

conducted u s i n g  f o i l  s t r a i n  gage r o s e t t e s .  In  t h e s e  exper iments ,  t h e  f u l l -  

b r i d g e  c i r c u i t  and a s s o c i a t e d  signal c o n d i t i o n i n g  are set. up so t h a t  a 

t e n s o r i a l  s h e a r  s t r a i n  o f  3000 j i ~  is e q u i v a l e n t  to 10 V .  Assuming a 25.4- 

iiliii (1 .0- in . )  gage l e n g t h  and a speciinen o u t s i d e  d iameter  o f  38.76 mm 

(1.526 i n . ) ,  t h e  a n g u l a r  r o t a t i o n  cor responding  ~o t h i s  s h e a r  strai .n was 
c a l c u l a t e d  t o  be about  30 arc-min. Using "brend-boardedtt  f i l t e r l a m p l i f i e r s ,  

a t t e m p t s  were made t o  set  up t h e  extensometcr  so t h a t  30 arc-min was equiva-  

l e n t  t o  10 V .  

d e s i g n  o f  t h e  f i l t e r / a m p l i f i e r s  f o r  t o r s i o n a l  s t r a i n  measurement Idas 

p o s s i b l e .  

T h i s  proved to  be a r e l a t i v e l y  easy iiiatter, and f i . n a l i z i n g  

Subject i -ng t h e  system €or d i a m e t r a l - s t r a i n  measurements t o  p r e l i m i -  

n a r y  e v a l u a t i o n  experiments  wa.s not judged n e c e s s a r y  because t h e  same 

b a s i c  approach h a s  been used s u c c e s s f u l l y  f o r  t h e  p a s t  t e n  y e a r s  in h i g h -  

tempera ture ,  low-cycle f a t i g u e  exper iments ,  However, it was n e c e s s a r y  t o  

examine t h e  quest i -on o f  r e s o l u t i o n  and t o  develop t h e  n e c e s s a r y  f i . l tc l - /  

a m p l i f i e r s .  Again, a v a l u e  wa,s s e l e c t e d  based on exper ience  ga incd  i n  

y i e l d  s u r f a c e  s t u d i e s  conducted u s i n g  Eoi~1 s t r a i n  gages .  Here, t h e  h a l f -  

b r i d g e  c i r c u i t  and s i g n a l  c o n d i t i o n i n g  i s  se t  up so t h a t  an axi.al s t r a i n  

of 3000 PE i s  e q u i v a l e n t  t o  10 V .  

specimen o u t s i d e  d iameter  o f  38.76 mm (1.526 in.), the change i n  di-ameter 

cor responding  t o  an  ax ia l  s t r a i n  o f  3000 VE was c a l c u l a t e d  t o  be 0.038 mm 

(0.015 i n . ) .  I t  was p o s s i b l e  t o  set  imp t h e  d i a m e t r a l  system so t h a t  0.038 

mm (0.015 i n . )  was e q u i v a l e n t  t o  10 V u s i n g  t h e  f i l t e r / a m p l i f i e r  a l r e a d y  

developed f o r  t o r s i o n a l  s t r a i n  measurements. 'I 'herefore, i n  t h e  i n t e r e s t  

of  s i m p l i c i t y ,  w c  decided t o  a l s o  use thi.s f i l t e r / a m p l . i f i e r  f o r  d i a m e t r a l  
s t r a i n  measurements I 

Assurning e l . a s t i c  s t r a i n i n g  and a 

A s  n o t e d  p r e v i o u s l y ,  toward t h e  end o f  t h e  p r e s e n t  r e p o r t  p e r i o d ,  t h e  

o p t i c a l  and e l e c t r o n i c  components of  a laser i n t e r f e r o m e t r i c  system were 

r e c e i v e d  from t h e  manufacturer .  This  system w i l l  be used f o r  a x i a l -  

s t r a i n  measurement; t h e  components were assembled u s i n g  t h e  s p e c i a l l y  

designed f i x t u r e s  shown i n  Fig .  1 .51.  The v a r i o u s  components were mounted 
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on a s i n g l e  base p l a t e .  Using t h i s  approach, t h e  system can be t r e a t e d  as 

a s i n g l e  u n i t  and pos i t i oned  as requi red  on e i t h e r  t h e  c a l i b r a t i o n  f i x t u r e  

o r  t h e  e l ec t ro -hydrau l i c  t e s t  system. Another f e a t u r e  of  t h e  f i x t u r i n g  

shown i n  Fig. 1.51 i s  t h e  in te rmedia te  blocks,  which are  pos i t ioned  be- 

tween t h e  va r ious  components and t h e  base p l a t e .  The func t ion  o f  t h e s e  

blocks i s  t o  f ac i l i t a t e  angular  and l i n e a r  adjustment dur ing  i n i t i a l  

al ignment of  t h e  laser system. 
Curren t ly ,  t h e  m u l t i a x i a l  extensometer i s  being subjec ted  t o  f i n a l  

eva lua t ion .  This  work i s  aimed a t  f u r t h e r  i n v e s t i g a t i n g  t h e  performance 

c h a r a c t e r i s t i c s  i n  such areas as s t a b i l i t y ,  r e s o l u t i o n ,  range, and c ross -  

coupl ing effects .  

t h e  instrument w i l l  probably be a v a i l a b l e  f o r  planned deformation and 

damage s t u d i e s  during t h e  second q u a r t e r  o f  FY 1979. 

Provided no s e r i o u s  d i f f i c u i t i e s  a r i se  i n  t h i s  work, 
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2.  TNELASTTC STRUCTURAL TESTS AND ANALYSES 

R. C. Gwaltney 

The prirriary o b j e c t i v e  o f  t h i s  Subtask, which i s  c l o s e l y  r e l a t e d  t o  

t h e  subtasLs repor ted  i n  Chapters 1 and 3 ,  i s  t o  develop, eva lua te ,  and 

improve computer -b as ed techniques f o  r so lv ing  ine  1 a s t i c  design p m b  lems 

and t o  provide s t r u c t u r a l  t e s t  d a t a  f o r  eva lua t ing  ana lys i s  procedures,  

c o n s t i t u t i v e  equat ions ,  f a i l u r e  c r i t e r i a ,  and computcr codes. Spec i f i -  

c a l  l y ,  subord ina te  ob j ect  i ves  a r e  

1. t o  develop and eva lua te  s t r u c t u r a l  a n a l y s i s  methods and a s soc ia t ed  

computcr codes for conducting i n e l a s t i c  ana lyses  and damage 

eva lua t  ions ;  

2 ,  t o  u t i l i z e  these  codes i n  t h e  eva lua t ion  and improvement of  c o n s t i t u -  

t i v e  t h e o r i e s  and f a i l u r e  c r i t e r i a ;  and 
3. t o  provide benchmark problem da ta  f o r  computcr code v e r i f i c a t i o n  

and qual i f i c a t  ion .  

The s t a t u s  o f  t h e  e f f o r t s  under t h i s  subtask f o r  development and 

eva lua t ion  of  computer codes; tes ts  o f  beams and p l a t c s ,  c y l i n d r i c a l  s h e l l s  

w i t h  f l a t  heads,  and nozz le- to-spher ica l  s h e l l s ;  p a r t i c i p a t i o n  i n  an 

i n t e r n a t i o n a l  p ip ing  benchmark problem e f f o r t ;  and high-temperature s t ra in  
gage development and v e r i f i c a t i o n  i s  descr ibed I n  t h e  fol lowing s e c t i o n s .  

2 . 1  Development arid Evaluat ion of  Computer Codes 
and Analysis Methods 
I--- 

2 . 1 . 1  Development o f  t h e  I-IFX module o f  PLANS (PLANS/HEX) 
-I -- 
(J. A .  Clinard ,  A .  Levy, Grumman Aerospace Corporation) 
(Last repor ted  i n  OKNL-5433, pp. 97-102) 

Oak Ridge Nat ional  Laboratory has been adapt ing t h e  PLANS/HI-:X com- 

p u t e r  program t o  i n e l a s t i  c ana lyses  through subcont rac t  t o  Gi-umman Acro- 

space Corporation, Bethpage, N e w  York, t o  expand our a n a l y s i s  c a p a b i l i t i e s  

t o  i n c  1 11 de t h r e e  - dimen s i o m  1 e 1 a s t i c  -p 1 as t i c -creep p rob 1 ems. 

o f  these  c a p a b i l i t i e s  i s  a necessary  complement of  OUT t e s t i n g  e f f o r t s  
f o r  complex s t r u c t u r a l  geometries such 3 s  t h e  high-temperature nozzle- to-  

sphcre t e s t ,  NS-2. 

and t o  provide problem s u l u t i o n s  necessary f o r  assessment lva l idn t ion  of  

As s emb 1 age 

The software w i l l  be used t o  a i d  i n  planning t e s t s  
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a n a l y s i s  methods. 

beczuse of i t s  atlvanced s t a t e  of  development, i t s  c o m p a t i b i l i t y  wi th  our  

IBM computer system, and i t s  p u b l i c  domain s t d i u s  ( t h e  code w i l l  be t r a n q -  

f e r r e d  t o  t h e  Nat iona l  Energy Sofiware Ccriter f o r  p u b l i c  d i s s e m i n a t i o n ) .  

We s e l c c t e d  t h e  PI,ANS/HEX program f o r  our  purpose? 

During t h i s  r e p o r t  p e r i o d ,  Grumman development work was completed 

and documented i n  a f i n a l  r e p o r t  ( d r a f t e d  b u t  n o t  y e t  p u b l i s h e d ) .  

r e v i s e d  u s e r ' s  manual was a l s o  d r a f t e d  and w j  l l  soon be t r a n s f e r r e d  t o  
ORNL, a long  w i t h  a n  updated s o u r c e - t a p e  o f  PLANS/IICX. Also,  demonst ra t ion  

problems were so lved  a t  Grumman which v a l i d a t e d  t h e  program f o r  c r e e p  

c a l c u l a t i o n s .  

A 

Wc p l a n  t o  s u b c o n t r a c t  w i t h  Grumman t o  u s e  PLANS/IILX t o  a n a l y z e  t h e  

deformation phase of  t e s t  NS-2 ( s e e  S e c t .  2 , 4  f o r  f u r t h e r  in format ion  con- 

c e r n i n g  t h i s  t e s t )  as follow-on work. 

November 1979. 

T h i s  work will b e  completed by 

2 . 1 . 2  CREEP-PLAST 11, d i s s e m i n a t i o n  (J. A. C l i n a r d )  
(Las t  FCGorted i n  ORN1,-5433, p .  105) 

Late  i n  t h e  l a s t  r e p o r t  p e r i o d ,  t h e  u s c r ' s  manual f o r  t h e  CREEP-  

PLAST I 1  computer program, a s p e c i a l - p u r p o s e  f i n i t e - e l e i n e n t  code f o r  

a n a l y s i s  o f  two-dimensional e l a s t i c - p l a s t i c - c r e e p  S ~ ~ U C ~ U T C S ,  was 

p u b l i s h e d .  Following t h i s  p u b l i c a t i o n ,  the program was t r a n s f e r r e d  

d u r i n g  t h i s  p e r i o d  t o  t h e  Nat iona l  Energy Software Center  (NESC, fo rmer ly  

known as Argonne Code Center )  f o r  p u b l i c  d i s s e m i n a t i o n .  At NESC, t h e  

code met p r e l i m i n a r y  check-outs ;  i t  i s  now scheduled f o r  r e l e a s e  i n  e a r l y  

CY 19'79. The code h a s  been a s s i g n e d  t h e  o f f i c i a l  NESC number, R810. 

Any r e q u e s t s  f o r  CREEP-PLAST I1 should be addressed  t o  Nat iona l  

Energy Software Center ,  Argonne Nat iona l  Laboratory,  9700 South Cass 

Avenue, Argonne, I L  60439. 

2 . 2  R e a m  arid P la t e  Tes ts  I.-.f- ~......... ______ 

J. A. C l i n a r d  R.  L .  Ra t t i s te  
M. Richardson 

A n a l y s i s  and tes ts  o f  beam and p l a t e  specimens a re  used i n  our a c t i v i -  

t i e s  t o  conf i rm t h e  v a l i d i t y  of  i n e l a s t i c  a n a l y s i s  methods (embracing 
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c o n s t i t u t i v e  equat ions ,  numerical  techniqucs,  and computer codes) f o ~  

each ma te r i a l .  'The s e t  of simple s t r u c t u r a l  tes ts  f o r  type 316 s t a i n l e s s  

s t e e l  i s  composed o f  s l o t t e d  beam R15 (SB-X), c i r c u l a r  p l a t e s  CP7 and 

CP9 ( see  Sec t .  2.2.5), and s o l i d  beam K16. On completion of  t h e  t e s t  
group and t h e  requi red  assocj  a t e d  s t r u c t u r a l  ana lyses ,  a c;sessrncnts w i l l  

be assembled i n t o  a f i n a l  r epor t  dea l ing  wi th  methods f o r  both types  

304 and 316 s t a i n l e s s  s t e e l .  Progress  toward t h i s  f i n a l  goxl and pre-  

l iminary  assessments a rc  presented  on a cont inuing  b a s i s  in these  semi- 

annual r e p o r t s .  

P a r a l l e l i n g  a c t i v i t i e s  J-or rhe a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  we have 

conducted seve ra l  simple s t r u c t u r a l  t e s t s  f o r  2 1 / 4  Cr-I Mo s t e e l .  The 

s e t  i s  p r e s e n t l y  composed of  s l o t t e d  beams B12a (SB-1) and BlLb (SB-21, 

c i r c u l a r  p l a t e  CP8 (see Sec t .  2,2.4), and s o l i d  beams 81.3, H14, and 817. 

During t h j s  r e p o r t  per iod ,  w e  conducted beaiii t e s t  H17, which i s  d i s -  

cussed below i n  Sec t .  2.2.2. 

2 . 2 . 1  Type 316 s t a i n l e s s  s t e e l  heam B16 (Last r epor t ed  i n  OKNL-543.3, ---. 
pp. 108-117j 

Test B16 was completed i n  .June 1978, and t h e  bulk o f  progress  r epor t -  

ing  appeared i n  our l a s t  p rogress  r e p o r t .  Ikiring the p resen t  p e r i o d ,  

data reduct ion  and pre l iminary  graphica l  d i s p l a y  o f  t e s t  r e s u l t s  were 

completed. These r c s i t l t s  w i l l  bc includcd i n  farthcoming t o p i c a l  r epor t s .  

The i n t c n t  o f  t h e s e  e f f o r t s  i s  t o  completely and concise ly  document t h c  
t e s t  f o r  use i n  benchmark analyses .  

E f f o r t s  t o  complete e las t i  c -p l a s t i c - c recp  ana lyses  o f  t h i s  t e s t  arc 
t o  be c a r r i e d  out i n  upcoming r e p o r t  per iods ,  and f u r t h e r  q u a n t i t a t i v e  

cxper imenta l -ana ly t ica l  assessments await completion o f  t h e s e  arialysj  s 

a c t i v i t i e s .  However, some of  t h e  t e s t  resu l t s  a r e  discussed below. 

Figure 2 . 1  g i v e s  t h e  tes t  his togram for  I316 and shows t h a t  t he  load-  

c o n t r o l l e d  condi t ions  involved a s e r i e s  o f  1 2  one-week hold per iods  ,zftcr 

shor t - te rm load excurs ions .  

i n  terms o f  c e n t e r  d e f l e c t i o n  vs  time i n  F ig .  2 . 2  and i n  terms of s t r a i n s  
from the west Boeing-HITFC s t r a i n  gage [ loca t ed  a t  t h e  bottom su r face  o f  

t h e  beam a t  50.8 mm ( 2  i n . )  w e s t  o f  i t s  ccn te r ]  vs  rime in F i g .  2 . 3 ,  

Fur ther  creep-response information i s  given i n  Table 2 .  I , which g ives  

The creep respoiise o€ t h e  beam i:; expresse3 
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Fig .  2 . 2 .  Total  center d e f l e c t i o n  vs  t ime as measured by DClYl a t  t hc  
center of  beam B16. Numbered po in t s  r e f e r  t o  F i g .  2 .1 .  

normalized ~nagn i  tudes  o f  t h e  c reep-def lec t ion  and creep- s t r a i n  responses 
during each o f  t h e  1 2  hoI.d p e r i o d s ,  

deflection re~ponse  and the strain response.  

A consistency appears between t h e  

A few a d d i t i o n a l  p o i n t s  may be noted from Table  2 . 1 .  b'irst, per iods  

I, 2 ,  and 8 produced the most creep.  Qual i taLive ly ,  this is c.onsis tent  

w i t h  c h a r a c t e r i s t i c s  o f  t he  a n a l y s i s  methods now i n  P.11'~ Standard F9-5'1' 

hecause those r u l e s  p r e d i c t  t h e s e  per iods  t o  be i n i - t i a t z d  a. t  t h e  v i r g i n  

s ta te  o f  zero creep  hardening. Per iods 3 through 7 arid 9 through 1 2  

were each prececled by a short-t-ime 1 oa3 r e v e r s a l  t h a t  included s igr i i f i -  

can t  reversed p l a s t i c  strains but  l i t t l e  reversed  creep s t r a i n s .  

'The revi.va.1 o f  t ransient  c reep  (though it i.s unmis t akab ly  p re sen t )  
w a s  l i . t t l e  and shor t - l i ved  i n  t hese  pe r iods ,  The RDT F9-5T analys-i s 
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Fig .  2 . 3 .  Measured t o t a l  s u r f a c e  s t r a i n  vs time response  50 .8  mrn 
( 2  i l l . )  from c e n t e r  o f  beam t e s t  I316 (measured by WesT Boeing-type s t r a i n  
gage) .  Numbered p o i n t s  r e f e r  t o  F ig .  2 , l .  

rnethotls p r e d i c t  nearly- cont inuous  growth r a t e  i n  c r e e p  hardening  d u r i n g  

each o f  t h c s e  two sequences ( 3  Lhrough 7 and 9 through 12) and t h u s  l i t t l e ,  

i f  any, d i s c o n t i n u i t y  i n  c reep- ra te - i i rne  response  €or e i t h e r  sequence. 

Although t h e s e  o b s e r v a t i o n s  d i f f e r  i n  d e t a i l ,  t h e  si g n i  € icance  o f  t h e  

d i f f e r e n c e s  is n o t  c o n s i d e r e d  c r i t i c a l  ~ 

2 , 2 . 2  2 1 / 4  Cr-1 Mo s t e e l  beam B17 (Last  r e p o r t e d  i n  O K N L - 5 4 3 3 ,  -- 
pp. 117-119) 

Beam t e s t  B17 of  2 1 / 4  Cr--l Mo s t e e l  was i n i t i a t e d  i n  J u l y  and ended 

i n  September a f t e r  about  1895 h r  (11.3 weeks). 

c o n d i t i o n s  o f  5 3 8 O C  (1000°F) were main ta ined  throughout  t h e  p e r i o d .  

I so thermal  tempera ture  
The 
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Tablc 2 . 1 .  Normalized c reep  d e f l e c t i o n  and creep  s t r a i n  
responses f o r  t h e  1 2  h o l d  per iods  i n  lieaiii t e s t  R l t i  

o f  type  316 s t a i n l e s s  s t e e l  a t  5 9 3 ' ~  (11OO'Fj 

Normalized s t r a i n c  b a N o  rma1 i z ed c e n t e r  d e f l e c t  i on  
Period (D = 4/1.11 x i o o j  (E: = 6/0,091)  

1 

2 

3 

41il 

7i7: 

5 

6 

8 
n 

10 

11 

1 2  

100 

76 

36 

3 6 

35 

29 

28 

7 3  

37 

30 

30 

15 

100 

8 1. 

41  

34 

46 

36 

25 

85 

37 

3 4 
34 

2 2  

Per iods are i d e n t i f i e d  i n  the  load histogram, F i g .  2 .1 .  a 

'A value  of  100 equals  a d e f l e c t i o n  of  1.11 mm (0.437 i n . ) .  

'%eriod preceded by an overload.  

e A vaLuc o f  100 equals  a s t r a i n  of  O.U910%. 

specimen was machined from hea t  31'5601 of 2 1 / 4  Cr-l  Mo s t e e l ,  and it was 

a s tandard  s o l i d  beam i n  teriiis o f  i t s  s i z e ,  h e a t  t rea tment ,  specimen 

ins t rumenta t ion ,  am1 t e s t  procedures.  Ilowevcr, i t  v a r i e d  from beams B 1 3  

and Bl4  i n  two a s p e c t s :  t h e  loading histogram was inore complex, lead ing  

t o  voluminous d a t a  (26,700 scans of t h e  24  t r ansduce r s  were c o l l e c t e d  and 

reduced t o  engineer ing u n i t s )  and a d d i t i o n a l  instrumentat ion here  i n -  
cluded a p a i r  of Roej ng-type capac i t i ve  s t r a i n  gages [which appeared t o  
func t ion  propcr ly  throughout T h e  t e s t ) .  

The t e s t  had t h r e e  phases whost: loading his tograms a r e  shown i n  

F igs .  2.4 through 2 * b .  Phase 1 was composed o f  1 - 1 / 2  p recreep  cyc le s  
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RE4M BIT, 2 114 CR- I MO STFEI. (HEAT 3 P 5 6 0 1 )  
P H A S E - I  

18.19 kN 
(4090 Ib) 

n 
a s 
LL 
W 
k 
L 

w u 

--18.19 k N  . 

1 

LOADING, 538°C. ( 1 0 0 0 ° F )  

(-4090 Ib) 2 

4 
? -e---- 2 1 hr -- 

6 
-9* 

TIME 

5 

SHORT-TERM LOADINGS ON R A M P  OF 30 sec PER 114 CYCLE 

Fig .  2 . 4 .  Histogram For phase 1 t e s t i n g  of  beam B17, 2 1/4  C r - l  ?.lo 
s t e e l  s o l i d  beam t e s t e d  a t  538°C (1000'F). S i x  numbered p o i n t s  a r e  used 
t o  i d e n t i f y  t e s t i n g  sequences and a r e  r e f e r r e d  t o  i n  a subsequent  f j g u r e .  

( l o a d - c o n t r o l l e d )  fol lowed by a crpep p e r i o d  o f  2 .1  h r  and theri by a 

3 /4-cyc le  load  r e v e r s a l  t o  t h e  nominal n e g a t i v e  l o a d .  Phase 2 o f  t h e  t e s t  

c o n s i s t e d  o f  L L  c y c l e s  under p r e s c r i b e d  c e n t e r  d e f l e c t i o n  and was run  f o r  

ahout 718 h r .  Each phase 2 c y c l e  c o n t a i n e d  a r e l a x a t i o n - t y p e  hold  p e r i o d  

o f  from one t o  t h r e e  days.  Phase 3 o f  t h e  t e s t  c o n s i s t e d  o f  seven c y c l e s  

under  p r e s c r i b e d  c e n t e r  load arid was run  f o r  about 1175 h r .  Each phase 3 

c y c l e  conta ined  a one-week hold  p c r i o d .  
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4.24 rnm --- 
(0.17 in.) 

2 

t- 
U 
W 
_I 
LL w 
0 

E 
W 
t 
z 
!A 
0 

0 

0 ... 

- 0.41 rnrn - 
(-0.016 in.) 

BEAM 01.7, 2 1/4 C R - - 1  Mc3 STEEL (HEAT 3P5601) 
PHASE - 2  LOAUING, 538°C (1000°F) 

4.24 mrn 
(0.17 i n  

0 

- 0.61 min 
( -  0.024 in  

9 12 15 15 21 24 27 30 33 36 

71 

69 70 

Fig.  2.5. Histogram f o r  phase 2 t e s t i n g  o f  beam 817. Numbered p o i n t s  
(6 through 71) are used t o  i d e n t i f y  t e s t i n g  sequences. C i r c l ed  numbers 
(1 through 22)  are re ference  numbers f o r  t h e  hold per iods  a t  cons t an t  
c e n t e r  d e f l e c t i o n .  Both s e t s  o f  numbers are referred t o  i n  subsequent 
f igu res .  (a]  Cycles I through 11; (b )  Cycles 1 2  through 2 % .  
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Data reduct ion  and pre l iminary  graphica l  d i s p l a y  of r e s u l t s  were 

performed during thi.; per iod .  

ure 2 . 7  shows t h e  c e n t e r  d e f l e c t i o n  v s  load response f o r  phase 1. Figures  

2.8 and 2 . 9  compare sonic phase 2 cyc le s  with each o t h e r  in terms o f  t h e  

c e n t e r  d e f l e c t i o n  v s  load ,  
t h e  two s t r a i n  gages f o r  a l l  of  phase 3 .  

Some sample p l o t s  are included he re .  Fig- 

Figure 2 .10  compares s t r a i n  vs  time d a t a  from 

S i g n i f i c a n t  comments on t h e s e  t e s t  r e s u l t s  cannot be made a t  t h i s  

time because o f  t he  l imi t ed  e f f o r t  d i r e c t e d  thus  far toward stindying the  

v a s t  amount o f  da t a .  We f e e l  t h a t  much will he concluded from t h i s  tes t  
i n  f u t u r e  s t u d i e s  and t h a t  it w i l l  be an important confirmatory s t r u c t u r a l  

t e s t  f o r  2 1 /4  Cr-1 Mo. ? h i s  t e s t  a l s o  appears  t o  be, o v e r a l l ,  t h e  most 

successfu l  ever  conducted in  our  beam and p l a t e  f a c i l i t i e s  i n  terms o f  

me a surement su cce s s . 

T h i s  work supplements t h e  a c t i v i t i e s  t o  develop s t r u c t u r a l  design 

methods f o r  weldments as r epor t ed  i n  Chapter 6 .  

a11 philosophy and purpose o f  t h e s e  a c t i v i t i e s . )  

ing  o f  a s e r i e s  of welded-beam specimens f a b r i c a t e d  from type  304 s t a i n -  

less  s t e e l  with a 308 s t a i n l e s s  s tee l  weld (of a double-U geometry) a t  
t h e  c e n t e r  of  t h e  beam t o  produce h a l f  symmetry (see Fig.  2.11). 

(See Chapter 6 f o r  over- 

Plans inc lude  t h e  t e s t -  

The welded-beam specimens resemble t h e  so l id - type  beams t h a t  we 
t e s t e d  previous ly  i n  our beam f a c i l i t y .  
25.4 mm wide, and 0.66 m long ( 2  x 1 26 i n . ) .  Although the  s o l i d -  

type beams are simply supported and c e n t r a l l y  loaded, t h e  welded beams 
w i l l  bc loaded i n  four-point  bending. 'The 305 s t a i n l e s s  s t e e l  weld 

will bc loca ted  i n  t h e  c e n t r a l ,  pure-momcnt po r t ion .  

has  been prepared and i s  i l l u s t r a t e d  i n  Fig.  2.12. 

i s  20.3 cm ( 8  i n . )  wide; t h e  ou t s ide  suppor ts  span 0.61 m (24 i n . )  so 

t h a t  an e f f e c t i v e  moment arm o f  20 .3  cm (8 i n . )  r e s u l t s .  The load (or  
d e f l e c t i o n )  i s  appl ied  through t h e  c e n t r a l  load arm and i s  d i s t r i b u t e d  t o  

t h e  two load p o i n t s  (on the  top o f  t h e  beam f u r  downward fo rce  and on the 
bottom f o r  upward fo rce )  by the  loading f i x t u r e .  The t e s t  can be conducted 

Both are nominally 50.8 mm high,  

A loading f i x t u r e  

The pure-moment po r t ion  
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Fig.  2 . 1 1 .  Schematic o f  t h e  304/308 s t a i n l e s s  s t e c l  welded-beam 
specimen showing double-U weld.  Geometry l e n d s  i t s e l f  t o  half-symmetry 
mode 1 i n g  . 

under  load  c o n t r o l  ( e q u i v a l e n t  t o  moment c o n t r o l )  o r  under d e f l e c t i o n  

c o n t r o l  (not  e q u i v a l e n t  t o  c u r v a t u r e  c o n t r o l )  . 
The f i r s t  welded-beam spec;-men, R18 (WB-1) , has been iristrwnented and 

A photograph o f  t h e  ins t rumented  s p e c i -  i s  e s s e n t i a l l y  ready  f o r  t e s t i n g .  

inen i n  t h e  loading  f i x t u r e  i s  inc luded  (Fig.  2 , 1 3 j ,  The f i v e  q u a r t z  r o d s  

shown are  e q u a l l y  spaced a t  50.8-mm ( 2 - i n . )  i n t e r v a l s  a c r o s s  %he pure-  

moment p o r t i o n  o f  t h e  beam, and they  l e a d  t o  s t a n d a r d  d i a l  gages ,  which, 

i n  t u r n ,  a r e  connected t o  d i r e c t - c u r r e n t  d i f  F c r c n t i a l  t r a n s f o r m e r s  (DCDTs)  . 
The d i a l  gages and DCDTs (not  pictiured i n  Fig.  2 .13)  make up t h e  d i s -  

placement-measuring d e v i c e s .  ?’he photograph a l s o  shows housings f o r  f o u r  

Boeing-I-WI’EC c a p a c i t i v e  s t r a i n  gapes.  

on b o t h  the  t o p  and bottom on a t r a n s v e r s e  l i n e  running down t h e  middle  of  

t h e  double-U weld; two o t h e r  gages  are l o c a t e d  t o p  l e f t  and bottom r i g h t  a t  

a 50.8--111111 (2- in . )  d i s t a n c e  from t h e  symmetry l i n e .  A l l  f o u r  Boeing-HITEC 

gages have a 6.4-mm (1/4--j.n.) gage l e n g t h .  A f i f t h  gage, a CERL-Planer 

c a p a c i t i v e  gage  h a s  a 1 9 - m m  (3/4--in.) gage l e n g t h  and h a s  been i n s t a l l e d  

a t  the top  r i g h t  p o s i t i o n  (not  shown i n  t h e  photograph) .  

One o f  t h e s e  s t r a i n  gages i s  l o c a t e d  

P r e l i m i n a r y  s t r u c t u r a l  a n a l y s e s  o f  t h e  304/308 welded beam were con- 

ducted u s i n g  CREEP-PLAST 11,’ 

three-mode, t r i a n g u l a r  f i n i t e  e lemcnts  were employed t o  model t h e  weld) 

was used i n  t h i s  p r e l i m i n a r y  e x e r c i s e .  

A s p a t i a l l y  c rude  d i s c r e t i z a t i o n  (only  28  

E l a s t i c - p l a s t i c - c r e e p  c o n s t i t u t i v e  
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P, FORCE 

x 
304/308 WELDED-BEAM 

,LOAD1 NG Fl XTU R E  DOUBLE U WELD 7 

EST P l E C F  1 X 2 X 26 in 

BOEING STRAIN 

EQUI-BENDING-MOMENT 
SECTION 

MOMENT = PL/2 MOMENT ARM 
SUPPORT POST 

Schematic of t h e  loading f i x t u r e  f o r  t h e  welded-beam 
region  i s  placed in a s t a t e  o f  c o n t r o l l e d  bending 

SUPPORT POST 

Fig. 2 . 1 2 .  
t e s t s .  Weldmen 
moment . 

t 

equat ions  l i k e  those  i n  RDT Standard F9-5T were employed f o r  both t h e  weld 

and parent  materials. 
employed; t hese  d i f f c r e n t i  a t e d  t h e  304 s t a i n l e s s  s teel  elements from t h e  

308 s t a i n l e s s  s teel  elements .  

s t r e s s e s  caused by t h e  weld process  were ignored ( a s  wel l  as unknown) f o r  

D i f f e ren t  consrants  f o r  t h e  two ma te r i a l s  were 

Mater ia l  ani so t ropy  and t h e  r e s idua l  
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Fig. 2.13. Photograph of the instrumented welded-beam specimen, B18 
(WB-l), in the loading fixture. Phase 1 testing is to be conducted at 
593°C (1100'F) under conditions of moment control. 
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t h e  ana lyses .  Also, t he  hea t - a f f ec t ed  zone was ignored. Several  e l a s t i c -  

p l a s t i c  ana lyses  were conducted t o  determine t h e  appropr i a t e  monotonic 

loading;  then ,  s eve ra l  creep ana lyses  were performed t o  determine t h e  

appropr i a t e  du ra t ion  of t h e  constant-moment hold per iod .  Resul t s  led us  

t o  choose t h e  s t r a i n  gage l o c a t i o n s  p rev ious ly  d iscussed  and t h e  phase 1 

histogram shown i n  Fig. 2 .14 .  

Current p lans  ca l l  f o r  t e s t  i n i t i a t i o n  f o r  welded-beam B18 (WB-1) 

e a r l y  i n  CY 1979. Addit ional  t e s t i n g  of t h i s  specimen i s  expected t o  
fol low phase 1; however, such t e s t  p l ans  have no t  y e t  been f i n a l i z e d .  

Under cons idera t ion  i s  a p lan  t h a t  c a l l s  f o r  c reep- fa t igue- type  cyc le s  

lead ing  t o  specimen f a i l u r e .  

2.2.4 2 1 / 4  Cr-1 Mo s t e e l  c i r c u l a r  p l a t e  t es t  CP8 (Last 
r epor t ed  i n  ORNL-5433, pp. 120-125) 

unt  

2 . 2  

This  t e s t ,  t h e  only  c i r c u l a r  p l a t e  t e s t  on 2 1 / 4  Cr-1 Mo s t e e l ,  was 

i n i t i a t e d  i n  December 1977 and ended i n  Apr i l  1978. The bulk of progress  

r e p o r t i n g  f o r  t h i s  a c t i v i t y  appeared i n  t h e  l a s t  progress  r e p o r t .  During 

t h e  present  per iod ,  d a t a  reduct ion  and pre l iminary  graphica l  d i s p l a y  o f  

a l l  t e s t  r e s u l t s  were completed. Prepara t ions  f o r  inc luding  t e s t  r e s u l t s  

i n  forthcoming documents are being made; however, e f f o r t s  t o  complete an 

e l a s t i c - p l a s t i c - c r e e p  a n a l y s i s  o f  t h e  whole t e s t  have been postponed 

1 t h e  next  r e p o r t  pe r iod .  

5 Type 316 s t a i n l e s s  s t e e l  c i r c u l a r  p l a t e  t e s t  CP9 (Last  
r epor t ed  i n  ORNL-5433, p. 125) 

This  t e s t ,  t h e  second type  316 s t a i n l e s s  s t e e l  p l a t e  t e s t ,  was 
i n i t i a t e d  i n  J u l y  1978 and was completed i n  December a f t e r  more than 20 

weeks of  t e s t i n g .  The t e s t  e s s e n t i a l l y  mirrored c i r c u l a r  p l a t e  t e s t  CP8 

of 2 1 / 4  Cr-1 Mo s t e e l  ( s ee  Sec t .  2 . 2 . 4 ) .  The purpose f o r  t e s t i n g  CP9 

was t o  provide supplementary information t o  he lp  confirm t h e  adequacy o f  

methods f o r  c r e e p - p l a s t i c i t y  i n t e r a c t i o n s  f o r  type  316 s t a i n l e s s  s t e e l .  

The histogram f o r  CP9 i s  shown i n  Fig.  2.15. The t e s t  was conducted 

under c e n t e r  d e f l e c t i o n  con t ro l  and involved a s e r i e s  of  1 2  cyc le s  with 

one- t o  two-week hold per iods ,  each preceded by a shor t - te rm load excur- 

s ion .  Most o f t h e  excursions were simple load renewals ( the  load was 
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ORNL- D'NG 7 8 -  2 2 6 7 8  

CIRCULAR PLATE CP9. PHASE 1 
- TVbE 316 STAINLESS STEEL. 

8, DEFI-ECTION 
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F i g .  2 . 2 5 .  Histogram of  t h e  cen te r  d e f l e c t i o n  f o r  c i r c u l a r  p l a t e  
Test dura t ion  was s l i g h t l y  inore e s t  CP9 o f  type  316 s t a i n l e s s  s t e e l .  

han 20 weeks, and i t  was completed i n  December 1978. 

re turned  t o  the  i n i t i a l  magnitude) a f t e r  r e l a x a t i o n  per iods ;  however, tlie 

excursion t h a t  preceded per iod  5 was a completc load r e v e r s a l  producing 

condi t ions  f o r  reversed  creep,  and tlie excursions preceding per iods  9 

through 1 2  were load renewals t h a t  followed shor t - te rm load r e v e r s a l s .  

Thus, t h i s  tes t  covers a range of  condi t ions  t h a t  are e s p e c i a l l y  important 

t o  f u r t h e r  confirmation o f  t h e  a n a l y t i c a l  model f o r  t h i s  ma te r i a l .  

In t h e  following per iod ,  we wi l l  process  t h e  t e s t  d a t a ,  g raph ica l ly  

d i s p l a y  t h e  r e s u l t s ,  and prepare t h e  t e s t  d a t a  f o r  i nc lus ion  i n  r e p o r t s .  

Wc will a l s o  conduct an a n a l y s i s  using KDT Standard 129-5T procedures,  

compare t e s t  and a n a l y t i c a l  r e s u l t s ,  and e x t r a c t  from t h i s  t o t a l  exe rc i se  

evidence o f  t h e  v a l i d i t y  of t h e  o v e r a l l  a n a l y s i s  method. 
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2 . 3  A n a l y s i s  of  .._.__ the Capped C y l i n d r i c a l  S h e l l  T e s t  C C 2  

W. K .  S a r t o r y  

(Las t  r e p o r t e d  i n  OWL-5433, p .  125) 

'The t e s t  o f  t h e  second capped c y l i n d e r  specimen ( C C 2 )  involved two 

l o a d i n g  phases :  

second was undertaken t o  produce c r e c p  r u p t u s e  of tile specimen. 

c o n d i t i o n s ,  geometry, gage l o c a t i o n s ,  and exper imenta l  r e s u l t s  were 

r e p o r t e d  The load  h is togram i s  p r e s e n t e d  i n  F i g s .  2.16 and 2.17. 

A f i n i t e - e l e m e n t  g r i d  o f  t h e  specimen was developed i n  t h e  p r e v i o u s  r e p o r t  

t h e  f i r s t  phase was b a s i c a l l y  a de€ormation t e s t ,  and the 

The t e s t  

6 -_ 
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0.01 2.07(300) 
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335.54 2.75(399) 
671.49 2.76(400) 
671.50 0.04 (6 )  
1009.05 0.01 (1.2) 
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Fig.  2.16. Loading h is togram f o r  CC2 (phase 1) t e s t .  
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Fig .  2 . 1 7 .  Loading histogram f o r  CC2 (phase 2 )  t e s t .  

per iod ,  During t h e  present  per iod ,  an i n e l a s t i c  s t r u c t u r a l  a n a l y s i s  and 

creep  damage eva lua t ion  o f  t h e  t e s t  was completed. 

?he a n a l y s i s  used t h e  f in i t e - e l emen t  program PJ,ACKE.4 The p l d s t i c  

p r o p e r t i e s  uscd a r e  f o r  t h e  re ference  hea t  (3'I'2796) o f  Lype 304 s t a i n l e s s  

s t ee l  and a r e  those  d iscussed  i n  Ref. 5. The crecp equat ion developed by 

CPinard6 was used a t  593'C (llOO'F), and t h e  r a t i o n a l  polynomial c reep  

equat ion  of  Swindeman (see S e c t .  1.3.2) was used a t  538°C (1000'F). A 

c rcep  darnage eva lua t ion  according t o  Code Case 1532 (Kef, 7) was c a r r i e d  

ou t .  For t h e  i n e l a s t i c  damage, t h e  c reep- rupture  d a t a  used a t  both hold 

tenipcratures have been d iscussed  by Swindeman: 

a t  593'1: ( 1 1 0 0 ' ~ )  

where S i s  t h e  stress i n  k s i  (1 k s i  = 6.895 MPa) and tp i s  t h e  rup tu re  

time i n  hours .  

The f in i t e - e l emen t  g r i d ,  which used 924 t r i a n g u l a r  elements,  i s  shown 
in F i g .  2.18. The l eng th  of  the  c y l i n d r i c a l  po r t ion  o f  t h e  g r i d  i s  less 

than  t h e  f u l l  l ength  o f  t h e  specimen hut  i s  i n  excess  of 6 6  and, based 

on simple e l a s t i c  s h e l l  theory,  i s  s u f f i c i e n t  t o  e l imina te  over 99% o f  t h e  
d i s c o n t i n u i t y  stresses. 
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Fig .  2 . 1 8 ,  Fini te-element  g r i d  o f  t h e  C C 2  specimen. Thicker  s ec t ion  
is i n  cap. 



For t h e  f i r s t  phase o f  the t e s t ,  coinparisons o f  t h e  ca l cu la t ed  s t ra ins  
w i t h  t h e  experimental  r e s u l t s  f o r  s t r a i n  gages C3, C4, C.5, arid C 6  are  

shown i n  Figs .  2.19 through 2 , 2 2 ,  

the  tes t  and produced no u s e f u l  r e s u l t s .  'l'he l o c a t i o n s  of  t h e  fou r  su r -  

v iv ing  gages are  given i n  Table 2 . 2 . )  Gages C3 and C 4  were i n s t a l l e d  on 
the membrane reg ion  o f  t h e  c y l i n d r i c a l  s h e l l  and gene ra l ly  i n d i c a t e  less 

(S t r a in  gages C 1  and C2 f a i l e d  e a r l y  i n  
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F i g .  2,19. Coniparison of  t h e  measured and ca l cu la t ed  s t r a i n  a t  gage 
C3 dur ing  phase 1 of t e s t  CC2. 
See Table 2 . 2  f o r  gage loca t ion .  

So l id  c i r c l e s  are c a l c a l a t e d  p o i n t s .  
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Fig.  2 . 2 0 .  Coniparison of  t h e  measured and ca l cu la t ed  s t r a i n  a t  
gage C 4  dur ing  phase 1 o f  t e s t  CC2. 
See 'Table 2 . 2  f o r  gage loca t ion .  

S o l i d  c i r c l e s  a r e  ca l cu la t ed  p o i n t s .  



1 1 3  

F i g .  2 . 2 1 .  Comparison of t h e  measured and ca l cu la t ed  s t r a i n  a t  gage 
C S  d u r i n g  phase 1 of t e s t  CCZ.  
See Table 2 , 2  f o r  gage location. 

S o l i d  c i r c l e s  a re  calculated p o i n t s .  

Table 2.2.  Gage loca t ions  and o r i e n t a t i o n s  f o r  t e s t  CC2 

-- . _ I . ~  --- 
Location 

Or ien ta t ion  b Z b  eb 
a -  Designation 

21 

[mm (in.)] [nun ( i n , ) ]  (deg) 

c3 5 3 . 3  (2.1) 76 .2  (3) 0 Circumferential  

c4 53.3 (2 .1)  76.2 (3) 90 Circumferential  
C5 1 2 . 7  (0.5) 0 0 Circumferential  
C6 9.5 (0.37.5) 0 180 Radial 

In Ref. 2,  t hese  same gages were r e f e r r e d  t o  as gages H3 a 

throGgh H 7 .  The present  des igna t ion  i s  intended t o  ind ica t e  
capac i t i ve  gages. 

cap with t h e  2 a x i s  p o s i t i v e  down the  cy l inder .  
bThe o r i g i n  of t h e  coordinates i s  a t  t he  top cen te r  o f  t h e  
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Fig. 2 . 2 2 .  Comparison of  t h e  measured and ca l cu la t ed  s t r a i n  a t  gage 
See C6 during phase 1 of  t es t  CC2, 

Table 2 . 2  f o r  gage loca t ion .  
So l id  c i r c l e s  a r e  ca l cu la t ed  po in t s .  

than  t h e  c a l c u l a t e d  s t r a i n ;  however, gages CS and C 6  were mounted 011 t h e  

cap and i n d i c a t e  somewhat more than  t h e  ca l cu la t ed  s t r a i n .  

Experimental r e s u l t s  f o r  gage C4 show a s i g n i f i c a n t  decrease i n  in -  

d i ca t ed  s t r a i n  during the  f i r s t  week o r  two of  t h e  f i r s t  hold per iod.  
This  change appears t o  be a r e s u l t  o f  d r i f t  of t h e  gage. 

d r i f t  dur ing t h e  f i r s t  few weeks of a t e s t  has been observed occas iona l ly  
i n  e a r l i e r  t e s t s .  If  t h e  experimental  r e s u l t s  from gage C4 werc cor rcc tcd  
t o  agree wi th  those  of  C 3  a t  t h e  end of t h e  f i r s t  hold period, then the 
agreeiiient between t h e  experimental  r e s u l t s  o f  gages C 3  and C 4  would he  

s i g n i f i c a n t l y  iinproved f o r  t h e  remainder o f  t h e  t e s t ,  and t h e  agreement 
between t h e  measured and ca l cu la t ed  results f o r  gage C 4  would a l s o  be 

somewhat b e t t e r .  

Such an apparent  
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Although an at tempt  was a l s o  made t o  analyze phase 2 o f  t h e  t e s t ,  com- 

pu ta t iona l  d i  f f i c u l t i e s  developed t h a t  prevented cornpletioii of t h e  a n a l y s i s .  

The f irst  load s t e p  o f  phase 2 cons i s t ed  o f  p r e s s u r i z i n g  t h e  specimen t o  

about 6 .9  MPa (1 k s i )  . The no-creep opt ion  of  PLACRE was used f o r  t h i s  

load s t e p .  Although t h e  i n i t i a l  load s t e p  o f  phase 2 was analyzed t o  
completion, very  l a r g e  s t r e s s e s  [ i n  excess o f  690 MPa (100 k s i ) ]  were 

p rcd ic t ed  a t  t he  cen te r  of  t h e  cap. IVhen t h e  f i r s t  creep-hold per iod  

o f  phase 2 was analyzed, the creep r a t e  was so high and thc  stress r e d i s -  

t r i b u t i o n  so slow t h a t  no s i g n i f i c a n t  f r a c t i o n  of t h e  s t r u c t u r e  hold 
- 1 0  time could be analyzed i n  an acceptab le  computer time. 

h r  of s t r u c t u r e  hold tiiiie r e q u i r e d  0.55 h r  o f  computcr time.) The conclu- 
s i o n  was reached t h a t  completing t h e  a n a l y s i s  of  phase 2 was not  f e a s i b l e .  

(Analysis of 10 

Computational d i f f i c u l t i e s  a r e  a t t r i b u t e d  t o  t h e  assumption of geo- 

met r ic  l i n e a r i t y  t h a t  i s  made i n  t h e  program PLACRE. 

t i o n s  are assumed t o  be i n f i n i t e s i m a l ,  t h e  e n t i r e  p re s su re  loadiiig on 

t h e  f l a t  cap must be supported by the  bending moment t h a t  develops i n  t h e  

cap. In t h e  a c t u a l  specimen, we be l i eve  t h e  cap d e f l e c t i o n  i n  phase 2 i s  
so l a r g e  t h a t  t h e  membrane s t r e s s e s  i n  t h e  deformed cap c a r r y  most of 

t h e  p re s su re  load.  Thus, a more advanced computer piwgram would be riccded 

t o  analyze phase 2 .  

Because t h e  de f l ec -  

The i n e l a s t i c a l l y  c a l c u l a t e d  c reep  damage during phase 1 of  tlie t e s t  

i s  shown i n  Fig. 2 . 2 3  fo r  two l o c a t i o n s  of g r e a t e s t  damage ( the  i n s i d e  

surface a t  t h e  c e n t e r  o f  t h e  cap and t h e  f i l l e t  reg ion  between tlie cap 
and c y l i n d e r ) .  

g r e a t e r  a t  t h e  c e n t e r  of  the cap, where i t  reaches a damage f r a c t i o n  o f  
about 0.63 a t  t h e  end o f  t he  f irst  phase o f  t h e  t e s t .  Actual specimen 

f a i l u r e ,  on t h e  o t h e r  hand, occurred i n  t h e  f i l l e t  reg ion .  This  d i f -  

fe rence  between t h e  p red ic t ed  and observed f a i l u r e  l o c a t i o n  aga in  could 
be caused by t h e  assumption o f  geornctric l i n e a r i t y  i n  t h e  a n a l y s i s  ( a s  
d i scussed  above) o r  it could be caused by a sharp  s t e p  t h a t  was know1 t o  

bc l e f t  i n  t h e  f i l l e t  reg ion  dur ing  p repa ra t ion  of t h e  specimen (due t o  
machining l i m i t a t i o n s )  but  t h a t  could not  be s u f f i c i e n t l y  well def ined  

t o  be included i n  t h e  f in i t e - e l emen t  g r i d  of  t h e  f i l l e t .  Such a s t e p  

would bc expected t o  cause premature f a i l u r e  a t  the f i l l e t .  

The c a l c u l a t e d  creep damage i s  an o rde r  of  magnitude 
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Fig. 2.23. C a l c u l a t e d  c r e e p  damage a t  c a p  c e n t e r  and f i l l e t  d u r i n g  
phase 1 of  t es t  CC2. 

Creep damage was a l s o  e v a l u a t e d  accord ing  t o  t h e  e l a s t i c  procedures  

an3  u s i n g  t h e  m a t c r i a l  p r o p e r t i e s  and c r e e p  r u p t u r e  d a t a  o f  Code Case 1592 

(Kef. 7 ) .  R e s u l t s  a r e  a l s o  shown i n  Fig.  2.23. Recnusc the c a l c u l a t e d  

e l a s t i c  stress exceeded 1.2.5 S 

t h e  c a l c u l a t e d  r a t e  of  damage accumulat ion i s  t h e  same a t  both  l o c a t i o n s ,  

and f a i l u r e  i s  p r e d i c t e d  t o  o c c u r  d u r i n g  phase 1. 

a t  both  t h e  cap c e n t e r  and t h e  f i l l e t ,  
Y 

In summary, t h e  i n e l a s t i c  s t r u c t u r a l  a n a l y s i s  of  t e s t  CC2 gave f a i r  

agreement w i t h  t h e  s t r a i n  gage measurements d u r i n g  phase 1 of t h e  l o a d i n g  
arid d u r i n g  t h e  i n i t i a l  p r e s s u r i z a t i o n  o f  phase 2. 

could n o t  be completed due t o  l i m i t a t i o n s  o f  t h e  s t r u c t u v a 1  a n a l y s i s  pro-  
gram. 

t i v e  because t h e y  e x t r a p o l a t e  t o  f a i l u r e  i n  about 880 a d d i t i o n a l  hours  

under  t h e  niild c o n d i t i o n s  o f  phase 1; t h e  specimen a c t u a l l y  wj t h s t o o d  

Analys is  of phase 2 

I n e l a s t i c  c r e e p  damage e v a l u a t i o n s  f o r  phase 1 seem q u i t e  conserva-  
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o v e r  1200 h r  o f  addj t ior ia l  t c y t i n g  under t h e  much rnore s e v r r e  load  con- 

d i t i o n s  o f  ptiasc 2 .  I'hc e l a s t i c  damage p r e d i c t i o n s  are even more conserva-  

t i v e  t h a n  t h e  i n e l a s t i c  p r e d i c t i o n s .  

We b e l i e v e  t h a t  t h e  computat ional  d i f f i c u l t i e s  discusset3 above could 

bc overcome by t h e  i i s e  of  a more s o p h i s t i c a t e d  f i n i t e - e l e m e n t  computer 

program, b u t  we have no presentc p l a n s  i o  pursue  t h e  a n a l y s i s  f u r t h e r  bc- 

c a u s e  i t  i s  not  e s s e n t i a l  t o  o u r  program. 

2.4 Nozzle-to-Sphere Tests and " h a l y s e s  ._._I__ - ____--______I----- 

R .  C.  Gwaltney M. Richardson 
R.  L .  Ra t t i s te  

(Last  r e p o r t e d  i n  ORNL-5433, pp. 126-131) 

2 . 4 . 1  H i  gh- temperature  deformat  ion  phase  o f  t e s t  o f  NS-2 
_c_.. - . _ ~  c_ 

The f i r s t  h igh- tempera ture  i n e l a s t i c  t e s t  o f  a n o z z l e - t o - s p h e r i c a l  - 
slie? 1 a t tachment  h a s  been completed.  The model (NS-2) was ins t rumented  

w i t h  e i g h t  Boeing-HITFC c a p a c i t i v e  s t r a i n  gages - f o u r  6.35-rruri (1/4- in  .) 

gages and f o u r  25.4-mm ( 1 - i n , )  gages.  Ihe gages weye ar ranged  a l o n g  two 

l i n e s  riinning i n  t he  m e r i d i o n a l  d i r e c t i o n  and marked n o r t h  ( N )  and s o u t h  

(S) i n  F i g .  2.24. I'hcre are f o u r  gages on t h e  o u t s i d e  s u r f a c e .  The 

gages a t  l o c a t i o n  2 a r e  i n  t h e  a x i a l  d i r e r t i o r i ,  bu t  a l l  t h e  o t h e r  gages 

a r e  i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o r i .  The l o c a t i o n  number, t y p e ,  and 

d i r e c t i o n  o f  t h e  gages a re  l i s t e d  i n  Table  2 . 3 .  The c o o r d i n a t e  p o s i t i o n  

of  each gage i s  g iven  by an  i n s e r t  i i i  F ig .  2.24. 

Thc tes t  was rim a t  593°C (1100"F), and fused-carbonate  s a l t  was 

used  f o r  t h e  p r e s s u r i z a t i o n  medium. The t e s t  h is togram i s  shown i n  F i g .  

2.25, arid t h e  specimen i s  of t y p e  304 s t a i n l e s s  s t ee l  ( h e a t  9T27Y6). 

After t h e  press i i re -only  t e s t  was completed,  t h e  molnent-only t es t  was p e r -  

formed. 

t e s t ,  b u t  t h i s  w3s dropped i n  f a v o r  o f  an  e a r l i e r  i n i t i a t i o n  o f  a sub 
sequent  f a i l u r c  t e s t  phase .  

Thc o r i g i n a l  p l a n  was t o  a l so  have a combined pressure-moment 

I'he CREEP-PLAS'T I1 program was used t o  a n a l y z e  t h e  p r e s s u r r - o n l y  

phase o f  t h e  deformat ion  t e s t .  A t o t a l  o f  984 three-node  t r i a n g u l a r  e l e -  

menLs and 581 nodes were used  i n  tlie a n a l y t i c a l  model. k l a s t i c - p l a s t i c  
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Fig. 2 . 2 4 .  Gage loca t ion  diagram f o r  nozzle- to-sphere t e s t  NS-2. 

p r o p e r t i e s  used i n  the a n a l y s i s  were from t h e  re ference  hea t  (9T2796) 

o f  type  304 s t a i n l e s s  s t e e l  and a r c  discussed i n  Refs. 5 and 9 ,  Ine l a s -  

t i c  a n a l y s i s  p red ic t ions  o f  s t ra ins  i n  t h e  junc t ion  region agree  reason- 

ab ly  well with the experimental  va lues .  Figure 2 ~ 26 sliows t h e  p red ic t ed  

results ca lcu la t ed  by the  CREEP-PLAST I1 progra~n compared with the  expe r i -  

mental d a t a  t a k e n  by gage S8. 

The computer program PI,ANS/HEX i s  being developed by Grumman Aero- 
space Corporation, and i t  w i l l  be used t o  analyze t h e  moment-only phase 

of  t h e  deformation t e s t .  Experimental results For t h e  moment loading a r e  

being reduced. 
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F i g .  2.26 Comparisons between p red ic t ed  and experimental  c i r cumfe r -  
e n t i a l  s t r a i n s  i n  t h e  junc t ion  reg ions  o f  specimen NS-2. 

2.4.2 Test  p l an  f o r  f a i l u r e  phase of NS-2 (J. A. Clinard ,  
___._I_.-- 

R.  C .  Gwaltney) (Not prev ious ly  repor ted)  

A p l an  was developed f o r  t he  phase of t h e  t e s t  l ead ing  t o  f a i l u r e  o f  

specimen NS-2. Tes t  i n i t i a t i o n  i s  planned f o r  e a r l y  i n  CY 1979. The 

a c t i v i t i e s  are repor ted  here  t o  i l l u s t r a t e  t h e  r o l e  t h a t  high-temperature 

design methocls p l ay  i n  t h e  planning phase o f  s t r u c t u r a l  t e s t i n g .  

Two important ques t ions  were addressed i n  t h e  planning of  t h e  NS-2 

f a i l u r e  phase: 

1. \$'hat i s  an appropr ia te  f a i l u r e  . t a rge t?  

2. What loading h i s t o r i e s  w i l l  produce f a i l u r e  a t  t h a t  t a r g e t ?  

2 . 4 . 2 . 1  Se l ec t ing  the  . t a r g e t  The f jrst  quest ion was answered 

(without t h e  a i d  of a c t u a l  s t r e s s  ana lys i s )  by employing t h e  bi  axi.al 

c reep- rupture  c o r r e l a t i o n  (see Sec t .  3.9) and s c a t t e r  f a c t o r s  a s soc ia t ed  

with the  rup tu re  c o r r e l a t i o n  and t h e  s t r e s s - s t r a i . n  a n a l y s i s .  This sel.ec- 
t i o n  process  was governed by cons idera t ions  t h a t  included 

1. tes t  temperature of  593°C (1100OF) - mandated by a v a i l a b i l i t y  o f  

m a t e r i a l s  d a t a  and o t h e r  design cons idera t ions ,  

2.  a mj.nimum des i r ed  t e s t  dura t ion  o f  one day, 
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3 .  a maximum des i r ed  t e s t  dura t ion  o f  two years ,  

4 .  a d e s i r e  f o r  s i m p l i c i t y  i n  t h e  loading histogram with a cons tan t  

p re s su re  loading be ing  t h c  iriost d e s i r a b l e  s e l e c t i o n .  

S c a t t e r  f a c t o r s  such as t h e  r e l a t i v e  c reep- rupturc  s t r c n g t h  (H) of  

t h e  specimen and a n a l y s i s  e r r o r  (S) i n  s t r e s s  p r e d i c t i o n s  heav i ly  i n f l u -  

enced planniiig. The R f a c t o r  was determincd s t a t i s t i c a l l y  (see SccL.  3.9);  

t he  S f a c t o r  was pos tu l a t cd  based on our a n a l y s i s  experience.  

K and S may be e x p l i c i t l y  included i n  tlic creep-rirpture equat ion as 
fo l  lows: 

The f a c t o r s  

where t i s  time t o  ruptui-e (hr )  and CJ i s  the  ca l cu la t ed  e f f e c t i v e  s t r e s s  

(CY = &/Z a: CY’ ) i n  k s i .  ,? v a r i e s  from 0.1226 (weak specimen) t o  

8.155 ( s t rong  specimen); R has  a range o.f 66.6. S v a r i e s  (according t o  

pos tu l a t ion )  f ~ o m  0,249 [due .to a 15% underpredic t ion  o f  s t r e s s ,  S = 

(0 .8S)8 .5551]  t o  9.436 [due t o  a 30% ove rp red ic t ion  of s t r e s s ,  S = 

(1 .e3)8-5551] ;  t he  pos tu l a t ed  range on S i s  37.9. ‘The range O i l  combina- 

t i o n s  of  K and S i s  25211; t h e  magnitude of -the -range i n d i c a t e s  t h e  di.f- 

f i c u l t y  i n  des igning  t h i s  f a i l u r e  t e s t .  

In  t h e  tes t  design aga ins t  maximum dura t ion ,  t h e  c o n t r o l l i n g  f a c t o r s  

r 

z j  ij 

a r e  t h e  s t rong  specimen (R = 8.158) and t h e  stress ove rp red ic t ion  (S I- 

9 .436) ;  a g a i n s t  iiiinimuin du ra t ion ,  t h e  weak speciiiien (R = 0.1226) arid t h e  

stress underpredic t ion  (S := 0 . 2 4 9 ) .  Test design to incorpora te  these  8s’ 

f a c t o r s  i s  i l l u s t r a t e d  below: 

Desi.gn aga ins t  maxiiiium dura t ion  of N h r  

1. Expected t a r g e t  ::: N/(8.158 x 9.436) = ilr/7S.98 hr 

2 ,  Mi.niauni t e s t  du ra t ion  = N/2524 h r  

-- - 

Design aga ins t  minimum dura t ion  of  L h r  

1. 

2 .  Maximum t e s t  du ra t ion  = 2524 x L h r  

I___... I.._. __._ --.-.- 
Expected t a r g e t  := 1;/(0.1226 x 0.249) = 3 2 , s  x L h r  

Thus, we were unable (with a s i n g l e  pressure loading)  t o  conr iden t ly  

s e l e c t  a histo,qram t h a t  m e t  both t h e  one-day and t h e  two-year t e s t  l i m i t s  

because t h i s  range, two year/one day = 730, was f a r  less than t h e  RS range 
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of 2524. 

years ,  t h e  p o s s i h i - l i t y  o f  a minimum t e s t  du ra t ion  of  ( 2  24 x 265)/2524 = 

6 .9  h r  ex i s t ed .  

one day, t h e  p o s s i b i l i t y  o f  a maximum t e s t  du ra t ion  o f  24 x 2524 = 60,576 

h r  = 6.9 years  e x i s t e d .  

If we designed t o  preclude a t e s t  duratiori  of  more than two 

I f  we desi-gned t o  preclude a t e s t  du ra t ion  of l e s s  than 

Another important cons idera t ion  was brought i n t o  focus so t h a t  t h e  

ques t ion  concerning f a i l u r e  t a r g e t  could be answered: a t  t es t  i n i t i a t i o n ,  

it seemed appropr i a t e  t o  emphasize guarding a g a i n s t  v i o l a t i o n  o f  t h e  mini- 

mum t e s t  du ra t ion .  To accoiiiplish t h i s ,  we placed t h e  s h o r t - t e s t  l i m i t  

a t  three days f o r  added s a f e t y ,  
a t  ( 3  x 24 x 32.8) = 2362 h r ,  o r  about 1 4  weeks. Note a l s o  t h a t  t h i s  

process  placed t h e  maximum t e s t  du ra t ion  a t  20.7 yea r s .  

t h a t  i f  ( a t  cons tan t  pressure)  t h e  specimen survived f o r  6-1/2 months, 

we would then inc rease  t h e  p re s su re  as necessary  f o r  compliance with the  

two-year-long t e s t  limit. 

This put  t he  “expected” f a i l u r e  t a r g e t  

‘I’hus, we decided 

2 . 4 . 2 . 2  Se l ec t ing  t h e  i n i t i a l  p re s su re .  Assuming a t a r g e t  o f  2362 

What pressure  w i l l  produce 
- .--- 

hi-, we were faced with a remaining ques t ion .  

rup tu re  (damage = 1) a t  t h i s  time? In answering t h i s  ques t ion ,  we con- 
ducted (using CREEP-PLAST I1 ’) t h r e e  stress zna lyses  ( e l a s t i c - p l a s t i c -  

creep)  o f  the nozzle- to-sphere geometry a t  p re s su res  of 3.792, 4.999, and 

5.516 MPa (550, 725, and 800 p s i ) .  Each a n a l y s i s  was c a r r i e d  out  .to a s  

long a t i m e  as p r a c t i c a l .  Table 2.4 shows t h e  resu l . t ing  analysis t ime, 

and t h e  accumulated damages, D ‘end’ end 
creep-rupture  c o r r e l a t i o n  i n  Ey. (2.1) with RS = 11 (I Table 2,5 gives  
a d d i t i o n a l  a n a l y s i s  information concerning t h e  e f f e c t i v e  membrane stress 
i n  t h e  sphere,  a - t h e  maximum e f f e c t i v e  stress a t  the  start of 

creep,  cs max 
ana lys i s ,  a 

t i o n s  a r e  depic ted  i n  Fig.  2 . 2 7 ,  The damage h i s t o r j - e s  are depic ted  i n  
Fig.  2.28. 

[based on time f r a c t i o n s  and t h e  

sphere ’ 

a t  tend. max 

a t  to; and t h e  maximum e f f e c t i v e  stress a t  t h e  end o f  t h e  

The stress h i s t o r i e s  a t  t h e  iiiaxirnum clamage loca- 

Using t h e  ca l cu la t ed  damage curves of Fig. 2.28, an e x p l i c i t  expres- 
Using, s i o n  f o r  damage as a func t ion  o f  t ime and pressure was developed. 

i n  tu rn ,  t h i s  expression (and s e t t i n g  damage = l ) ,  t h e  es t imated time t o  

rup tu re  was solved as a func t ion  o f  p ressure ,  and t h e  r e s u l t s  a r e  p l o t t e d  
as F ig .  2 . 2 9 ( a ) .  In  Fig. 2.29(b),  t h e  range of RS i s  i l l u s t r a t e d .  
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T a b l e  2 . 4 .  . 4na lys j s  timi and a c c u m u l a t e d  damage f o r  t h c  
t h r e e  c o n s t a n t - p r e s s u r e  s t r e s s / f a i l u r e  a n a l y s e s  

of  t h e  n o z z l c -  t o - s p h c r e  geometry 

M a t e r i a l  i s  t y p e  304 s t a i n l e s s  s t e e l  a t  
593°C ( 1 1 0 0 O F )  

-. .. ____ 
I n t e r n a l  p r e s s u r e ,  p A n a l y s i s  time, i a 

end’ ’end end  Damagc a t  t 
[MPa ( p s i )  ] (hr) 
..... 

3.792 (550) 26,778 2.25 

4.999 (725) 6.36 0.54 

5.516 ( 8 0 0 )  200 0.46  
......... ..... _ - . ............... 

0 T h i s  i s  t h e  naxiiiiun dnm2ge i n  t h e  structure. In each CRSC,  

i t  was c a l c u l a t e d  t o  occi i r  i n  t he  f i l l e t .  

(I) 
(I) 
w 
E 
t- 
cn 
cl 
w 

J 
h! 
a 
2 
a: 
0 z 
a 
la] 
I- 
4 
J 

2.4 

2.3 

2 .2  

2.1 

2 .o 

1.9 

1.8 
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TIME (h r )  

Fig .  2 . 2 7 .  NormaliLed stress ( r a t i o  of  e f f e c t i v e  stress t o  s t r e s s  
i n  t h e  sphere) vs  t ime rehponse a t  t h e  l o c a t i o n  of  maximum creep  damage 
i n  t h e  nozzle- to-sphere model NS-2. 
d i f f e r e n t  cons t an t  i n t e r n a l  p re s su res .  In each analysis, maximum s t r e s s  
(and, t h u s ,  maximum damage) occinrred i n  t h e  t r a n s i t i o n  r eg ion  between 
nozz le  and sphere .  

Three analyses were performed f o r  
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T a b l e  2.5. A d d i t i o n a l  a n a l y s i s  i n f o r m a t i o n  f o r  tis-2 

.- - _._._.___I ......... _ _ ~  .......... -- 
-I_--- 

U u a t  t U at tend 1- (I a t  L 1’ a a t  i 
end s p h e r e  ma x 0 max 0 

[!!Pa ( P s i ) ]  [hIPa ( k s i ) ]  [NPa ( k s i ) ]  [ W a  ( k s i ) ]  0 

3.792 (550) 57.7 (8.375) 131 .3  (19.05)  110.5 (16.03) 2 . 2 7  1 .91 

4.999 (72s)  76.1 (11.04) 176 .0  ( 2 5 . 5 2 )  143.3 (20.78) 2 ~ 31 1.88 

5.516 (800) 84 .0  (12.18) 191.8 (28.25)  160.4 (23.26)  2 .32 1.91 

a 
T i s  t h e  r a t i o  o f  0 t o  0 max sphere ’ 

ORNL- DWG 78 - 22680 

5 

111 ....... ~ - - ~ ~  

N O Z Z L E  - T O  - SPHERE, N S - 2  

CONS TA N T PRESSURE AN A 1-Y S E S 
TYPE 304 STAINLESS s r t x i .  5 9 3 0 ~  

10 

5.52 MP 

100 

TIME ( h r )  

........... 

3.79 MPa (55C 

1000 5 0 0 0  

F i g .  2 .28.  Calculated damage vs  time f o r  NS-2. S t r e s s  responses 
depic ted  previous ly  i n  F ig .  2 . 2 7  wcrc employed as input  ( t o  a t i m e -  
Frac t ion  damage model) f o r  these computations of  c rccp  damage. 
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F i g .  2 . 2 9 ,  Esti-mated time t o  rup tu re  (damage -= 1) as a func t ion  o f  
appl ied  i n t e r n a l  p re s su re  f o r  NS-2. 
1, t h e  "normal" condi t ion .  
l a t e d  range o f  RS on t h e  e s t ima t ion  of tiiiie t o  r u p t u r e .  

( a )  Estimation based on RS s c a t t e r  = 
(b )  Curves showing t h e  e f f e c t s  of t h e  postu- 
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For t h e  cst imated t i i ne - - to - f a i lu re  c invc,  F i g .  2 . 2 3  ( a )  i s  enlarged 

j n  F i g .  2 .30  f o r  p re s su res  between 4 . 5  aid 4 . 9  MPa. 

ques t ion  concerning p res su re  s e l e c t i o n  i s  a l s o  i l l u s t r a t e d  he re .  

sure of  4.571 MPa ( 6 6 3  p s i )  was s e l e c t e d  as t h a t  requi red  f o r  c r e q  TUP- 

t u r e  a t  t h e  f a i l u r e  t a r g e t  time o f  2367 h r .  

The answer t o  our  

A pres -  
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'ARGET 

\ 
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PRESSURE ( M P a )  

F i g .  2.30. I l l u s t r a t i o n  o f  s e l ec t ion  of t h e  appropr ia te  pressure  
t o  produce f a i l u r e  a t  t h e  t a r g e t .  
v s  pressure  i s  a simple enlargement of t h e  curve p l o t t e d  i n  previous 
F i g .  2 .29 (n ) .  

Note t h a t  the curve of  time t o  rup ture  
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In  summary, t h e  process  of  t c s t  d e f i n i t i o n  was based, i n  p a r t ,  011 

s t a t i s t i c a l  observa t ion  and, i n  p a r t ,  on p o s t u l a t i o n s  and a n a l y s i s .  In 

OUT es t imat ion ,  t h e r e  e x i s t s  about a 50% chalice That t h e  specimen w i b l  

f a i l  by t h e  t a r g e t  o f  2362 h r  (14 weeks). 'l'here i s  l i t t l e  chance t h a t  

t h e  specimen w i l l  f a i l  i n  less than  one day. Also, by us ing  t h e  6-1/2- 

month "reevaluat ion" t a r g e t ,  we w i l l  be a b l e  ( i f  necessary)  t o  a d j u s t  t h e  

p re s su re  t o  meet t h c  two-year-long t e s t  l i m i t .  

2.5 High-Temperature S t r a i n  Gage Development and V e r i f i c a t i o n  

J. E .  Smith 

(Last repor ted  i n  ORNL-5433, pp. 131-133) 

The sys temat ic  d r i f t  tes t  (CMB-1) passed t h e  10,000-hr du ra t ion  mark 

during t h i s  r e p o r t  per iod .  This  t e s t  i s  a cont inuing  experiment b e h g  

conducted with a constant-moment beam c a l i b r a t i o n  appara tus  (descr ibed 

i n  Ref. 10) and c o n s i s t s  o f  two d i f f e r e n t i a l  capac i tance  s t r a i n  gages 

(IJoeing-11ITEC) and one CERL-Planer c a p a c i t i v e  gage. Systematic. d r i f t  o f  
the  gages was monitored while  being he ld  a t  a temperature of  593OC (1100'F). 

The gages used were as fol lows:  

1. one Roeing-HITEC d i f f e r e n t i a l  capac i tance  gage - 2S,4-llirn (1-in.]  gage 

1 ength,  

2 .  one being-III'l'EC d i f f e r e n t i a l  capac i tance  gage - 6.4-mm (1/4--in.) gage 

1 en g t  h , 
3 .  o m  CERL-Plancr c a p a c i t i v e  gage -- 19-mm (3/4- in . )  gage length  Model 

L-b.  

The t e s t ,  o r i g i n a l l y  t a r g e t e d  €or 10,000 h r ,  was continued p a s t  t h a t  

po in t  t o  o b t a i n  maximum dura t ion  f o r  t h e  CERL-Planer gage, which was added 
t o  T.he beam a f t e r  2400 h r  during a d e a c t i v a t i o n  o f  t h e  tes t . "  

Average d r i f t  ra tes  taken  a t  d i f f e r e n t  per iods  during t h e  t e s t  are 
shown i n  Table 2.6. Also shown are t h e  d r i f t  r a t e s  f o r  2400 h r  t h a t  were 
measured f o r  two Boeing gages ciuri.ng a s imilay tes t  a t  Boeirig Aerospace.12 

This  cont inuing  tes t  has  v e r i f i e d  and e s t a b l i s h e d  t h e  e x c e l l e n t  
s t a b i l i t y  o f  c a p a c i t i v e  gages us ing  a i r  as t h e  d i e l e c t r i c .  Tt has a l so  

iden t i - f i ed  a r e a s  f o r  f u r t h e r  s tudy  as t h e  development and v e r i f i c a t i o n  
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Table 2.6. Systematic d r i f t  fo r  capac i t i ve  s t r a i n  gages 
a t  593'C (1100'F) 

.x_. ...._.__I___ -- --- _l___l_..? 

Average d r i f t  r a t e  (pE/hr) 
a t  var ious t imes 

2400 h r  5000 h r  10,000 h r  
.-....-___-I Gage 

.- .-.-. _.I..- -.____- 

Boeing-IiITEC 6 .4  mrn (1/4 j.n.) l ength  0.028 0.016 0.0095 

Boeing-HITEC 25.4 mm (1 i n . )  l ength  0.02'7 0.05'7 0.0495 

CEKL-Planer 19  mm (3 /4  i n . )  l ength  0.018 0.014 0.013" 

Boeing 25 .4  mm (1 i n . )  l ength  

Boeing 25 .4  mm (1 i n . )  l ength  

0.04 

0.04 

h 

b 

aData f o r  9600 h r .  

'Reference 1 2 .  

t e s t s  a r e  continued. 

1. 

2 .  

3. cause of short- term excursions seen i n  both s t r u c t u r a l  t e s t s  and 

O f  p a r t i c u l a r  i n t e r e s t  a r e  

e f f e c t s  of power outages on gage s t a b i l i t y ,  

e f f e c t s  of  thermal cyc l ing  on &.'ne d i f f e r e n t i a l  capaci tance gages, 

s t a b i l i t y  experiments. 

Inves t iga t ion  of thesc  a reas  w i l l  bc emphasized i n  t h e  f u t u r e  t o  

f u r t h e r  minimize u n c e r t a i n t i e s  i n  s t r a i n  measurements on high-temperature 

s t r u c t u r a l  t e s t s .  

2.6 In te rna t ior ia l  Piping Rerichmark Problem E f f o r t  
I_____ 

W. J .  McAfee J .  M. Corum 

(Last repor ted  i n  ORNL-5433, pp. 133-140) 

A p re fe r r ed  format f o r  p re sen ta t ion  of  so lu t ion  t o  the  In t e rna t iona l  

Atomic Energy Agency/Internat ional  Working Group on Fast Reactors ( I A E A /  

IWGFR) problems was prepared and d i s t r i b u t e d  t o  t h e  p a r t i c i p a n t s .  This  

w a s  intended p r imar i ly  as a guide l ine ,  with l a t i t u d c  f o r  ind iv idua l  a u t h o r ' s  
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s t y l e  arid exper ience ,  

t i o n  as complete and se l f - con ta ined  as p o s s i b l e  and t o  make t h e  diTf- b r e n t  

p re sen ta t ions  c o n s i s t e n t  with one another .  The recommended format i s  

shown be 1 ow. 

The format was s t r u c t u r e d  t o  make each presenta-  

IQIIMAT FOR REPORTING PIPING BENCILzlAKM PROBLEM SOLUTIONS __- -- - 

1. Computer Prograin 

a .  Program name o r  i d e n t i f i c a t i o n .  

b .  Brie€ d e s c r i p t i o n  d e l i n e a t i n g  t h e  e s s e n t i a l  program 

f e a t u r e s  i n  conjunct ion with suppor t ing  r e fe rences .  * 

2 .  S t r u c t u r a l  Model 

a.  Describe t h e  s t r u c t u r a l  i d e a l i z a t i o n  used t o  model t he  

t e s t  assembly. Such parameters  as wall t h i ckness ,  pipe 

diameter ,  elbow rad ius ,  attachment p ipe  lengths ,  e t c . ,  

should be descr ibed  i f  o t h e r  than  those  o f  t h e  a c t u a l  t e s t  

as semb 1 y . 
b. Describe t h e  finite-elelnexit g r i d ,  type o f  element ( s ) ,  etc .  

Inc lus ion  of p l o t s  of  the f in i te -e lement  g r i d  would provide 

a d d i t i o n a l  v i s u a l i z a t i o n  o f  t h e  model. 
Describe t h e  boundary condi t ions  and any i d e a l i z a t i o n s  

employed e 

c. 

3 .  C o n s t i t u t i v e  Equations 

a .  Describe implementation o f  p l a s t i c i t y  model. 

i. Flow r u l c  

i i ,  Hardening l a w  

Describe implementation o f  c reep  model. b. 

i. Creep formulat ion (law) 

ii. Type o f  hardening and/or s t a t e  paraincters used 

__--...s.._._._ 

*References throughout t h i s  d i scuss ion  a r e  intended t o  mean documents 
t h a t  a r e  r e a d i l y  a v a i l a b l e  t o  t h e  p a r t i c i p a n t s  i n  t h i s  a c t i v i t y .  
p r o p r i e t a r y  informationlprograms a r e  involved, s ta te  t h i s  restri-ction but 
g ive  as much inFormation as i s  permi t ted .  

I f  
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4 .  Mater ia l s  P rope r t i e s  

a. The da ta  i n  t h e  forili used by t h e  computer program should 

be ind ica t ed .  

b .  Where tab i i la r ized  da ta  were used, t h e  type o f  i n t e r p o l a t i o n  

should be s p e c i f i e d .  

c. Cor re l a t ions ,  t a b l e s ,  curves ,  e t c . ,  o t h e r  than  those sup- 

p l i e d  with each problem should be descr ibed i n  s u f f i c i e n t  

d e t a i l  and re ferenced .  

5. Resul t s  

a. Tabular comparison o f  experiment and analyses  ( s t r e s s  and/or 

s t r a i n / d e f l e c t i o n  as spec i f i ed  i n  the  problem s ta tement ) .  

Graphical p re sen ta t ion  of  above comparisons. b .  

c .  Addit ional  a n a l y t i c a l  r e s u l t s  a t  t h e  author!  s di s c r e t i o n  

of  s p a t i a l  d i s t r ib i . i t ions  of  stress o r  s t ra in ,  o r  o f  s t r a i n /  

d e f l e c t i o n  time behavior o f  reg ions ,  o r  o f  p o i n t s  t h a t  

e x h i b i t  c h a r a c t e r i s t i c s  o f  p a r t i c u l a r  i n t e r e s t ,  f o r  example, 

t r a n s i t i o n  reg ions ,  stress concent ra t ion  reg ions ,  e t c .  

6 .  Closure 

a .  Comment on s p e c i f i c  d i f f i c u l t i e s ,  o r  lack the reo f ,  i n  s e t -  
t i n g  up and so lv ing  t h e  ind iv idua l  benchmark problem. 

app l i cab le ,  assess t h e  method(s) used t o  overcome t h e  

d i f f i c u l t i e s .  

Where 

b. Provide a general  d i scuss ion  and assessment o f  t h e  coinpari- 

son between experimental  and a n a l y t i c a l  r e s u l t s .  

f a c t o r s  t h a t  may have inf luenced the  comparison such as 

t h e  f in i t e - e l emen t  inodcl chosen, t he  models f o r  m a t e r i a l s  

behavios used, t h e  a p p l i c a t i o n  o f  boundary condi t ions ,  e t c ,  

Consider 

c. Discuss,  i f  possible, t h e  a p p l i c a b i l i t y ,  advantages, e t c . ,  

o f  techniques used with respec t  t o  t h e  problem solved. For 
example, i f  a s impl i f i ed  a n a l y s i s  was done, are  t h e  r e s u l t s  
adequate when cos1 and time savings are considered,  o r  
would a more d e t a i l e d  a n a l y s i s  be j u s t i f i e d ?  
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d. A s  an opt-ion, provide any comnients on t h e  benchmark problem 

such as b e t t e r  p re sen ta t ion ,  information l a c k i n g ,  sugges- 

t i o n s  f o r  a d d i t i o n a l  types  o f  benchmark problems, e tc .  

R number of s o l u t i o n s  were a l so  rece ived  l a t e  i n  t h e  r e p o r t  per iod .  

These are  summarized i n  'Table 2 . 7 .  I t  i s  expected that only  a few more 

s o l u t i o n s  w i l l  be receivetl .  When a l l  the r e s u l t s  are rece ived ,  t hey  will 

be organized and prepared i n  r e p o r t  form f u r  pub l i ca t ion .  

Table  2 .7 .  Summary of  i r i t e r n a t i o n a l  p i p j n g  benchmark problem s o l u t i o n s  r e c e i v e d  

Problem No. 

1 2 3 

__.._.._.........._I Au t h o  I' ( s ) 

f lans-Pe tcr  Knapp and J a n  P r i j ;  

A .  K .  D h a l l a  and S .  Z .  Newrfun; 

C o o p e r a t i v e  e f f o r t  between I n t e r d t o m  and ECN 

West i n  ghouse Advanced Reac t o r s  D i v i s i o n  

Osamti IVatnndbe and I-lideomi Ohtsubo; 
Ihrough Power R e a c t o r  and Nuclear  Tuel 
Developrnent C o r p o r a t i o n ,  Japan  

K .  Iwata ,  S .  A s a i ,  and 11. l a k e d a ;  
Through Power Reac tor  ond Nuclear  Fuel 
Development C o r p o r a t i o n ,  Japdil 

Through Power Reac tor  and NucZcar h e 1  
Development C o r p o r a t i o n ,  Japan  

I'hrough Power R e a c t o r  and N u r l e a r  F u r l  
Development C o r p o r a t i o n ,  Japan  

Akih iko  S u z u k i ;  

Shin]  i S a k a t a ,  lasuku Shimizii, and Masaharu Sunikawa; 

X 

X 

X 

X 

X 

X 

H .  Bring, G .  Clement ,  A. Hoffman, and H .  Jakuhowieg;  X X 
C e n t r e  D' Etudes  Nucleni . res ,  De S a c l a y ,  France 

X 
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3. DESIGN C R I T E R I A  AND RULES FOR TIME-DEPENDENT 
DEFORMATION AND FAILIJRE 

R. L .  Huddleston 

The o b j e c t i v e  o f  t h i s  subtask i s  t o  a s s e s s  and develop design r u l e s  

and procedures aimed at. p rec luding  time -dependent f a i l u r e  through exces- 

s i v e  deformation, c racking ,  and ruptime and t o  support  t h e  development 

and eval i ia t ion o f  codes and s tandards  i n  t h i s  a r ea .  

An understanding of f a c t o r s  leading t o  f a i l u r e  by excess ive  deforma- 

t i o n ,  cracking,  o r  rup ture  and t h e  a h j  1 i t y  t o  conse rva t ive ly  iiiodel t h e i r  

e f f e c t s  i.s o f  primary importance t o  t h e  development of  a v e r i f i e d  design 

technology f o r  high-temperature r e a c t o r  system components. 

poiients w i ~ l l  be subjec ted  t o  h i . s tor i  e s  o f  s teady  and f l u c t u a t i n g  mul t i -  

a x i a l  loads and temperatures  f o r  which ma te r i a l  response i s  both t ime and 

cyc le  dependent. The need t o  provide safe, c o s t - e f f e c t i v e  designs f o r  

t hese  condi  t i .ons has provided t h e  iiiotivation f o r  de ta i l . ed ,  systeraatic 

i n v e s t i g a t i o n s  o f  c reep  rup tu re ,  low-cycle f a t i g u e ,  c reep  f a t i g u e ,  and 

t h e  a s soc ia t ed  mechanisms t h a t  lead t o  damage accuiiiulation and f a i l u r e  

a t  high temperature.  'These i n v e s t i g a t i o n s  have included t h e  preparation. 

of  i n t e rp re t . i vc  r e p o r t s  i n  1972 and 19751,2 which sumrnarize and p l ace  i n  

pe r spec t ive  cu r ren t  knowledge on t h e s e  sub jec t s  and suggest fmtiire courses  

of  a c t i o n  leading t o  a b e t t e r  understanding of  damage accumulation and 

improved methods f o r  designing compon.ents f o r  high-temperature s e r v i c e .  

The iiiost r ecen t  r e p o r t ?  was a comprehensive general  assessment of t ime- 

dependen t f a t i g u e  . 

These corn- 

An overview o f  O R N L ' s  f a i l u r e - r e l a t e d  a c t i v i t i e s  was presented  i n  

t h e  previous r e p o r t  i n  t h i s  s e r i e s .3  During t h i s  r e p o r t  per iod ,  f a i l u r e  

a c t i v i t i e s  included both un iax ia l  and mul t i ax ia l  c reep- rupture  and t ime-- 

dependent f a t i g u e  exp lo ra to ry  t e s t s  and assessments of f a i l u r e  c r i t e r i a  

and design r u l e s .  S t r u c t u r a l  t e s t s  t o  f a i l u r e ,  which a r e  repor ted  i n  

Chapter 2 ,  a r c  a l so  an i n t c g r a l  p a r t  o f  t h e  o v e r a l l  f a i l u r e  program. 
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3.1 Creep-Rupture Fa i lu re  llnder Uniaxial  
and Mul t iax ia l  Conditions 

R.  L. Huddleston C .  C .  Schul tz  
W. E .  Leyda 

(Last repor ted  i n  ORNL-5433, p .  145) 

This  p r o j e c t  was i n i t i a t e d  i.n January 1972 and was completed during 

t h e  cu r ren t  r epor t  per iod  when the  f i n a l  b i a x i a l  t ubu la r  specimen BWTR-5 

f a i l e d  a f t e r  21,840 h r  a t  593°C (1100°F) and an e f f e c t i v e  s t r e s s  l eve l  o f  

119.4 MPa (17.32 k s i ) .  'The s tudy was conducted under subcontract  by t h e  

Babcock G Wilcox Company. The ob jec t ive  o f  t h e  s tudy was t o  provide a 

S e t t e r  understanding o f  t h e  accuinulation of c reep  damage and the  methods 

of eva lua t ing  and p r e d i c t i n g  creep f a i l u r e  under condi t ions  o f  mu l t i ax ia l  

and time-dependent loadings.  Test specimens were made of  type  304 s t a i n -  

less s t e e l  ( re ference  hea t  9T2796) and t e s t e d  a t  593OC (llOO°F). Tes t ing  

p r  imari 1 y cons is ted  o f cons tan t  - l o  ad un iax ia  1 t e s t s  , cons t a n  t: - 1 oad m u  1 t i  - 
ax ia l  t es t s ,  and un iax ia l  s tep- load  t e s t s .  A f i n a l  r e p o r t 4  covering the  

constant- load un iax ia l  and m u l t i a x i a l  t e s t s  was prepared and d i s t r i b u t e d  

during t h i s  per iod.  Assessments of t h e  un iax ia l  and mul t i ax ia l  cons tan t -  

load d a t a  have been repor ted  by Rlass.596 

i n  ea r l i . e r  r e p o r t s .  7, 

a ted  fol lows.  

'The s tep- load t e s t s  were covered 

A summary of  t h e  speci.men designs and da ta  gener- 

3.1.1 Constant-load un iax ia l  t es t s  

Nineteen constant- load un iax ia l  c reep- rupture  t e s t s  were performed 

us ing  t h e  two smooth, so l id -ba r  specimen designs shown i n  Pigs .  3 .1  and 

3 .2 .  Specimens were f ab r i ca t ed  from 16-mm ( S / g - i n . )  b a r  s tock  and sub- 

sequent ly  annealed a t  1 0 9 3 O C  (2000°F) f o r  30 min. Test  r e s u l t s  a r e  

sumiiiarized i n  Table 3.1, with log-log p l o t s  o f  s t r e s s  v s  t ime t o  rupture  

and 

3.1 

1 a r  

nom 

s t r e s s  vs minimum creep r a t e  i n  F i g s .  3.3 arid 3.4,  r e spec t ive ly .  

2 Constant-load rnul t iaxial  tes ts  

Eleven constarit- load mul t i ax ia l  t e s t s  were conducted us ing  t h e  tubu- 

-- 

specimen design shown i n  Fig.  3 , s .  Specimens were f ab r i ca t ed  from 

n a l  48-mm-diam (1-7/8-in.)  ba r .  The nominal 38-ll~m-diam (1 .5 - in . ) ,  
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ORN L-DWG 7a ---22057 

.......... - 22.23- -50.80 * 

L D I A M  8.13 ? 0.03 
11.11H 

\- 12.70 mm--NC--2A 13 THD 
(ENG LlSH THREAD) 

F i g .  3.1. Threaded u n i a x i a l  specimen f o r  BWII and BWI t e s t s  [dimen- 
s i o n s  i n  millimeters (1 i n .  = 25.4  I ~ ~ ~ I I ) ] .  

ORNL-DWG 78-22058 

L 15.75.f0.00 UlAM 
-0.05 

Fig .  3 . 2 .  Buttonhead uniaxial specimen f o r  BWC and BWLF t e s t s  
[dimensions i n  mill imeters (1 i n .  = 25 .4  m m ) ] .  



Table  3.1. Summary of cons t an t - load ,  u n i a x i a l  c r eep - rup tk re  t e s t s  a: 593'e (1100'F) i n  a i r  
f o r  16-mm-diam ( S l s - i n . )  t ype  304 s t a i n l e s s  s r e e l  bar  (hea t  9T2796) 

reannea led  30 rnin a t  1093°C (2300°F) 

Rupture F rac tu re  Reduction To ta l  Time t o  Time t o  I n t e r c e p t  

('%,'hr> 
Tes t  S t r e s s  s t r a i n  on secondary c reep  r a t e  t e r t i a i y  s;;;e; t imed -longatione i n  a r e a  No. [MPa (ks i ) !  loadinga c reep  {hr) [ ?6 ; is) c reep  

( h r )  3 :: (%) j h r )  

BWC-1 30 (207) 
BWR-1 SO (207) 

BWC-2 26 (193) 
BWR-2 28 (193) 
BWR-13 28 (193) 
BWC-9 26 (193) 

EtWC-3' 25 (172) 
F 

3 % ~ - 3  25 (172) 

BWC-4 22 (152) 
BWK-4 2 2  (152) 
BUC-53 20 (138) 
BW-14 23 (136) 
BWC-10 20 (138) 

BWI-1 19.5 (134) 
BWI-2 19 .5  (134) 
BWI-3 19 .5  (134) 

BWI-5 19.5 (134) 
BWI-6 19 .5  (134) 

BWR-6 19 (131) 

BW-9 18 (124) 

BWI-4 19.5 (134) 

BW-11 17 (117) 

BWR-7 16 (110)  

5.0 
7.60 

6.35 40 
5.75 40 
6.57 60 
4.25 85 

4.20 80 
3.90 100 

4.00 I75 
3.30 160 

1 .as 5,000 
2.02 3,230 
1.55 4,000 

0.9 5,600 
1.07 5,40C 
1.50 4,800 
0.96 7 ,000  
1.65 3, ROO 
1.30 3,800 

1.48 6,030 

1.15 7,500 

1.35 5,000 

0.60 6,000 

0.016 
0.022 
0.023 
0.021 

0.3065 
0 .  0c79 

0.0014 
0.0330 

0.000165 
0.00044 
0.30021 

0.30036 
3.ooo;o 
0.00019 
0.00005 
0.30026 
0.00023 

O.OOOC73 

0. GOO036 

0. COO033 

0.000009 

195 
230 
215 
335 

500 
565 

1,400 
1,170 

8,700 
5,800 
8 , 0 0 3  

13,000 
13, 0OG 

9,000 
:ikU 

6,300 
i ,  500 

13,500 

1s ,000 

20,301: 

32,000 

0.50 
0.65 
0.88 
1.16 

0.45 
0.71 

0.60 
0.72 

1.54 
1.58 
2.30 

3.3 
3.2 
3.2 
3.5 
2.7 
2 . 6  

2.90 

2.40 

1.60 

1.15 

1 6 7  R 
138 R 

227 R 
368 R 
276 K 
415 R 

667 R 
948 R 

2 ,130 K 
2,026 R 

9,564 R 
6 ,665  R 
9,450 n 

D 
16,591 R 

D 
D 
ci 

17,547 R 

24,495 ;I 

25,942 2 

44,296 R 

11,606 n 

19.c 30.5 
21.5 32.9 

13 .0  20.4 
lb .5  1 6 . 3  
16.5 1 8 . 3  
18 .3  25.2 

12.7 12.0 
17.0 23.2 

10.7 13.7 
12 .5  16.6 

10 .5  12.0 
8 .5  13.1 
9 . 3  1 4 . 3  

i 3 . 0  11 .5  
11.0 13 .3  

9.5 12.6 

5 . 5  13.6 

i . 5  13.2 

6 . 3  13.1 

'A l l  specimens s t e p  loaded a t  1.67 k s i  increments ,  except t es t  BWC-5B, which was s t e p  loaded a t  1 . 4 9  k s i  

'Time t o  t e r t i a r y  Cree:, btisez; an t h e  0 .2% o f f s e t  from t h e  minimum r a t e  l i n e .  

' In te rcept  c r eep  s t r a i n  does n o t  i n c l d e  t h e  e l a s t i c  and i-ilitiai p l a s t i c  componcnrs. 
'R = rup tu re ,  i) = discor.t inued. 
eElongation over  3 i n .  i n  BVK series; over  2 i n .  i n  BWK and BWI s e r i e s .  
:Failure occurred  n e a r  end of gage l eng th .  
'NA = not  a v a i l a b l e .  

increments. 
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(ksi) 

40 

35 

30 

m 25 m 
w 
CT 

k-J 
20 

15 

10 

ORNL DVVG 78 22059 

A 
LoglOtR - 16 3170 - 9.5580 LoglOu (ksl) 

STANDARD ERROR = 0 1295 
CORRELATION COFFFICIENT = 0978 

R U P T U R E  TIME (hr) 

- 

- 

-.. 

- 

.- 

- 

- 

- 

F i g .  3 . 3 .  'lime t o  -rupture from cons tan t - load ,  un iax ia l  t e s t s  of  304 
s t a in l e s s  s t c c l  (hea t  9T2796) a t  5 9 3 O C  (1100°F') ; 16-mm-diam (5 /8- in . )  
ba r  reannealed at 1093°C (200O"I:') f o r  30 m i n .  

ORNL DMG 78-2'2060 

5 

Q: 
x 15 100 Logloli (ksi )  - 1.6833 + 0.067467 L o g l o  lmm/iilm:hr) 

Log,,,(, (\A!%) = 2.5218 + 0.067467 Log,0 CL," (mrii/mm/hr) 

STANDARD E R R O R  = 0.1158 (MPal 

CORRELATION COEFFICIENT = 0.954 

lo175 0.0168 (ksi) 

50 
I-L 1 o - ~  

10-6 1 o - ~  1 o - ~  10-8 io-? 
C R E E P  R A T E  (mmlmmihr) 

F i g .  3.1. MinimLm creep ra tes  from Constant-load, un iax ia l  t e s t s  o f  
304 s t a i n l e s s  s t ee l  (heat  91'2796) a t  593°C (1100°F);  16-1nm-diam (5/8-i.n.) 
bar  reanizealcd a t  1093°C (2000°F) f o r  30 min. 
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1.9-mm (0.075-in.) wall, 20.3-mm (8 .0- in . )  gage length  specimcns were loaded 

by i n t e r n a l  pressure  and a x i a l  t ens ion .  Tes t s  were conducted w i t h  c i r  - 

cumferent ia l  t o  a x i a l  s t r e s s  r a t i o s  o f  0 ( u n i a x i a l ) ,  1 / 2 ,  1, and 2 .  Test  

condi t ions  and numerical r e s u l t s  a r e  summarized i n  Table 3.2.  Note t h a t  

a l l  specimens f a i l e d  a t  a common a x i a l  l oca t iun .  The specimen tcmperature 

was determined t o  be 593°C (1100°F) a t  both t h e  ends and c e n t e r  o f  the  

gage l eng th .  IIowever, a t  t h e  f a i l u r e  loca t ion ,  t h e  tempcraturc  was somr- 

what h ighcr .  Addit ional  t e s t s  t o  e s t a b l i s h  t h i s  temperature  a r e  t o  hc 

conducted. Prel iminary t e s t s  i n d i c a t e  t h a t  t h e  peak temperature  was i n  

t h e  600 t o  604°C (1112 t o  1120°F) range. 

The r e s u l t i n g  c reep - rup tu re  d a t a  a r e  p l o t t e d  i n  r i g .  3 .6 ,  along with 

t h e  l ea s t - squa res  l i n e  f o r  t he  u n i a x i a l  so l id-bar  d a t a  taken from Fig. 3 .3 .  

No attempt was made t o  compensate fo r  t he  "hot spot" a t  the rup tu re  loca-  

t i o n .  However, Schul tz  and Leyda" made what t h e y  f e l t  was a conserva t ive  

adjustment o f  11°C (20°F) t o  t h e  u n i a x i a l  l i n e .  I'his adjustmcnt reduced 

the  di f fe rence  between t h e  un iax ia l  and b i a x i a l  log t by about one - h a l f .  
R 

102 1 o3 1 o4 1 o5 
RUPTURE TIME (hr) 

F i g .  5 .6 .  T ime  t o  rup tu re  as a func t ion  of Mises e f f e c t i v e  s t r e s s  
fo r  mul t i ax ia l  t u b u l a r  specimens of 3011 s t a i n l e s s  s t e e l  (heat  9T2796) 
t e s t e d  a t  593°C: (1100°F) wi th  cons tan t  i n t e r n a l  p re s su re  and a x i a l  t en -  
s ion loadirigs.  



Tab le  3 .2 .  Summary of rnui t iax ia l  c r e e p - r u p t u r c  t e s t  c o n d i t i o n s  and r e s u l t s  f o r  364 s t a i n l e s s  s t e e l  ( h e a t  9T2796) 

t e n s i o n  l o a d i n g s ;  material reannea led  30 rnin at 1093OC (2000°F) 
t u b u l a r  specimens t e s t e d  i n  a i r  a t  593OC (9100°F) w i t h  i n t e r n a l  p r e s s u r e  and a x i a l  

C I n t e r n a l  Addi t iona l  Average stress [MPa ( p s i ) ]  
p r e s s u r e  axial load 

iYPa (Psi11 [ N  (1b)l 

Test 
No. Mises 

e f f e c t i v e  C i r c  uni f e r e n  t i a  I Axial  

EWTR- 1 3 (0) 32,632 (7,336) 0 (0) 151 (21,850) 151 (21,850)  
143 (20,730) 143 (20,7303 

BWR-2 15.9 <2,30C.) 151 (2:,85,2) 75 (10,92511 130 (18,920) 
143 (20,700) 68 (9,800) 1 2 4  (17,940) 

BWR-3 15.9 (2,300) 16,316 (3,668) 151 (21,550) 151 (21,850) 151 (21,850) 
143 (20,7001 143 (20,730) 143 (20,710) 

3hTR-4 7.9 (1,153) 24,465 (5,500) '5 (10,925) 151 (21,550) 130 (ld,92G) 
71 (10,350) 147 (21,280)  127 (18,430) 

BWTR-5 7.3 (1,@53) 22,401 (5,036) 69 (10,000) 138 (2D,OO0) 119 (1?,320J 
65 (9,480) 134 (19,490;) 116 (16,880l 

BWR-6 14.5 (2,105) 138 (20,000) 69 (10,000) 119 (17,320) 
131 (18,950) 62 (8,970)  113 (16,410) 

BWTR-7 14.5 (2,105) 14,937 (3,358) i38  (23,000) 138 (20,000; 138 (20,000)  
1 3 i  (18,950) 131 [18,990) 131 (18,953:; 

BWTR - i 1 6.5 (948) 20,164 (4,533) 62 [9,000j 124 {1S,C130) 107 (13,599: 
59 (8,530) 1 2 1  (17,540) IO5 j15,190) 

EiiTR-12 13.1 (1,8951 1 2 4  (18,000) 6 2  ( 9 , 0 0 0 j  107 (15,590) 
118 (17,060j  56 (s,uecij 1 0 2  (14,780) 

BWR-13 13.1 (1,895) 13,443 (3,022) 124 {18,000) 124 (18,000) 124 (:8,000] 
118 <17,360) 118 (17,083) 118 (17,073) 

B'KYR-14 14.5 (2,105) 14,937 (3,353) 138 <23,300)  139 :20,000> 138 {20,033> 
131 (18,950) 131 {i8,980)  131 {18,360: 

Mea silr ed rn in i niuin 

Rilptzre c r e e p  r a t e s  
( i n .  / i n .  / h r )  t i ilie 

( h r  ;I 
C i r c u m f e r e n t i a l  Axial 

1,997 

1,713 

554 

3,336 

21,840 

3,272 

1,925 

6,432 

17,039 

3,595 

1,461 

9.8 x 

3.1 

1 . 6  x 3.2 

3.2 x 

- 8  
2 . 9  4.0 x 10 

1 . 7  x 2.6 x 

5.3  x 

a The f irst  stresses shown are based on t h e  mean d i a m e t e r  formula, and t h e  second stresses shown a r e  a c t u a l  average  
s t r e s s e s .  The r a d i a l  component o f  stress h a s  bean ignored  i n  t h e  d e t e r m i n a t i o n  of t h e  e f f e c t i v e  s t ress .  3.8 cm ( 1 , s  i n . )  
o u t s i d e  d iameter  and 0.19 cm j0.075 i n . )  wall t h i c k n e s s .  

A f t e r  1525 :IT, t h e  loading  c o n d i t i o n s  ware changed t o  t h e  c o n d i t i o n s  of t es t  BWTR-13. b 
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Also note  t h a t  f a i l u r e  fo r  t h e  so l id -ba r  specimens was taken as separa-  

t i o n ,  but  " f a i lu re"  f o r  t h e  t u b u l a r  specimens was taken as a l o s s  of  

pressure .  A s  a whole, without t h e  11°C (20°F)  adjustment,  t h e  b i a x i a l  

t u b u l a r  d a t a  f a l l  s i g n i f i c a n t l y  below t h e  uni.axi.al so l id -ba r  da ta .  O n  

t h e  average, f a i l u r e  time f o r  a t u b u l a r  specimen i.s %26% o f  t h e  f a i l u r e  

t ime f o r  a corresponding u n i a x i a l  solid-bai: specimen. 

Measured creep r a t e s  f o r  t he  b i a x i a l  specimens are a1 so suiiimarized 

i n  Table 3 . 2 .  Due t o  experimental  d i f f i c u l t i e s ,  c reep  r a t e s  were not  

obtained f o r  a l l  specimens and, i n  seve ra l  ca ses ,  were obta ined  only  f o r  

the  a x i a l  d i r e c t i o n .  

The creep flow rille i n  RD'IT Standard FY-ST [Levy-Mises-keuss (1,-M-R) 

f l o w  r u l e ]  i s  used here  .to compare t h e  measured bi.axia1 minimum creep  r a t e s  

with tile un iax ia l  d a t a  ( see  t h e  equat ion i n  Fig. 3 . 4 ) .  The L-M-K equat ion 

i s  given by 

where 

-e 
E ; j  = creep  strain r a t e  component, 

_- 
E = e f f e c t i v e  creep r a t e ,  

CJ = e f f e c t i v e  s t r e s s ,  

!ii = t emperaturo 

Cy' .= d e v i a t o r i c  stress component. ij 

- i - ( T , T )  i s  determined from t h e  cquatiori shown i n  Fig.  3 . 4  t o  be 

(3.1) 

( 3 . 2 )  

Prcdic ted  and measured c reep  r a t e s  are compared i n  Fig. 3 . 7 ,  with t h e  

measured r a t e s  being s i b m i f i c a n t l y  g r e a t e r  than  t h e  p red ic t ed  values  based 

on the u n i a x i a l  d a t a  and t h e  L-M-R equat ion.  

For a d d i t i o n a l  d e t a i l s  of t h e  t e s t  procedures ,  i nd iv idua l  t e s t  de- 

s c r i p t i o n s ,  deformation da ta ,  and a d d i t i o n a l  d a t a  c o r r e l a t i o n s ,  t h e  r eade r  

i s  r e f e r r e d  t o  Ref. 4 .  
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Fig .  3 . 7 .  Comparison o f  measured c i r c u m f e r e n t i a l  and a x i a l  minimism 
c r e e p  r a t e s  ob ta ined  i n  m u l t i a x i a l  t e s t s  of 304 s t a i n l e s s  s tee l  (hca t  
91'2796) t u b u l a r  specimens w i t h  p r e d i c t e d  r a t e s  based on u n i a x i a l  s o l i d  
b a r  specimen d a t a  and t h e  Levy-Mises-Reuss cquatiarr .  

3.1.3 Uniaxia l  s t e p - l o a d  t e s t s  . .- .-. 

The o b j e c t i v e  of  t h e s e  t e s t s  was t o  d e f i n e  f a i l u r e  and ~ S S C S S  cumu- 

l a t i v e  damage r u l e s  f o r  homogeneous v a r i a b l e  s t r e s s  c o n d i t i o n s .  T h i r t e e n  

u n i a x i a l  s t e p - l o a d  t es t s  were run  u s i n g  t h e  BWC and BWR (Rabcock G Wil- 

cox I c r e e p  and - r u p t u r e )  specimen d e s i g n s  g iven  i n  Figs. 3.1 and 3 . 2 .  A 

t y p i c a l  l o a d i n g  h is togram inc luded  t h r e e  c o n s t a n t - s t r e s s  hold p e r i o d s .  

The t y p i c a l  sequence was a c o n s t a n t - s t r e s s  ho ld  fol lowed by a hold  a t  a 

h i g h e r  s t ress ,  w i t h  a f i n a l  ho ld  a.t a reduced stress l e v e l .  Loading 

h i s t o r i e s ,  f a i l u r e  tiiiies, and l i n e a r  time fraP-ti.ons are  summarized i n  

Table  3 . 3 .  S t r a i n  h i s t o r i e s  are summarized i n  Ref 7. 

Summations o f  l i n e a r  time f r a c t i o n s  a t  f a i l u r e  ranged from 0.58 

t o  1 . 4 2 ,  w i t h  a s t a n d a r d  d e v i a t i o n  from t h e  average of  t he  e n t i r e  se t  

be ing  0 . 2 7 .  E s s e n t i a l l y  d u p l i c a t e  loading  h is tograms were a p p l i e d  t o  s i x  

se t s  o f  two specimens each (i.ea, specimen se t s  A through F) wi th  some 

pa i . r s  of  tests such as sets ,  C ,  D,  and F demonst ra t ing  r e a s o n a b l y  good 



T a h l e  3.3. Uniaxial  s tep- load  roptiife t e s t  r e su l t s  f o r  type 304 s t a i n l r s s  s t e e l  
a t  593°C (1100°F) ( h e a t  9T2795) 

Time a t  Life  Reduct ion Tota l  
fraction Elongation in 

(%I (%I load 
(hr) I%) 

Specimen Test S t r e s s  s t r a i n  on 
sef No. No. [MPa ( k s i ) ]  loading 

(%I  

A 

A 

B 

B 

C 

c 

D 

D 

E 

E 

F 

F 

G 

BWC - 6 

BWR- IO 

BWC- 7 

BWR- 8 

BWC - 8 

BWR- 12 

BWLF-5B 

BWLF-6 

BWLF-7 

BWLP-3 

BWLF-9 

BlVLF - 1 0 

BWLF-5 

110 (16) 
172  (25) 
138 (20) 

110 (16) 
1 7 2  (25) 
138 (20) 

117 (17) 
172 (25) 
138 (20) 

117 (17) 
172 (25) 
138 (20) 

124 (18) 
172 (25) 
138 (20) 

124 (18) 
172 (25) 
138 (20) 

145 (21) 
172 (25) 
14s (21) 

145 (21) 
172 (25) 
145 (21) 

145 (21) 
172 (25) 
145 (21) 

145 (21) 
172 (25) 
145 (21) 

145 (21) 
1 7 2  (25) 
115 (21)  

145 (21) 
1 7 2  (25) 
145 (21) 

138 (20) 

138 (20) 
1 7 2  (25) 

0.42 

0.76 

1.78 

2.62 

3.11 

2.25 

2 . 2 1  

2.47 

2.06 

3,871 
136 

3,251 
13,258 R 

3,871 
136 

5,655 

3,699 
136 

5,066 
8,901 R 

3,703 
136 

8,901 
12,740 R 

5,071 
136 

5,420 
10,627 K 

4,897 
136 

3,994 
9,029 R 

500 
200 

1,236 
1,934 R 

500 
2 90 

1,214 
1,914 R 

750 
136 

2,003 
2,889 R 

750 
136 

5,483 R 

1,314 
136 

1,816 
2,966 R 

1,006 
136 

2,286 
3.428 R 

503 
198 

5,246 
5,947 R 

_____ 

9m R 

____ 

- 

-__- 

4,597 ___ 

_... 

_I_ 

- 

6 
15  

121 
142 

6 
15 
74 
9T 

10 
15 
67 
92 

10 
15 

117 
142 

24 
15 
71 

110 

24 
15 
53 
92 

10 
22  
26 
58 

10 
25 
25 
60 

16 
15 
42 
73 

16 
15 
96 

127 

21  
15 
38 
74 

21  
15 
48 
84 

7 
22  
69 
98 

- 

- 

- 

- 

- 

- 

_I 

I 

- 

- 

- 

9.0 

11.5 

12.0 

11.0 

8.0 

11.5 

10.3 

10.5 

12.3 

18.0 

16.0 

12.5 

16.0 

17.8 

20.6 

13.8 

15.5 

17.2 

15.9 

14.3 

20.5 

16.5 

18.2 

17.0 
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r e p e a t a b i l i t y  while o t h e r s  such as s e t s  B an3 E demonstrated g r e a t e r  

v a r i a b i l i t y  i n  damage a t  f a i l u r e .  The s tandard dev ia t ion  dep ic t ing  t h i s  

wi th in-se t  var j -a t ion  o r  i n a b i l i t y  t o  d u p l i c a t e  a t e s t  was 0,18.  

v a r i a b i l i t y  seen i n  damage a t  f a i l u r e  is  due t o  mater ia l  and t e s t i n g  

v a r i a b i l i t y ,  as opposed t o  r ep resen t ing  inaccuracy i n  t h e  l i n e a r  time- 

f r a c t i o n  approach t o  modeling t h e  a c t u a l  damage behavior,  then,  given a 

l a r g e  enough s e t  of tes t  da t a ,  t he  average darriage a t  f a i l u r e  should 

approach 1 .0 .  In  f a c t ,  i f  one averages the  damage a t  f a i l u r e  f o r  a l l  t h e  

t e s t s  i n  Table 3 , 3 ,  t h e  r e s u l t  i s  0.96. The v a c i a b i l i t y  i n  cumulative 

damage a t  f a i l u r e  wi th in  the  dup l i ca t e  s e t s  and wi th in  t h e  uniax ia l  

constant- load da ta  base makes i t  d i f f i c u l t  t o  a s ses s  t h e  l i n e a r  t ime 

f r a c t i o n  approach f o r  p r e d i c t i n g  f a i l u r e  f o r  a given t e s t .  

t i v e  f a i l u r e  e s t ima te  (95% confidence l i m i t )  could be made f o r  a l l  the  

tes ts  summarized i n  Table 3 . 3  by adding a s a € e t y  f a c t o r  o f  1 .52 t o  -the 

time f r a c t i o n  p red ic t ion  o r  a s a f e t y  f a c t o r  o f  1 .045  ‘to the s t r e s s  f o r  

which one s e l e c t s  t he  est imated rup tu re  time 

I f  t h e  

A conserva- 

‘The range of  damage f r a c t i o n s  obtained a t  f a i l u r e  i n  t h e  s tep- load  

tes t s  can be p ro jec t ed  knowing t h e  v a r i a b i l i t y  i n  t h e  base l ine  un iax ia l  

constant- load da ta .  Linear t ime- f r ac t ion  damage i s  represented  by 

( 3 . 3 )  

where (t ) i s  t h c  un iax ia l  c o n s t a n t - s t r e s s  rup tu re  time f o r  a given stress 

l e v e l  i, and t i s  the  hold t i m e  a t  l e v e l  i. Knowing t h e  s tandard e r r o r  

f o r  t h e  un iax ia l  d a t a  base from which (tR)i i s  est imated,  95% confidence 

l i m i t s  on (tl,)i a r e  approximated by 

R 

i 

log (-2 ) .  It 2SE Ri? (3 .4 )  

where ( t  ) i s  t h e  mean o r  leas t - squares  f i t t e d  value o f  rup tu re  t i m e  and 

S i s  t h e  s tandard e r r o r .  In  an analogous manner, approximate 95% conf i -  

dcnce l i m i t s  on damage may be taken as 

R i 
E 

(3 .5)  
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The s tandard e r ro r ,  S f o r  t h e  u n i a x i a l  d a t a  base summarized i n  Table 3.1 

was 0.1295 with a n t i l o g  2S bciriy 1.82. 

E q ,  ( 3 . 3 )  r e s u l t s  i n  r a t i o s  ranging from 0.55 t o  1.82. Thus, even i f  

l i n e a r  time f r a c t i o n s  damage were an exact ciimulative damage theory  

E' 
Making t h i s  s u b s t i t u t i o n  i n t o  E 

one would expect material and t e s t i n g  v a r i a b i l i t y  t o  czuse s u f f i c i e n t  
d e v i a t i o n  from a damage o f  1 .0  t o  produce a range i n  t es t  d a t a  o f  ~ 0 . 5 s  < 

D < 1.82 i n  s tep- load tes t s .  A l l  t e s t s  conducted by Babcock 6 Wilcox f e l l  

within t h i s  range.  For a given specimen, the primary means t o  ~iai-roitr t h i s  

expected range i s  by ( I )  s e l e c t i n g  t e s t  m a t e r i a l s  with minimum v a r i a b i l i t y  

(which may no t  r ep resen t  pro to type  m a t e r i a l s )  o r  ( 2 )  improving load and 

tcmpemture  con t ro l .  

3 . 2  I n v e s t i g a t i o n  of Cumulative Creep-Rupture Damage Under 
Var iagre  Load and Ternmrature IVL'I') Condit-ions 

K .  L .  Huddleston 

(Last r epor t ed  i n  ORNL-5433, p. 145) 

Plans f o r  u n i a x i a l  ant3 mul t i ax ia l  VLT tests were descr ibed  i n  a pre-  

v ious  reports3 

l o w - v a r i a b i l i t y  cumulative damage da ta  on t h e  r c fe rence  hea t  of type  304 

s t a i n l e s s  s t e e l  f o r  a s ses s ing  f a i l u r e  c r i t e r i a  under r e l a t i v e l y  homogeneous 

s t a t e s  o f  s tep-varyjng s t r e s s  and temperature and a l s o  t o  assess d i € -  

f e rences  i n  t h e  c reep- rupture  behavior  whcn d i f f e r e n t  deformation mechanisms 

are ope ra t ive .  S ix  t e s t s  a r e  t o  be performed a t  each u n i a x i a l  condi t ion  

t o  develop a d a t a  set i n  which c reep- rupture  and cumulative damage behavior 

can be s t a t i s t i c a l l y  separa ted  from t h e  ma te r i a l  and t e s t i n g  v a r i a b i l i t y .  

Biaxia l  tes ts  w i l l  d u p l i c a t e  t h e  e f f e c t i v e  s t r e s s - t ime  h i s t o r y  of s c l e c t e d  

un iax ia l  t e s t s .  

'The purpose of  t he  un iax ia l  t e s t s  i s  t o  provide explora tory ,  

3.2,1 Uniaxial  VLT t e s t s  - - - - . ~  
A subcont rac t  was i n i t i a t e d  wi th  t h e  J o l i  e t  Meta l lu rg ica l  Laboratory,  

J o l i e t ,  I l l i n o i s ,  during t h i s  r e p o r t  per iod  t o  perform t h e  u n i a x i a l  VJ,T 
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creep- rupture  tes ts .  The s tandard 6.40-mm-diam (0.252-in.) ,  51-mm (2,O-in.)  

gage length  specimen shown i n  F i g .  3 .8  i.s be ing  u t i l i z e d .  

being f ab r i ca t ed  from 48-mm-diam (1-7/8-in.)  bar  s tock.  The l a rge  bar  

diameter permits  four  specimens t o  be obtained from each specimen-length 

segment o f  bar .  'I'he bar  s tock  was annealed a t  1093°C (2000°F) f o r  30 m i r i  

and subsequently given a lOOO-hr, 663°C (1225°F:) microstruct-ural  s t a b i l i -  

za t ion  t rea tment .  

Speciiiiens a r e  

Test  specimens were prepared by wet-form grinding.  

Seventeen t e s t s  were i n i t i a t e d  during t h i s  r epor t  per iod and had 

accumulated times up t o  803 h r  through t h e  end of November. 

r e s u l t s  a r e  summarized i n  Table 3 . 4 .  

I n i t i a l  t e s t  

Table  3 .4 .  Uniaxia l  c r e e p - r u p t u r e  t e s t  resul ts  f o r  
t y p e  304 s t a i n l e s s  s t e e l  ( h e a t  91'2796) 

( J o l i e t  M e t a l l u r g i c a l  Laboratory)  

__ ____ .......... ... . . . .. I_ 

P l a s t i c  Accumulated 
creep 

de f o m a t  ion  
(%I 

Test Running 

[MPa ( k s i ) ]  loading  time" 
(hr  1 

s t r a i n  on 

0 1 

Specimen Matr ix  t e m p e r a t u r e  S t r e s s  

[ " C  (OF11 
No. t e s t  No. 

1 Al-1-1 
2 -2  
3 -3 
4 -4 
5 -5 
6 -6 

7 A1-2 -1  
8 - 2  
9 - 3  

10 -4 
11 -5 
12 -6 

13 A2-2-1 
14 - 2  
15 -3 
16 -4 
1 7  -5 
18 -6 

566 (1050) 159 (23) 
566 (1050) 159 (23) 
566 (1050) 159 (23) 

566 (1050) 159 (23) 
566 (1050) 159 ( 2 3 )  

566 (1050) 159 (23) 
Mean 
Standard d e v i a t i o n  
c o e f f i c i e n t  of v a r i a t i o n  

593 (1100) 159 (23) 
593 (1100) 159 (23) 
593 (1100) 159 (23) 
593 (1100) 159 (23) 
593 (1100) 159 (23) 
593 (1100) 159 (23) 
Mean 
Standard d e v i a t i o n  
C o e f f i c i e n t  o f  v a r i a t i o n  

663 (1225) 89.6 (13) 
663 (1225) 89.6 (13) 
663 (127.5) 89.6 ( 1 3 )  
663 (1225) 89.6 (13) 
663 (127.5) 89.6 (13) 
663 (1225) 89.6 (13) 
Mean 
Standard  i levint  ion 
C o e f f i c i e n t  of v a r i a t i o n  

__- .~ ........ . . . . . . .. . . 
A s  of November 2 2 ,  1978. a 

'Temperature overshoot  on hea tup .  No t e s t .  

2 .8  
3.0 
2 .8  
2 .4  
2 .6  
2.72 
0.23 
8 . 5  

2 .6  
2 . 8  
3 .5  
1.6 
1.7 
2 . 2  
2.40 
0.72 

30.0 

0 .6  
0 .5  
0 . 5  
0 .6  
0 .5 
0 . 5  
0 .53  
0.05 
9.4 ____ - 

b 
728.3 
724.5 
724.4 
691.5 
728.4 
719.4 

730.4 
802.8 
802.9 
802.8 
802.7 
730.3 
778.7 

803.0 
802.9 
803.0 
802 e 9 
802.8 
802 .9  
802 ,9  

1.598 
1.500 
1.295 
1.177 
1.247 
1.363 
0.178 

13.1 

9.042 
9.023 
9.8.55 
9.960 

10.947 
10.091 

9.820 
0.722 
7.35 

15.645 
15.038 
14.306 
15.278 
14.660 
16.147 
15.179 

0.666 
4.4 

...... 
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Grain si.zes i n  t h e  range  American S o c i e t y  f o r  'Testing and Materials 

(ASTM) 1 through 5 were found i n  t h e  b a r  s t o c k  a f t e r  .the a n n e a l i n g  and 

s t a b i l i z a t i o n  h e a t  t r e a t m e n t .  

Babcock 6 Wilcox Company h a s  shown an i n f l u e n c e  o f  g r a i n  s i z e  v a r i a b i l i t y  

on c r e e p - r u p t u r e  behavior .  7 ,  * 
Laboratory,  ser i -ous c o n s i d e r a t  i o n  was g iven  t o  changing t o  a n o t h e r  product  

of t h e  r e f e r e n c e  h e a t  (9T2796) or" t o  a n o t h e r  h e a t  o f  304 s t a i n l e s s  s t ee l .  

The conclus ion  was, however, t h a t  t h e  g r a i n  s i z e  problem i s  n u t  p e c u l i a r  

t o  t h e  r e f e r e n c e  h e a t  n o r  t o  one product  form. In  a d d i t i o n ,  changing t o  

a n o t h e r  h e a t  would uncoup1.e d a t a  genera ted  i n  t h i s  program from t h e  l a r g e  

body o f  e x i s t i n g  d a t a  f o r  t h e  r e f e r e n c e  h e a t .  Thus,  it was concluded t h a t  

t h e  program should  use  t h e  48-mm (1-7 /8- in . )  b a r  product  form o f  t h e  re fe r -  

ence h e a t .  V a r i a b i l i t y  i n  s t r a i n s  and r u p t u r e  times due t o  d i f f e r e n t  g r a i n  

s izes  i s ,  however, a c o n t i n u i n g  source  o f  concern,  and t e s t  r e s u l t s  w i l l  

be monitored c l o s e l y  e a r l y  i n  .the t e s t  program t o  e s t a b l i s h  t h e  v a r i a b i - l i t y ,  

Although no r u p t u r e s  have occurred  t o  d a t e ,  e a r l y  s t r a i n  d a t a  a r e  more 

v a r i a b l e  t h a n  d e s i r e d .  

P r i o r  e x p e r i e n c e  both  a t  ORNI, and a t  t h e  

P r i o r  t o  i n i t i a t i o n  o f  t e s t i n g  a t  t h e  J o l i e t  

3.2.2 M u l t i a x i a l  VL1' t e s t s  (R. 1,. Huddleston, R .  L .  B a t t i s t e ,  
M .  Richardson, and--rJ. A .  Ilawk) 

P r e l i m i n a r y  t e s t  p l a n s ,  an  experi inental  f a c i l i t y ,  arid a nominal 

31.8-mm-diam ( 1 . 2 5 - i n . ) ,  1.0-mm (0.04-in.)  w a l l ,  152-mm ( 6 - i n . )  gage 

l e n g t h  t u b u l a r  specimen were d e s c r i b e d  p r e v i o u s l y  i n  Ref. 3 f o r  some 

m u l t i a x i a l  VLT t e s t s .  These s p e c i f i c  t e s t s  a r e  t o  provide  d a t a  on creep-  

r u p t u r e  damage under  s t e p - v a r y i n g  i n t e r n a l  p r e s s u r e  and temperat l l re  load-  

i n g s  (VPT) . During t h i s  r e p o r t  p e r i o d ,  011e t u b u l a r  spccimeii, VPT-2, 

was ins t rumented  and t e s t e d  t o  f a i l u r e  a t  593°C (1100°F). 

VPT-2 was f a b r i c a t e d  froin 48-mm-diam (1-7/8- in . )  b a r  s t o c k  o f  h e a t  

After f i n a l  assembly, t h e  specimen 9T2796 o f  t y p e  304 s t a i n l e s s  s tee l .  

was annealed f o r  30 min a t  1093°C (2000'F)  and subsequent ly  given a micro- 

s t r u c t u r a l  s t a b i l i z a t i o n  h e a t  t r e a t m e n l  [ lo00  hr a t  664°C ( 1 2 2 5 " F ) I .  

I n s t r u m e n t a t i o n  f o r  VPT-2 inc luded  a x i a l  and c i r c u m f e r e n t i a l  Boeing-HITEC 

s t r a i n  gages and Chromel-Alunnel thermocouples a t  t h e  c e n t e r  and each end 

o f  t h e  gage l e n g t h .  
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Photographs o f  t h e  ins t rumented  speciiiicn and t h e  specimen p o s i t j  oned 

i n  t h e  t e s t  f a c i l i t y  are shown i n  F i g s .  3 .9  and 3.10, r e s p e c t i v e l y .  The 

specimen was h e a t e d  t o  593 + 1.7'C (1100 T 3'1:) and i n t e r n a l l y  pressuriLcd 

with a r g o n  t o  a blises e f f e c t i v c  s t ress  l e v e l  of  159 MPa (23 .0  k s i ) .  Rup- 

t u r e  occurred  i n  95 hr. The r u p t u r e d  specimen is shown in Fig .  3.11. 

t:xpected f a i l u r e  time was 596 h r .  

t o  deteriiiine i f  t h e  f'ai lure i n i t i a t c d  a t  one o f  t h e  small spot  tvelds 

used f o r  s t r a i n  gagc and lead wirc a t tachment .  

Thc specimen i s  c u r r e n t l y  b e i n g  exaniincd 

t of Biaxial i  t y  i n  Creep-f'at i g w  
I at: Elevated  'Ycmperature - --- 

S. Y. Zamrikk 

I - 3 . 3  1 

(Las t  r e p o r t c d  i n  O R U L - 5 4 3 3 ,  pp. 154-161) 

An e x p l o r a t o r ) r  s t u d y  o f  h i a x i a l  crecp f : i t j  gue i n  type 3 ( ~ 4  s t a i n l e s s  

s t ee l  [ h e a t  31'2796) a t  538°C (1000°F)  i s  b e i n g  conducted by t h e  Pcnrisyl- 

v a n i a  S t a t e  llni v e r s i t y  under  a s u b c o n t r a c t  w i t h  ORNJ.,. 

f i g u r a t i o n '  and r e s u l t s  ]lave tieen g iven  i n  p r e v i o u s  p r o g r e s s  r e p o r t  s ,  

Test  spccimeri con- 

A c t i v i t i e s  d u r i n g  t h e  pe r iod  o f  t h i s  r e p o r t  inc luded  the fo l lowing:  

(1) a scr ies  of theriiinl and a x i a l  s t r a i n  c a l i b r a t i o n  t e s t s  a t  S3S"C (1000°F) 

were condut tcd  j o i n t l y  w i t h  ORNI, p e r s o n n e l  and ( 2 )  s i x  a d d i t i o n a l  c reep-  

f a t i g u e  t e s t s  werc conducted.  C a l i b r a t i o n  t e s t s  were i n i t i a t e d  a f t e r  

poor  c o r r e l a t i o n  was o b t a i n e d  between t h c  I'ennsylvani L~ S t a t e  U n i v e r s i t y  

exper imenta l  r e s u l t s  and r e s u l t s  conipiitcd from t h e  A N L  l i n c a r  r e g r e s s i o n  

rriodcl (Diercks  and Raske'O) f i t t e d  t o  d a t a  from o t h e r  s o u r c e s  ( see  S e c t .  

3 . 7 ) .  

Axial s t r a i n  c a l i b r a t i o n  t e s t s  werc conducted u s i n g  a s t a n d a r d  11.4-mm- 

diam ( 0 . 4 5 0 - i n . ) ,  19.1)-inm (3 /4 - in , )  gage l e n g t h ,  1 .5-m (0 .060- - in . )  w a l l  

t u b u l a r  specimen ins t rumented  w i t h  two high-ternpcrature  Roeing-HITEC 
c a p n c i t i v e  s t r a i n  gages .  

3.12. 

(1/8 i n . )  and t h e  o t h e r  had a gage l e n g t h  o f  19 JIUT~ /3 /4  i n . L  which 
corresponded t o  t h e  specimen gage l e n g t h .  

'The ins t rumented  t e s t  specimen i s  shown i n  Fig.  

One o f  t h e  specially prepared  gages had a gage l e n g t h  o f  3 , 2  mm 

'The gagcs were l o c a t e d  OR 

*Pennsylvania  S t a t e  I J n i v e r s i t y ,  I J n i v e r s i t y  P a r k .  
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x. 

-A 

Fig .  3.9.  VPT-2 instrumented specimen; type  304 s t a i n l e s s  s t e e l  
(heat  9T2796),  nominal 32-mm diam (1.25 i n . ) ,  1-mm (0 .040- in . )  wall, 
152-mm (6- in . )  gage l eng th .  
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Fig.  3.12. Biaxia l  c reep- fa t igue  speclmen instrumented wi th  two 
Boeing-HITEC s t r a i n  gages and s i x  Chromel-Alumel thermocouples i n  prepa- 
r a t i o n  f o r  a x i a l  s t r a i n  c a l i b r a t i o n  tes t s .  
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oppos i te  s i d e s  of  t h e  specimen a t  t h e  midpoint o f  t h e  specimen gage length .  

Cycling between f i x e d  displacement l i m i t s  r e s u l t e d  i n  a s t r a i n  range 

approximately twice t h a t  p rev ious ly  repor ted  f o r  t h e  same displacement 

range. 

t h a t  an e x i s t i n g  c a l i b r a t i o n  curve r e l a t i n g  c y c l i c  a x i a l  displacement 

limits t o  a x i a l  s t r a i n  amplitude had been mis in t e rp re t ed  as s t r a i n  range. 

This  r e s u l t e d  i n  a x i a l  s t r a i n  range be ing  repor ted  as one-half  i t s  a c t u a l  

va lue  f o r  a l l  c y c l i c  d a t a  i n  which t h e  l i n e a r  ramp cyc le  has been u t i l i z e d ,  

as  well  as f o r  a few o f  t h e  t es t s  involv ing  25-cpm s inuso ida l  cyc l ing .  

Torsional  s t r a i n  range has  been repor ted  c o r r e c t l y .  

and p l o t s  a r e  given i n  Tables 3.5 and 3.6 and Figs .  3.13 through 3.15. 

A subsequent check o f  t h e  s t r a i n  c a l c u l a t i o n  procedure revea led  

Corrected d a t a  sets 

The pre l iminary  thermal c a l i b r a t i o n  experiments revea led  undes i rab le  

thermal g rad ien t s  wi th in  t h e  specimen. 

being made t o  t h e  equipment t o  hea t  and i n s u l a t e  t h e  specimen more uni-  

formly. 
(10°F) d i f f e r e n c e  between c e n t e r  and end, <1.7"C (3°F)  between t o p  and 

Appropriate modi f ica t ions  a r e  

Test improvements are d i r e c t e d  toward meeting t a r g e t s  o f  <5.6"C 

ORNL-DWG 78-22070 

NUMBER OF CYCLES TO FAILURE, Nf 

F i g .  3.13. E f fec t  of b i a x i a l i t y  r a t i o ,  R = Y O ~ / E ~ ,  on t h e  low-cycle 
f a t i g u e  l i f e  of  type  304 s t a i n l e s s  s teel  (hea t  9T2796) a t  538°C (1000°F) 
f o r  a 2-cpm t r i a n g u l a r  s t r a i n - t i m e  wave form. 



Table 3.5. Results af b i a x i a l  c reep- fa t igue  t e s t s  of  type  309 s t a i n l e s s  s tee i  (heat 9T2796j  
at 538'C (1300'F) with triangular wave cycling ( e x c l u s i v e  of  h o l d  t i m c )  

P 

Cycles Axia l  s t ress  Shear s t r e s s  Stress r e l a x a t i o n  (Ac-) Octahedral Axial Tors iona l  
s t r a i n  s t r a i n  s t r a i n  
range range  range & _  

Hold 
Cycle Lv ivtini t;lr,1 Axial Shear f a i l u r e  Elaximm Maxiiluin Min imwm 

Specimen 
time YSz/cz 
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(-15. 40C) 

(-2 1 .2 7 0 )  
-1 68.23  

--I 9 2 . 7  1 
<-XI 95:)) 

0 

3 

0 

-4 Ob . 1 B 

--!4b. 65 

1.-24.40d) 

e., 9-14 

l,33c: 

258 

250 

2-13 

14,132 

1,332 

?J 
Ul 
Lr: 

560 

-25 

10.3, 18'0 
4,263 

618 

157 

135 

8i, :'S8 

4,092 

'54 



' ra j le  3 .5  ( c o n t i n u e d )  

Octahedra l  Axial  T o r s i o n a l  
s t r a i n  s t r a i n  s t r a i n  

t ime yeZ/cZ r a n g e  r a n g e  r a n g e  
A €  

Cyc le s  

f a i l u r e  

Axiz l  stress Shear  s t r e s s  S t r e s s  r e l a x a t i o n  ( ~ 0 ~ )  

Specimen 
Cycle  to 

No. 
(%I (%) ( % I  wsed 

Shear  Maxi num Minimum Naxirnuni Clinirnilni  
z "6z [MPa ( k s i ) ]  [MPa ( k s i ) ]  [MPa ( k s i ) j  [!4?a ( k s i )  1 [>Pa ( k s i )  j [ W a  ( k s i ) J  Or) Ayoct  

No . 

Bl9' 3 

B8" 0 .1  

1x17 0 .1  

Lcl 1 .0  

R7a 0 .1  

M13 3 . 1  

M10 0 .1  

x5 0 . 1  

Mi9 0 .1  

M i l  0 . 1  

M7 0. 1~ 

A19 0 .1  

N8 0 .1  

M8 0. 1 

m 

1 
1 
m 

m 

0 

0 

0 

1 

1 

1 

2 . 5  

m 

m 

4.000 

1 . 5 1 2  
3.024 
1 . 0  

2.0 

i. 000 

2.000 

6;.  303 

0.756 

1 .512  

3.024 

2.300 

1. dG0 

2.000 

0 

0.926 
1 .s52 
0 

3 

0.707 

1.414 

2.828 

0 .463  

J .926  

1.852 

0.926 

0 

0 

4.899 

0.926 
1 .852  
1 . 2 2 5  

2 .  !,49 

0 

0 

3 

0.463 

0.926 

I .  852 

2.315 

I .  225 

2.p.49 

3 0 207.9 
(30.15)  

I:. Symmetric ho ld  tes;s 

0 0 117.21 

0 3 :75.53 
(17. D O G )  

( 25 .454)  

11;. 

182 .99  
(26.540) 
253.04 

389.24 
(56.455)  
163.4: 

168.65 
2 4 . 4 6 0 )  
234.9il 
(34.070) 

( 3 6 . 7 0 0 )  

;23.:00j 

97.52 
(14.158)  
0 

0 

? o s i ? i v e  ho ld  ti-'stt, 

-182.99 
(-26.540) 

-253.04 
(-36.700) 
-296.56 
( 4 3 . 0 1 3 )  
-1 6 3.4 1 

-168.65 
(--24 .46(1) 
-234.90 

(-23.700) 

(-34.070! 

4 7 . 6 2  
(-14.158) 

3 

3 

i) 

0 

0 

58.05 
(8.420 j 

:15.01 
:16.680) 
185.47 
(26.909) 
161.58' 

163.57 
( 2  3 .7  2/, 1 
131.00 
<19.09c;) 
153.99 

2 (23. /,75 j 

-207.9 
(-30. L 5 ) 

-1 1.7.2 1 
(-1 7.000) 
-175.50 
(-25.4:;~ 

0 

0 

5 

-58.05 
(4 . i, 2 3 ! 

-1 15. 01 
( - - i 6 . 6 8 ~ ' j  
-185. 47 
(-26.900) 
-149.00" 
(-21 .61 \)c 
-163.57 
(-23.7 24 > 
-131.90 
(-iS.000) 

0 

0 

3 

1 2 . 8 8  
( 3 .  ; b y )  
33 .04  
( 4 . 7 9 2 1  
33.36 
(4.838)  
2 7 . 5 6  
(I . 300) 
28 .35  
(4 .112)  
44.36 
j6. 43.1) 

9 .96 
(1.145)  
0 

J 

0 9 r, 668 

590 
189 

7.308 600 6 , 2 4 0  
( I .  060) 

( 7 . 3 7 0 ;  
50.82 155 3bU 

9.94 150 159 

7.72 5,000 5 ,060  
(1.442:: 

( l . l ' ? O !  
11'.50 1 ,370  1 , 4 1 6  
(1 .523)  



T a b l e  3 . 5  [ con t inued]  

Cycles  0ct ahedral A x i a l  T o r s i o n a l  A x i a l  s t r e s s  Shear  stress Stress  r e l a x a t i o n  (LO'') 
Hold s t r a i n  strair. s t r a i n  

range range range 

(hr) hYoct *E  2 *'@a jHPa ( k s i ) ]  [MPa ( k s i ) ]  [MFa ( k s i ) ]  [MPa ( h s i j f  lMPa ; k s i ) l  [MPa ( k s i l l  
time y Cycle 

No, 
e) (%) i";) used 

A x i a l  Shear Maximum Minimum Ehximuni Minimum 9 d C Z  
Specimen 

No. 

N? 

A 1  1 

N5 

31 

36 

N2 

A20 

AIS 

N3 

N4 

?i 9 

N10 

N16 

0.1 

1 .e 

I.C. 

1.0 

1.0 

1.0 

1 .o 

1.0 

1 .0 

1.0 

10.0 

10.0 

i0.0 

B14" G . 1  
E15 1.0 

(9 

0 

0 

0 

1 

1 

2.5 

m 

m 

m 

0 

1.0 

co 

I 
1 

4.000 

1 .0u0 

2 .000 

4 .000 

1.512 

3.824 

2 .so0 

1.300 

2,000 

4 .  GO0 

4.000 

3.024 

4.000 

i.5:2 
3.024 

0 

0.707 

1 .414  

2.8:a 

0 .926 

1.852 

E. 926 

0 

0 

0 

2 . 8 2 9  

1 .852  

0 

3.926 
1.852 

4.999 0 

0 198.67 

0 245.45 

0 266.63 

0.926 176.33 

l . d 5 ?  238 .74  

(28.815) 

(35,600)  

(38.672) 

(25.575)  

(34.626) 

2.315 128.99 

1.22s 0 

2.449 i' 

4.899 'j 

0 262.01 

1.852 2 4 1 . 3 3  

(18.708) 

(38,Oi)O] 

(35.000) 

4.899 0 

0 

-198.67 
(-28.81 5 1 
-245.45 
(-35.600j 

(-33.6 2 ) 
--I ?6 .33  
(-2 5.5 7 5 ) 
-258.74 
(-34.626) 

-266.63 

-1 2 8.99 

0 

0 

0 

-262.01 
(-38.tJ00) 
-241.33 

(-18.706) 

(-35.000: 

0 

211.46 

0 

G 

c 

(30.670)  

73.54 
(10.680: 
123.55 
(18.645 

( 15.979: 
i s 3 . 2 1  
(28.0233 
10G.23 
(15.4071 
171.68 

209.43 

0 

107.56 

103.42$ . 

1'9.26 
[26.000)  

(24.900j 

(30.375) 

(1 5.600) 

!15.@00)" 

-21 1 .46 
(-30.673) 

0 

0 

0 

-?3.64 
1.4 0 , 6 8 0  j 

-128.55 
(-18.642) 
-111,3Y" 
(-16.155;" 

-193.21 
(-2s.023) 
-106.23 
(-1 5 , 4  0 ? 1 
-171. bP 
<-24.90ti) 
-209.43 
:-3o. 375 1 

0 

-10?.SG 
(-1 S . 600) 

-102.13e 
(-14,813)' 
-1 79.25 
[-26.000) 

IV.  

0.926 
1.852 276.20 

(40.Eh0) 

Negative hold t e s t s  

-2 76.2 0 
( -40 .060)  (16.390) 

1 1 i . 0 1 

0 

80.61 
(11.692j  
39.99 
(5. 800) 
45.51 
(6.600)  
2 2 . 7 5  
(3 .33Oj  
39.99 
(5.500) 

33.55 
(4.86') 
9 

0 

0 

68.35 

91.71 
(10.000: 

(7 ' .5Ut i i  

3 

151.41 
(21.  900)  

23.44 
(3.490: 
0 

0 

0 

9.tJ9 
[I. 935) 
15.5s 
( 2 . 2 6 0 )  

37.70 
(5.468) 
9.19 

(1. .333) 
2 3 . 4 1  

31.03 
(4.5 00 j 

j3.400; 

:; 

28.96 
( 4 . 2 0 0 )  

52.20 
:7.5"1) 

29.17 
(4.230) 

303 400 

53 1 us 

85 Yb 

35 38 

100 133 

44 4: 

P 
51 73  ill ~ 

100 243 

100 396 

100 133 

13 1 7  

18 2 3  

88 30 

636 
123 189 

"hew da ta  points genera ted  d u r i n g  t h i s  report  p e r i o d  
5 

'Maximum stress b e f o r e  r e v e r s i n g  load. 

Vaximum stress  before hold t i m e .  



Table 3.6.  B iax ia l  c r e e p - f a t i g u e  :es t  r e s u i t s  f o r  ryne 30!, s t a i n l e s s  s t e e l  ;hen: !lT2796,', 
a t  h4Y°C :120iJ0F)  w i t h  a sinusoidai s t r a ; n - t i m e  wove form 

Cycles S:  rc 5s re 1 axa t i on  Axial s t r e s s  Shear s t r e s s  

Max 1mLLIl Xinimurn \:ax imuni b l i  n i iiium 

Octahedral Axial ~:'orsiorial 

range range range 
A i  

~~ ._ tlo 1 d si;ear s t r a i n  s t r a i n  shcar  s t r a i n  

( h r )  A?. 
Cycle t o  

I x i a l  S;lcar failurc 

Specimen 
N o .  ti:ne Y f l z / E z  

il Aye, [hPa ( k s i ) ]  [MPa ( k s i )  j [b?Pa ( h s l ) ]  [V?a (ksi)] [%)a [ h s i ) ]  [M?n ( i s i ) j  " O '  0 ST 
r o )  ("0) used 

__-- 
3 

N23 0 0.25 3 . 4 3  2 . 4 0  0 . 6 0  2 5 2 . 5 1  -252.51 355 .  -7  -355. 7 -  ! 0 L & ! O  4 35 in 

TZl 0 0 . 2 5  2 . 2 9  1.6;) 0 . 4 0  202.75 -2;12.75 2'.  36 -27.36 0 0 400 526 

A. 2 0 0.50 7 :7 I . -I-<, 0 . 7 2  i 3 1 . 5 4  -131.54 4 2 2 . 0 b  4 2 2 . 0 6  (1 0 il(! 43: 

!I 3 0 0 .50  1 . 1 8  0.80 0 . 4 0  -28.55 t! 0 4oi :  1,812 

A4 0 2.5 2.98 1 . 2 0  3 .  00 C8.56 4 8 . 8 h 0 0 60 2i,tJ 

( 3 6  ,62!\) (-36. b 24 1 (5 I .hO;) J (-5 1 . 600) co 

(2<J.40?) (-29..10?') ( 3 .  968) (-3.968) 

(19.0-8)  (-19.i17S) ( 6 : .  lis) c4;. 1 1 5 )  

( 4 . 1 J 1 )  

(7.086) (-:. 086) 
___ . . ~ _ _  
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S Y M B O L  !O_LD.T!!!!E..(!-!d 
0 0.0 

BIAXIALITY RATIO: R = .- 0 0.1 POSITIVE A6 
A 1.0 POSITIVE R = l  

0 
9 SYMMETRIC 

A Y X O  

10.0 POSlTiVE 
N EG AT1 V E 

V 

1-hr NEGATIVE HOLD 

0.1-hr SYMMETRIC HOLD 
(NEW DATA POINT, 87) i r  

- \  
--0.1-hr SYMMETRIC HOLD (NEW DATA ?OIhT, E 

NEGATIVE HOLD (NEW DATA POINT, B1 

I I I 

IO’ 1 02 1 03 1 04 
NUMBER OF CYCLES TO FAILURE, Nf 

05 

Fig. 3.14. Effect of  hold time on the  b i a x i a l ,  low-cycle, crecp- 
f a t i g u e  l i f e  o f  type  304 s t a i n l e s s  s t ce l  (hea t  Yr2796’) a t  538°C (1000OF) 
and a b i ax ia l  ratio R = 1 f o r  a 2-cpm t r i a n g u l a r  s t r a in - t ime  wave form 
(exc lus ive  o f  hold t ime) .  

bottom ( t h e  specimen i s  t e s t e d  i n  a ho r i zon ta l  p o s i t i o n ) ,  arid <1.7’C (3OF) 

thermal d r i f t  i n  a 10-hr per t  od. 

t o r s i o n a l  strain c a l i b r a t i o n  tests are planned a f t e r  achieving thetie t a r g e t  

l e v e l s  and p r i o r  t o  i n i t i a t i o n  o f  a d d i t i o n a l  b i a x i a l  f a t i g u e  t c s t s .  

A t o t a l  of  s i x  a d d i t i o n a l  b i a x i a l  c r eep - fa t igue  t e s t s  were completed 

Addit ional  high-temperature :lxi;il and 

a t  538°C (1000’F). Two t es t s  with a s h e a r - t o - a x i a l - s t r a i n  r a t i o n  (0 )  of 

1 and a symmetric hold time (7 :  ) of  0.1 hr were completed. 

specimen €37 Fa i led  a f t e r  189 cyc le s  a t  a AyoCt of 3.024%; i n  t h e  secoi~d,  

specimen B 8  f a i l e d  a f t e r  590 cyc le s  a t  a Ay o f  1.512%. One was com- 

p l e t e d  wi th  p = 1 and t 

men B14 f a i l e d  a f t e r  696 cyc le s  a t  a Ay o f  1.512’;. Three a d d i t i o n a l  

In  the f i r s t ,  
h 

o c t  
= 0.1  h r  a t  nega t ive  s t r a i n .  In  t h i s  t e s t ,  spec i -  

h 

o c t  
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0 0 0  ~ 

0 1 POSITIVE 
A 1 0  POSITIVE 
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\ -Q 1 hr SYMMETRIC HOLD 
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NUMBER OF CYCLES TO FAILURE, Nf 

Fig.  3 .15.  E f f e c t  of  ho ld  time on t h e  b i a x i a l ,  low-cycle,  c r e e p -  
f a t i g u e  l i f e  o f  t y p e  304 s t a i n l e s s  s t ee l  ( h e a t  9T2336) a t  538°C (1000'F) 
and a b i a x i a l  r a t i o  K = ~0 f o r  a 2-cpm t r i a n g u l a r  s t r a i n - t i m e  :mvc forin 
( e x c l u s i v e  o f  h o l d  t i m e ) .  

t e s t s  (B11, Bl3, and 320) were run  wi thout  ho ld  time. l'hese t e s t s  wcre 

d u p l i c a t e s  o f  p r e v i o u s  ones and were r u n  d u r i n g  t h e  c o u r s e  of  conduct ing 

t h e  c a l i b r a t i o n  exper iments .  Specimens B 1 1  (p = 0)  and B19 (p  - a) f a i l e d  

a f t e r  250 and 668 c y c l e s ,  r e s p e c t i v e l y ,  w i t h  Ay = 4.0%. Specimen B20 

( p  = 1) f a i l e d  a f t e r  560 c y c l e ?  w i t h  Ay = 3.024%. l'hese new d a t a  are 
inc luded  i n  'Table 3.5 and Figs .  3.13 through 3.15. 

o c t  

o c t  

3.4 F a i l u r e  Under C y c l i c ,  Relaxing Residual  ~- Stresses:  
Restraineci-Cylinder  Tests  .-I - 

W .  J .  McAfec R .  I,. B a t t i s t e  
'r. J .  Delph M .  Richardson 

(Last  r e p o r t e d  i n  ORNL-5433, pp. 161-166) 

A s e r i e s  o f  e x p l o r a t o r y  t e s t s  ( c a l l e d  r e s t r a i n e d - c y l i n d e r  t e s t s )  

was implemented a t  ORNL. The o b j e c t i v e  o f  t h e s e  t e s t s  i s  t o  s t u d y  f a i l u r e  
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under r e l ax ing  r e s i d u a l  s t r e s s e s  such as those  experienced by a r e s t r a i n e d  

systeiii o r  component undergoing thermal cycl ing a t  c reep  temperatures  I 'The 

t e s t  specimen c o n s i s t s  o f  a th in-wal led  tube of 304 s t a i n l e s s  s t e e l  

r e s t r a i n e d  b y  a s t i f f  core  b a r  o f  Inconel X750 r i g i d l y  a t t ached  t o  t h e  ends 

o f  t h c  tube .  The t e s t  specimen, it  t e n t a t i v e  t e s t i n g  cyc le ,  and t h e  t e s t  

equipment were descr ibed  i n  previous progress  r cpor t s .  1 ' 7  ' 2  

3 . 4 . 1  Base metal t e s t s  

A t e s t  specimen des igna ted  r e s t r a ined -cy l indc r  specinien 2 [RCS-2) 
was mounted i n  t h e  furnace ,  and a s e r i e s  o f  shakedown t e s t s  was run a t  

6iicJ"C (1 t 0 0 ' F )  t o  eva lua te  d i f f e r c n t  specimen and tes t  parameters P a -  
rarIleteus t h a t  were ad jus ted  o r  measured included a i r  cool ing r a t e ,  cool-  

ing  t ime,  specimen thermal response,  and specimen-core temperature d i f -  
f e r e n t i a l .  Once t h e  a i r  cool ing  r a t e  had been e s t ab l i shed ,  tes ts  were 

run with cool ing  times ranging from 15 sec  t o  2 min. Rased or1 a pre-  

lirninury eva lua t ion  o f  t h e s e  resu l t s ,  a t e s t  histogram t h a t  involved 

c o o l i n g  f o r  30 5ec followed by hold ing  f o r  1 2  h r  a t  649°C (1200OF) was 

s e l e c t e d .  The thermal response o f  t h e  specimen and core  f o r  a 30-sec cool -  

ing time i s  shown i n  F ig .  3.16. 

The t r a n s i e n t  drop i n  core  temperature was s l i g h t l y  g r e a t e r  than had 

This ,  t oge the r  with t h e  fas te r  response of t h e  specimen, been ca l cu la t ed .  

can r e s u l t  i n  t h e  specimen temperature  over tak ing  t h e  core temperature 

dur ing  r ehea t ing ,  as shown i n  Fig.  3.16. If t h e  specimen temperature  

exceeds t h e  core  temperature  by t o o  l a r g e  a margin, t h e  specimen can 
unload, wiping out  t h e  des i r ed  compressive s t r e s s e s .  This  i nd ica t ed  t h e  

need f o r  a more d e t a i l e d  a n a l y s i s  of t h e  specimen assembly i n  an e f f o r t  

t o  opt imize the  thermal cyc le .  In  t h e  in te r im,  t h e  t e s t  was i n i t i a t e d  

us ing  t h e  30-sec-cool, 12-hr-hold cyc le .  

The comyuter code PLACREI3 was used t o  analyze t h e  specimen assembly, 

which was t r e a t e d  as a two-bar l inkage.  

r ep resen t ing  t h c  specimen and t h e  o t h e r  t h e  core ,  were used, and only 
radial  v a r i a t i o n s  i n  temperature ,  stress, and s t r a i n  were considered.  

Mater ia l  p r o p e r t i e s ,  c o n s t i t u t i v e  equat ions ~ e t c . ,  were e i t h e r  f o r  t h e  
OKNL re ference  h e a t  of  type  304 s t a i n l e s s  s t e e l  or' were taken from t h e  

'Two axisymmetric elements,  one 
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TIME (sec X 

F i g .  3.16. Measured iIieri~iaI response a t  assembly inidheight o f  spec i -  
men and core  of  RCS-2 f o r  30-sec cool ing.  

Nuclear Syst-ems Ma-i-er-lals Ha-&book. l 4  

a c t u a l  temperatures measured i n  t h e  t e s t  

The temperature histograms were t h e  

Damage accumulati.on was assessed us ing  t h e  procedtires b u i l t  i n t o  

PLACRE which a r e  based 011 AmerI can Socie ty  of Mechanical Engineers (ASME) 

Code r u l e s .  l 5  

s t r e s s e s  a r e  as dainaging as t e n s i l e  s t r e s s e s .  Ten cyc les  o f  t he  kind 

discussed above were analyzed. The increment of  damage acci.imulated during 

t h e  t e n t h  cycle  was taken a s  t h e  1imi.ting value,  t h a t  i s ,  t h e  damage per  

cyc le  was assumed t o  be cons tan t  f o r  cyc les  beyond the t e n t h .  A specimen 

l i f e t i m e  was then p red ic t ed  on t h i s  bas i s .  

Fo r  conservatism, these  r u l e s  assurrie t h a t  compressi.ve 

Two s e t s  of c a l c u l a t i o n s  weTe performed. The f i r s t  s e t  was f o r  30 sec  

o f  cool ing followed by hold t imes of 6 ,  8 ,  1 2 ,  and 16 h r .  The second was 

f o r  45 sec o f  cool ing and t h e  same hold t imes as above. Fi.gure 3.17 shows 

a t y p i c a l  specimen s t ress - tempera ture  h i s t o r y  f o r  t e n  cyc le s  (45-sec cool ,  
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Fig.  3 .17.  Restrained cy l inde r  specimen s t ress - tempera ture  h i s t o -  
gram f o r  t e n  cyc le s  us ing  a 45-scc cool ,  G-hr hold f l  k s i  = 6.895 MPa) 

6-hr  ho ld ) .  

during the l a s t  s t a g e s  o f  r ehea t ing  shown i n  t h e  lower right of  F i g .  3.17 

where t h e  speciiiien s tar ts  t o  unload s l i g h t l y .  

s t r a i n  behavior  i s  shown i n  F ig .  3.18, and the s t ress  relaxation behavior 
i s  shown i n  F ig .  3.19. 

Note  t h e  complicated i n t e r a c t i o n  be'cwcen the  spccimen and core  

The r e s u l t i n g  stress- 

The r e s u l t s  of the ca lcu la t ions  are summarized i n  Table 3 . 7 .  The 
combination o f  45 sec of  cool ing  followed by a 6-hr hold time a t  649°C 

(1200°F) gave t h e  grearest amount of damage. Shor t e r  hold times were 



3 S l e  3.7. Summary of damage c a l c u l a t i o n s  ( X  ID3? u s i n g  i n e l a s t i c  a n a l y s i s  r e s u l t s  
fo r  30- and 45-sec  c o o l i n g  

C y c l e  Damage = 1 a t  

10 Cycle  Days 

Hold time Damage 
( h r )  s o u r c e  1 2 3 4 5 6 7 8 9 

6 

8 

12 

15 

6 

8 

12 

16 

Creep  0.24014 
F a t i g u e  0.05295 
T o t a l  0 .29308 
Change 0.29308 

Crezp  0.27206 
F a t i g u e  0.052545 
T o t a l  0.32500 
Change 0.32503 

Creep 0.31336 
F a t i g u e  0.0S295 
Tota l  0 .36631 
Change 0.36631 

Creep  d.33913 
F a t i g u e  0.05295 
Tocal  0.59207 
Cha:ige 0.39207 

Creep 0.3274 
F a t i g w  0.13464 
Tstal 0.46207 
Change 0.46207 

Cree? 3.36683 
F a t i g u e  0.13464 
T o t a l  0.50146 
Change 0.55146 

Creep 0.41670 
F a t i g u e  C.13464 
To-a1 C.55137 
Change 0.551 37 

Cree? 0.44748 
F a t i g u e  0.13464 
T o t a l  0.58212 
Change 0.58212 

0.65346 
0.0966 
0.75008 
0.45700 

0.73994 
0.096992 
3.83693 
0 .51193 

0.85397 
0.09753 
0.95150 
0.58519 

0.92976 
3.05791 
I .  0277 
0.63559 

0.91187 
0 .25773 
1 .1676 
0.70754 

i f  3:90 
0.25823 
1 .2773 
3.77575 

1.1652 
3.25807 
1.4242 
0.87278 

I .  2565 
0.25945 
1.5160 
0.93385 

1.2379 
0.13917 
1.3771 
0.62697 

1.4045 
0 . i 3 9 8 9  
1.5444 
3. 70748 

1.6345 
0.14089 
1. 7724 
0. 82090 

1.7578 
9.14155 
1.9394 
0.91171 

1.7596 
0.37939 
2.1390 
0. 76942 

1.96R4 
0 .38033 
2.3487 
1.0715 

2.2610 
0.35159 
2.6C25 
1.2184 

2.4566 
0.38244 
2.8490 
1.3331, 

1 .9778 
0.18078 
2.1586 
0.78152 

2.2463 
0.18179 
2.4281 
0.8837 

2.6309 
0.18313 
2.8140 
i . 0 4 i b  

2.9455 
0.15402 
3.1295 
1.1902 

2.8535 
0.50003 
3.3535 
1.2145 

3.2067 
0.  50133 
.5.7060 
1.3573 

3.7104 
0.50295 

1 .5708 

4.0995 
0.50400 
4.6035 
1.7545 

~? .2134 

3 0 - s e c  c o o l i n g  

2.8847 3.9461 
0.22166 0.26188 
3. I064  4.2079 
0.94778 1.1016 

3.2850 4.5167 
0.22251 0.26332 
3.5098 6 .7800 
1.0817 1.2702 

3.6851 5.3991 
0.22450 0.26509 
4.1056 5.6642 
1.2956 I .  5546 

4.4128 6 .2109 
0.22554 0 .26623 
4 .6383 6.4772 
1 .SO88 i .  8389 

4 5 - s e c  c o o l i n g  

4.1420 5.5092 
3.61977 0.73890 

1.4083 1 .4863 

4.6728 6.2529 
0.62135 0.74067 
5.2941 6.9936 
1.5881 1.6994 

5.4824 7.4425 
0.52324 0.74271 
6.1056 5.1852 
1.8923 2 .0796 

6.13801 8.4355 
3.62439 0.74388 
6.7624 9 .1793 
2.1598 2.4167 

4.7618 6 . 2 4 8 i  

5 .1351 
0.30148 
5 .4366 
1.2286 

5.9000 
0.30305 
6 .2331 
1.423G 

7. IC26 
0.30493 
7.4475 
1.7833 

8 .3113 
0.30612 
8.6171 
2 .1400  

6.8964 
0.85761 
7.7540 
.:. . 5059 

7.8677 
0.85950 
3.7472 
1.7536 

9.5313 

iG.3929 
r!. 86161 

2.2077 

10 .9390 
0.86275 

11. 8018 
2.6225 

1 
6.4606 7.8267 
0.34056 0.37921 
6 .8011 8.2059 
1 . 36.16 1 .do48 

7.4537 9.0846 
9.34221 0 .3803 
7 .7959 9.4656 
1 .5929 1 .6596 

9.1303 i l . 2 6 0 0  
0.34416 0.38291 
5.4745 11.6429 
2 . 0 2 7 0  2.1664 

10 .7431  13.3942 

11 .0895 13.7783 
2 .6R8S 

0.34537 3.33411 

2.4724 

8.3014 9.7238 
0.97500 1.0941 
9.1774 10.8178 
1.5235 1.5404 

9.5711 11.2956 
0.97735 .O761 

10 .5491 12.3917 
I. 8019 1.8426 

11.7386 14.0536 
0.58006 1. (1981 

12 .7186 15.1519 
2.3257 2.4333 

13 .6393 i6 .5083 
0 . 7 8 1 i 6  I .0992 

;$ .6205 i7 .5076 
2.8187 2.8871 

9.2014 710 1 7 7  
0.41753 
9.6199 
1.414 

10.7485 581 193 
0.4 i 328 

l l . L b 7 8  
1.7022 

13.4824 4 4 6  223 
0,42124 

13.9036 
2.2607 

ci 

16.2043 355 230 F- cn 
0. 12243 
I G .626: 
2 .8484 

11.1627 644 161 
1 .2123 

12.3747 
1.5569 

13.065.; 5 i 2 17; 
1 .2139 

i4 .2793 
1.8876 

16.4708 398 199 
1 .  2150 

1 7 .  6867 
2.5348 

19.5327 322 214 
1 .2169 

20.7496 
3 . 1 4 2  
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F i g .  3.18. Kestrairied cy l inde r  specimen s t r e s s - s t r a i n  his tograin f o r  
t e n  cyc le s  us ing  a 45-sec c o o l ,  6-hr  hold (1 k s i  = 6.895 M P a ) .  

n o t  d e s i r a b l e  because f a t i g u e  was becoming a more s i g n i f i c a n t  p a r t  o f  
t o t a l  damage. 

t o  t he  most damaging c y c l e ,  A t  the end of  t h i s  r epor t  per iod ,  t h e  speci-  

rncnt w i l l  have been subjected t o  474 cyc le s  with a ca l cu la t ed  t o t a l  darilage 

greater  than 7 0 % .  

Based on t h e s e  c a l c u l a t i o n s ,  t h e  t e s t  program was changed 

Also during t h i s  r epor t  pcr iod ,  p lans  were made f o r  f u r t h e r  t e s t i n g  

of  type 304 s t a i n l e s s  s t ee l  specimens and t o  i n i t i , i t c  t e s t i n g  o f  2 1/4 

Cr-1 Mo s t ee l .  

t e s t  the 2 1/4 Cr--1 blo specimens, a new ex te rna l  r e s t r a i n t  f i x t u r e  was 

S i x  specimens of  cacli ma te r i a l  are being  f a b r i c a t e d .  To 



2.00 

1.50 

yr 1.00 
2 
x 
._ 

0.50 
1 

v) 
v) 
u 

b- 
v) 
_I 

.i 2 --0.50 

cc 0.00 

a 

-1.00 

-1.50 

166 

ORNL-DWG 78 22607 

....... +.+ .......................... .- 

0 1 2 3 4 5 6 7 

TIME (hr X lo-') 

F i g  a 3.19. Restrained cy l inde r  s p e c i m n  s t r e s s - t i m e  hi stogram f o r  
t e n  cyc les  us ing  a 45-sec cool ,  6-hr  hold  (1 k s i  = 6.895 MPa) . 

designed t o  take  tile place of t h e  i n t e r n a l  core  ba r .  

opera t ion  i s  t h e  same, and t h e  suppl ied thermal cyc le  will be t h e  same. 

Cooling a i r  will be i n j e c t e d  i i is ide the  specimen without reiiioving it irom 
the furnace.  This arrangeiiierit i s  p a r t i c u l a r l y  wel l  sui te l l  t o  t e s t i n g  o f  

2 1 /4  Cr-1 Mo. Tes t ing  o f  t hese  specimens w i l l  s t a r t  e a r l y  i n  1979.  

The p r i n c i p a l  of 

3.4.2 h'cldment t es t s  .. 

Test ing  i s  a l s o  under way on a 304 s t a i n l e s s  s t e e l  speciinen conta in-  

i n g  a c i r cumfe ren t i a l  308 CRE weld, The weld j o i n t  was o€  single-V geome- 

t r y  and was made by t h e  gas-tuiigsten a r c  technjque.  A f t e r  welding, t h e  

specimen was machined t o  s l i g h t l y  g r e a t e r  than  f in i shed  dimensions, an- 

nealed,  and then machined t o  f i n i s h e d  dimensions. A t  t h e  el id  of  t h i s  



r e p o r t  per iod ,  this specimen w i l l  have r~zcuanulated 444 ther!nal cyc le s .  In 

a d d i t i o n  t o  t h i s  t e s t  o f  an annealed iwldnient, a t e s t  is  planned o f  a 

weirlment i n  the  c ~ ~ - d c p o s i t e d  coridi t i o n .  

3 .5  F a i l u r e  Sti idies and Notched-Bar .- -l__ Rupture Tcsts 
on 'Tvm 304 S t a i n l e s s  S t e e l  

-- -__._.. 11- 

R .  W. Swindernan 

(Last repor ted  in ORNL-5433, p .  166) 

3 ,5 .1  Fa i lu re  s t u d i e s  on ~ tax ~ 304 s t a i n l e s s  s t e e l  I-_ 

A n  updatcd s tudy of t h e  c reep- rupture  da t a  producc%d on the  re ference  

heat of type 304 s t a i n l e s s  s t e e l  was undertaken as a p a r t  of  an e f f o r t  

t o  develop Ashby-type f r a c t u r e  maps. l 5  

t h e  MonIcman-Grarit c o r r e l a t i o n 1  between rup tu re  l i f e  and creep r a t e .  Most 

of t h i s  i n f o m a t i o n  was assembled i n t o  a r e p o r t ,  l8 and the  fol lowing 

s ta tements  r ep resen t  our  conclusions.  

We a l s o  exsrriined t h e  v a l i d i t y  of 

1 A t  temperatures  above 650°C ( % l 2 0 O 0 F ) ,  t h e  s t ress  and tcrnpcra- 

tu re  clependenc5.e~ of  t h e  sccoridary c reep  r a t e  [& ) and rup tu re  l i f e  (it ) 
8 R 

27-c s i m i l a r .  T'ne product: 2 t i s  r e l a t i v e l y  cons t an t ,  and t h e  exponent 

i n  t h e  Monkman-Grant r e l a t j o n  i s  c lose  t o  - 1.0.  These observa t ions  apply 

f o r  t imes t o  a t  l e a s t  4 x l o 6  scc (1100 h r ) .  

s ir' 

2 .  A t  temperatures  below 650°C (~1200'F)  ~ t h e  s t r e s s  and tcmperature  

deprndencies of C? arid -i; a r e  o f t e n  d i f f e r e n t .  The product BotB decreases  

w j  t h  decreasing s t r e s s  arid decreasing temperat.ure. The exponent i n  t h e  

Monkman-Grant i . c l a t ion  changes from -1 0 toward zero as teiiiperature and 

?> decreases .  

10' scc  ( 3  t o  3 x l o 4  h r ) .  

S R i, 

Thesc observa t ions  apply f o r  tinics i n  t h e  range loLt t o  s 

3. The f a c t  t h a t  8 4 c o r r e l a t i o n s  a r e  s t ress  and temperature serisi- s R  
t i t re  below 650°C (%1200°F j  i s  prii i iari ly due t o  changes i n  t h e  E behavior 

r a t h e r  than changes i n  t h e  rup tu re  mechanism. Changes i n  t h e  2 behavior 

could bc  a t t r i b u t e d  t o  e i t h e r  a high i n t e r n a l  stress, gi, produced by 
t h e  development o f  a preci  p i t a t i o n - s t a b i  1 i zed d i s l o c a t i o n  network o r  t o  a 

soniewhat corripl ex s o l u t e  hardening mechanism. 

S 

S 
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4 .  

over  t h e  range o f  s t ress  and tempera ture  o f  concern,  t h e r e  was no e v i -  

dence t o  i n d i c a t e  t h a t  t h e s e  f e a t u r e s  of m i c r o s t r u c t u r e  g r c a t l y  i n f l u e n c e d  

t h e  stress and temperature  dependence o f  t h e  r u p t u r e  l i f e .  

Although g r a i n  boundary c a r b i d e  si  zes and c r a c k  d e i i s i t i e s  changed 

A modest r u p t u r e  t e s t i n g  program w i l l  cont inue  on type  301 stdii l less 

s t e e l .  I n  p a r t i c u l a r ,  we w i l l  cont inue  some t e n s i l e  t e s t s  a t  v e r y  low 

s t r a i n  r a t e s  (<106/scc)  i n  t h e  teii iperaturc range  427 t o  538°C (800 t o  

1000'F) and some long-t ime (>lO,OOO-hr) r u p t u r e  t e s t s  a t  t e m p e r a t u r e s  i n  

t h e  range 482 t o  621°C (900 t u  1150°F) .  Both t h e  slow t e n s i l e  and long- 

term r u p t u r e  t e s t s  a r e  needed t o  examine t h e  v a l i d i t y  o f  p a r a m e t r i c  

methods and assumed damage mechanisms. 

S e v e r a l  year5 ago we inade a t t e m p t s  t C J  develop paramcti  i c  r e l a t i o n -  

s h i p s  €or  t y p e  304 s t a i n l e s s  s t e e l . l q  

developments a r e  bcirig used t o  a s s e s s  t h e  p r e d i c t a b i l i t y  o f  p a r a m e t r i c  

approaches e 

Data produced subsequent  t o  t h e s e  

3.5.2 Notch-bar r u p t u r e  t e s t s  _.._.. on t y p e  304 . .. .. s t a i n l e s s  . s t e e l  

The r e s u l t s  of  s h o r t - t i m e  r u p t u r e  t e s t s  on Ci rcumEerent ia l ly  notched 

b a r s  were r e p o r t e d  p r e v i o u s l y .  2O 

482°C (900'F) and t h e  o t h e r  a t  593°C (1100°F) .  'The s t a t u s  o f  t h e s e  t e s t s  
a r e  l i s t e d  i n  Table  3.8.  We f i n d  notch  s t r e n g t h e n i n g  a t  a l l  stress and 

TWO t e s t s  are s t i l l  under  way - o n e  a t  

Table  3.8. S t a t u s  o f  long-time notch-bar  stress-rupture t e s t s  
on t y p e  304 s t a i n l e s s  s tee l  (heat 9TZ796) 

a b Smooth-bar Specimen Temperature S t r e s s  Rupture l i f e  
No. [ " C  I " F ) l  [MPa ( k s i ) ]  (hi^) r u p t u r e  l i - fe  

(hT 1 

191 482 (900) 276 (40) 9100 I 8000 

187 538 (1000) 207 (30) 6626 R 2200 

192 5Y3 (1100) 138 (20) 8200  I 5000 

a Net stress a t  r o o t  of  no tch  K 1 . 3 2 .  

I = i.n t e s t ;  R = r u p t u r e .  
t b 
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temperature  l e v e l s .  

does not occur when t h e  stress i s  cycled.  We plan t o  do more t e s t i n g  on 

this subject. 

Prel iminary d a t a  suggest t h a t  notch s t rengthening  

3.6 Analysis  o f  .- a Notched-Bar Specimen 

W. K.  Sa r to ry  

(Not p rev ious ly  repor ted)  

To providc a n a l y t i c a l  support  €or the notched-bar t e s t s ,  an e l a s t i r  

a n a l y s i s  and c reep - fa t igue  darnage eva lua t ion  of a t y p i c a l  notched-bar 

specimen ar'e now being undertaken. The specimen:; a r e  e s s e n t i a l l y  6.4-mm- 

diam (0.25-in. ') c y l i n d r i c a l  rods  of type  3011- s ta in le5s  s t ee l  w i t h  a 
c i rcumfercr i t ia l  groovc a t  thc c e n t e r .  A t  both ends of' t h c  :;pe~iinen, t h e  

diameter  i nc reases  t o  1.3 rnm (0.5 i n , )  f o r  9ittachment t o  t h c  test machine, 

'lhe i n i t i a l  t e s t s  by Sv,intlcman20 concent ra te  on a r a t h e r  shallow notch 

with a s t r e s s  concenf:ration f a c t o r  o f  li Q 1 - 5 .  T h i s  no tch ,  which has R 

r a d i u s  o f  1 . S  inin (0.072 i n . )  arid a depth  of- 0.1'3 iiim (0 .0073 i n . )  i s  being 

adopted for t h e  present  a n a l y s i s .  

t 

Thc s t r u c t u r a l  a n a l y s i s  i s  being perforiiied us ing  the f in i t e - c l emen t  

program PIACRE. l 3  

el enients was developed and t e s t e d ,  but  p re l iminary  elastic analyses  in-  

d i c a t e d  t h a t  t h e  g r i d  w a s  too  coarse in t h e  v i c i n i t y  of  t he  iiorch. A 

second g r i d  us ing  976 elements was then developed, w i t h  most u f  the addi-  

t i o n a l  elcrnents concentrated ncar t h e  notch. The second g r i d ,  which 

seem.5 s a t i s f a c t o r y  based on e l a s t i c  a n a l y s i s ,  i s  i l l u s t r a t e d  i n  Fig.  3 .20 .  

 AI^ i n i t i a l  f ini te-elenrent  gr i t1  u:iing sso t r i a n g u l a r  

The loading  condi t ions  planned f o r  t h e  ana lyses  cons i s t  of' a f i i l l y  

reversed cycljc load o f  1-4.37 kN [1980 lb )  lead ing  t o  a stress of  4.138 NPa 

( L 2 0  ksi) j n  the 6.4-mm-diam (0 .25- in . )  s e c t i o n  fa r  from the notch.  A 

craep-hold per iod  of  0.1 h r  wi l l  be included a t  each maximum tc r i s i l e  

loading.  

c o n f l i c t i n g  requirements Cor f e a s i b i l i t y  o f  an a n a l y s i s  of several cyc le s  
and o f  t e s t i n g  t o  f a i l u r e .  

These load cond i t ions  were chosen as a comprornisc hetween t h e  

B y  comparing the p red ic t ed  and measured f a i l u r e  t imes ,  we hopc t o  

c o n t r i b u t e  t o  an assessment of t h e  conservatism o f  t h e  c reep- fa t igue  
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fal  

Fi.g. 3 . 2 0 .  F i n i t e - e l e m e n t  g r i d  of  a notched-bar  specimen. ( a )  Com- 
p l e t e  g r i d  o f  one quadrant  o f  t h e  specimen. 
r e g i o n .  

( b )  Closeup o f  t h e  notch  

f a i l u r e  a n a l y s i s  of ASME Code Case N.-47 (Ref. 15) f o r  a s t r u c t u r e  ir ivolv- 

i n g  a complex inhomogeneous s t ress  d i s t r i b u t i o n .  

3 , 7  Assessment o f  M u l t i a x i a l  F a t i g u e  Cr i te r ia  --. .......... ~ 

304 S t a i n l e s s  S t e e l  
_-._.._-I 

J. J.  Rlass 

(Las t  r e p o r t e d  i n  OKNL-5374, pp. 111-1261 

In a p r e v i o u s  p r o g r e s s  r e p o r t  on t h i s  s u b j e c t , 2 1  t h e  s L r a i n  a n a l o g  

o f  Goughfs E l l i p s e  Quadrant was used t o  c o r r e l a t e  t h e  r e s u l t s  o f  combined 

a x i a l  and t o r s i o n a l  s t r a i n  c y c l i n g  t es t s  o f  t y p c  304 s t a i n l e s s  s tee l  a t  

room temperzture,  538°C ( l O O O ° F ) ,  and 649OC ( 1 2 0 O o F ) .  
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In  terms o f  i n e l a s t i c  s t r a i n  ranges,  t h i s  r e l a t ions l i i p  may I J ~  w r i t t e n  

( 3  "6) 

where :E i s  the  ax ia l  s t r a i -n  in i.mi.nsial stress and y i.s the  engineer ing 

shear s t r a i n  i n  pure t o r s i o n .  If-. t h e  appropri-ate  s t r a i n  range v s  l i f e  

?.elati.onships ~ T C ,  kiiown for t he  denorninators of fly. ( 3 . G ) ,  t h i s  e q u a t i o n  

niay be solTved numeri.cal1y f o r  the  cycl i.c 1 i f e  i n  the c . x c  of  coiiii~.iried 

axial. arid t o r s i o n a l  : i t rn in j .ng .  :\:j showr! i n  Ref. 2 1 ,  E q .  (3 .6)  i.s <in 

example of a muItiax-i.:tl. fati glue failu.re c r i t e r ion  based on the  theory of  

Brown and involving t h e  shear and normal s t r a i n s  ncti.ng 011 the 

p1;mes of 11iaxirii~t111 shear s t ra i .n  ~ They make a d i s t i n c t i o n  betwecn two 

t y - p e s  o f  loading lxisecl 011 t h e  o r i en ta t i -on  of  the iiiaxirr~uiii shear  p lanes  

- ~ ~ l a t i . v e  t o  t h e  su r face  of  t h e  specimen. In  what they  r e f e r  t o  as  case A 

loading ,  t h e  p l anes  o f  ma:x imum shear  s t r a i n  a r e  noma1 t o  t h e  surface of 

t h e  spec i ine~ i~  and cracks tend  t o  propagate d o n g  t h e  su r face .  In case B, 

t h e  planes i n t e r s e c t  t h e  surf ; ice  a t  an angle  of 45", and c racks  propagate 

inward from the  surfa.ce.  For t h e  same strain ranges, cxse P, leads t o  

s h o r t e r  f a t i g u e  lives" Combined axial ant1 t o r s i o n a l  cyc l ing  i.s case A ,  

w i t h  un iax ia l  s t r e s s  mark-irig t h e  t r a n s i t i o n  from case A t o  case R .  

0 D 

'Ihe data used i n  The previiius s t u d y  cam(? from t h e  s e r i e s  of  testsp3 

by S.  Y, Zamrik arid coworkers conducted :it E'ennsylvanis. S t a t e  Univers i . ty 

u s i n g  continuous s t r a i n  cyc l ing  with a s inusoida l  wave f o m .  In t h e  

l a t e s t  s e r i e s  o f  test:; a t  Pennsylvania State,"'  t h e  e f f e c t  o f  h o l d  ti.me 

a t  maximum s t r a i n  on combi.ned n x k l  and t o r s i o n a l  :Fati.gue o f  annealed 

type 304 s t a i n l e s s  s t e e l  (hen t  9'12796) at 5 3 8 " ~  (1 0 0 o " ~ j  was invest . i .gated ~ 

Tcsts  have  been conducted with h o l d  t imes ( b  ) of  0 ,  0 .1 ,  1, and  10 h ~ ;  

rati.os o f  engi-neer ing shear  t o  a x i a l  s t r a i n  ( p  = Y ~ ~ / E ? )  of  0, 1, 2.5," 
h 

&I 

I _- - __ I___ - 

xReaders familiar w i t h  t h e  content  of  p rev ious  progress  r c p o r t s  w i  1 1  
n o t i c c  tha t  the in tc rmcdia te  value of  p given here  i s  onc-half  t h e  va71ics 
p r c v i o m l y  reported.  As clescribcd in Sec t .  3 . 3 ,  i t  was subsequently de t e r -  
mined t h a t  t h e  axial s t r a i n  components o r i g i  n n l l  y repor ted  b y  Peririsylvariia 
S t a t e  were underestimated by '1 f a c t o r  o f  2 .  
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* 
and m; and noininal e q u i v a l e n t  s t r a i n  ranges  (AF ) l y i n g  between 0.41 

and 3 .3%.  The m a t e r i a l ,  t u b u l a r  specimens,  and t c s t  methods were t h e  

same as t h o s e  of Ref .  2 3  except  t h a t  ex' iension and twi.st were s i m u l t a n e o u s l y  

v a r i e d  l i n e a r l y  r a t h e r  t h a n  s i n u s o i d a l l y  w i t h  time between equal  p o s i t i v e  

and n e g a t i v e  l imi t s .  The c y c l i c  p e r i o d  i n  each t e s t  was equal  t o  30 sec 

p l u s  hold  t ime, During t h e  hold o r  dwell  p e r i o d s ,  t o t a l  s t r a i n s  were 

kept  consta-nt  a t  t h e i r  p o s i t i v e  l i m i t i n g  v a l u e s  and s t r e s s e s  were p e r -  

m i t t e d  t o  r e l a x  w i t h  time ( p o s i t i v e  hold). ' '  

eq 

In a r e c e n t l y  prepared  t o p i c a l  r e p o r t ,  2 5  methods o f  accourit ing f o r  

t h e  i n t e r a c t i - o n  o f  c reep  and f a t i g u e  damage p r o c e s s e s  were b r i e f l y  reviewed 

and t h e  l a t e s t  Pennsylvania  S t a t e  d a t a  iwert: ana lyzed  by t h e  method o f  

l i n e a r  summation o f  c r e e p  and f a t i g u e  damage. 

s i s  and, i n  p a r t i c u l a r ,  t h e  a s p e c t s  t h a t  are r e l a t e d  t o  m u l t i a x i a l  f a t i g u e  

f a i l u r e  c r i t e r i a  are  summarized i n  t h e  remainder  o f  t h i s  s e c t i o n .  

The r e s u l t s  of t h a t  a n a l y -  

F i g u r e s  3.21 through 3 .24  show t h e  Pennsylvania  S t a t e  d a t a  (syinbols) 

v s  c y c l e s  t o  f a i l u r e  (m,) w i t h  t h e  s h e a r - t o -  
eq d 

p l o t t e d  on t h e  b a s i s  o f  A &  

a x i a l - s t r a i n  r a t i o  p as a parameter  arid f u r  ho ld  times th o f  0 ,  0 .1 ,  1, 

and 10 h r ,  r e s p e c t i v e l y .  Also shown for comparison i n  each f i g u r e  i s  t h e  

cor responding  u n i a x i a l  c u r v e  d e r i v e d  rrom an empir ica l  model f o r  c y c l i c  

l i f e  as a f u n c t i o n  o f  s t r a i n  range ,  s t r a i n  r a t c ,  t e m p e r a t u r e ,  and hold 

time. 
from 435 t e< , t s  o f  t y p e  304 s t a i n l e s s  s tee l  from a number o f  d i f f e r e n t  

h e a t s .  l 'heir  a n a l y s i s  i n d i c a t e d  t h a t  m a t e r i a l  from h e a t  9T?796 e x h i b i t e d  

much ~ O W ~ K >  f a t i g u e  l i v e s  i n  t e s t s  with h o l d  t ime than p r e d i c t e d  by t h e  

model. i lh i s  e f f e c t  was a s s o c i a t e d  w i t h  thi: lowcr  t-reep s t r e n g t h  o f  t h i s  

h e a t .  Agreement between t h e  Pennsylvania  State d a t a  wi th  p 0 and t h e  

Diercks and Raske model i s  q u i t e  good i n  F i g s .  3.21 and 3.22,  and t h e  d i f -  

f e r e n c e s  apparent  i n  r i g s .  3 . 2 3  and 3 .24  can be expla ined  by t h e  lower 

c r e e p  s t r e n g t h  o f  t h i s  h c a t  of  m a t e r i a l .  

' l h i s  model was developed by Diercks  and Raskelo Lo c o r r e l a t e  d a t a  

.+ 
Assuming incompress ib le  m a t e r i a l  b e h a v i o r .  

'-A few t e s t s  have a l s o  been conducted w i t h  hold  t i m e  a t  t h e  n e g a t i v e  
s t r a i n  l i m i t  ( n e g a t i v e  hold)  and w i t h  equal  ho ld  t imes a t  both  p o s i t i v e  
and n e g a t i v e  s t r a i n  l i m i t s  (symmetric h o l d ) .  More such t e s t s  a r e  planned,  
and t h e  r e s u l t s  are  expected t o  be t h e  s u b j e c t  o f  f u t u r e  p-rogrcss r e p o r t s .  
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F i g .  3.21. Nomirial equiva len t  s t r a i n  range vs  cycles t o  S a i l u r c  i n  
m u l t i a x i a l  f a t i g u e  t e s t s  of annealcd type  304 stainless s t e e l  (heat 9T2796) 
at: 538°C (1000’F) without hold t i m e  and with p = 0,  1, 2.5,  and -. Uni- 
a x i a l  curve based on an empir ica l  model developed by Diercks and KaskclO 
i s  shown f o r  comparison. 
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C Y C L E S  TO FAILURE 

F i g .  3 . 2 2 .  Nominal equiva len t  s t r a i n  range vs  cyc le s  t o  f a i l u r e  i n  
mul t i ax ia l  f a t i g u e  tests o f  annealed type 304 s t a i n l e s s  s t e e l  (heat  9T2796) 
at 538OC ( l O O O ° F )  wi th  0.1-hr hold time a t  maximum p o s i t i v e  s t r a i n  and 
wi th  p = 0, 1, 2 .5 ,  and IJniaxial  curve based on a n  empir ica l  model 
developed by Diercks and Raske’O i s  shown f o r  comparison. 
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b i g .  3 . 2 3 .  Nominal e q u i v a l e n t  s t r a i n  railge v s  c y c l e s  t o  f a i l u r e  i n  

m u l t i a x i a l  fa t ig l ie  tests of  annexled t y p e  304 s t a i n l e s s  s t c z l  (hea t  9’1’2736) 
a t  5 3 8 O C  (1000°F) w i t h  1.0-hr h o l d  tinie a t  maximum p o s i t i v e  s t ra in  and 
with p = 0 ,  1, 2,S, and a. U n i a x i a l  curve based on a n  em1,irical model 
developed by Diercks and RaskelO i s  shown f o r  comparison. 
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F i g .  3 . 2 4 ,  Noniinal e q u i v a l e n t  s t r a i n  r ange  vs  c y c l e s  t o  f a i l u r e  i n  
m u l t i a x i a l  f a t ?  gue t e s t  of  annea led  type 304 s t a i n l e s s  s t ee l  ( h e a t  3T2796) 
a t  5 3 8 O C  (1000°F) w i t h  lO.O--hr ho ld  t i m e  a t  maximum p o s i t i v e  s t r a i n  and 
w i t h  o = 0 ,  1, arid m, U n i a x i a l  cu rve  based on a n  e m p i r i c a l  model developed 
by Die rcks  and Raske’O i s  shown f o r  comparison. 



175 

A S  t h e  e a r l i e r  continuous-cyclir!g tes ts73 s~mwed,  f~hr  t h c  same 

equix-alent s t r a i n  range,  a larper number o f  cycles  i s  required t o  caiise 

f a i lu rc  with pure ly  t o r s i o n a l  s t r a i n i n g  than wi th  pu re ly  ax ia l  straining 

( p  -: v s  p = 0 i n  F igs  3.21 through 3 . 2 4 ) .  'This e f f e c t  appears t o  i n -  

c r ease  with inc reas ing  hold time, as seen by comparing success ive  f i  gures 
o r  by c a r e f u l  s tudy  o f  Fig. 3 .25 ,  which i s ,  i n  e f f e c t ,  a composite of  
Fig.;. 3.21 through 3 . 2 4 .  'Iliese f i g u r e s  a l s o  show the masked reduct ion  i n  

c y c l i c  l i f e  caused by t h e  hold per iods  f o r  t h e  model and Cor each d a t a  

s c t  assoc ia t ed  wi th  a p a r t i c u l a r  value o f  p .  T h i s  effect  inc reases  as 

s t r a i n  range decreases ,  t h a t  i s ,  t h e  curves and t h e  da ta  s e t s  t h a t  p a r a l l e l  

them g e t  s t e e p e r  as h o l d  time inc reases .  

Figure 3.26 shows more c l e a r l y  t h e  e f f e c t  of p on t h e  r e s u l t s  o f  t h e  

'The d a t a  a r e  p l o t t e d  on t h e  b a s i s  of  equiva len t  tests without hold t i m e .  

ORNL- D W G  7% - 22086 
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CYCLES T O  FAILURE 

F i g .  3.25. Nominal equiva len t  s t r a i n  r a n g e  vs cycles  t o  f a i l u r e  i n  

0 ,  0.1, 1 . 0 ,  and i o  h r  and p = 0 ,  
m u l t j a x i a l  f a t i g u e  tes ts  of  annealed type  304 s ta in less  s t e e l  (heat  9T2796) 
a t  538°C [ X U ~ O " F )  w i t 1 1  hoId  t imcs th 
1, 2 .5 ,  and wja IJniaxial  curves  based on empir ica l  model developed by 
Dicrcks and Raske'O i s  shorn f o r  conlparison. 
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F i g .  3 . 2 6 ,  Equivalent i -ne l a s t i c  s t r a i n  range v s  cyc le s  t o  f a i l u r e  i n  
mu l t i ax ia l  f a t i g u e  t e s t s  of  annealed type 304 s t a i n l e s s  s t e e l  (heat  3'1'2796) 
a t  538°C (1000°F) without hold %ime and with p := 0 ,  1, 2 .5 ,  aizd io. Uni.- 
a x i a l  (p = 0 ) ,  bi.axia1 (p = 1 and 2.5), and t o r s i o n a l  (p  = 0) l e a s t -  
squares  l i n e s  a r e  a l s o  shown. 

Three s t r a i g h t  l i n e s  (generaliza- i n e l a s t i c  s t r a i n  range ( A E " ~ )  

Lions o f  t h e  wcll-.knawn Coffin-Manson law) were f i t t e d  t o  t h e  log N ,  vs  
l o g  A E  d a t a  by the method of l e a s t  squares .  These a r e  a l s o  shown i n  

Fig.  3.26.  The un iax ia l  l i n e  was f i t t e d  t o  t h e  p = 0 da t a ,  t h e  b i a x i a l  

l i n e  t o  t h e  combined d a t a  f o r  p = 1 and 2 . 5 ,  and t h e  t o r s i o n a l  l i n e  t o  t h e  

p = ~0 d a t a ,  The l i n e s  have d i f f e r e n ?  s lopes ,  i nd ica t ing  t h a t  mu l t ip l i ca -  

t i o n  by fac tors  independent of s t r a i n  range will riot b r ing  t h e  b i a x i a l  and 

t o r s i o n a l  da t a  i n t o  coincidence with t h e  uni.axia1 d a t a ,  as was suggested 

by ManSon and Halford i n  a d iscuss ion  of  Ref. 23.  The r a t i o  o f  t o r s i o n a l  

l i f e  v a r i e s  frotn 2.4 a t  Acin I= 3% t o  4 .6  a t  At: 
"4 ecli 

between t o r s i o n a l  and b i a x i a l  l i n e s  i s  even g r e a t e r ,  with t h e  correspond- 

ing  l i f e  r a t i o s  being 3.0 and 8 .6 .  

I?' eq 

in 
eq 

J 

in - 
- 0.3%. The d i f f e r e n c e  

Tn Fig.  3 .27 ,  t h e  num'ver O F  cyc le s  observed i n  each o f  t he  t e s t s  

without ho ld  t ime i s  compared with t h e  number o f  cycler, es t imated i l l  

accordance with t h e  r u l e s  o f  ASME Code Case N-47-13.I5 That i s ,  t he  
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Fig .  3 .27 .  Cycles t o  . f a i lu re  observed i n  mu l t i ax ia l  f a t i g u e  t es t s  
of  annealed type 304 s t a i n l e s s  s t e e l  (heat  9T2796) a t  538°C (1000'F) 
without hold time and with p = 0, 1, 2 .5 ,  and vs  cyc le s  es t imated on 
t h e  b a s i s  of equiva len t  strain range and t h e  f a t i g u e  design curve i n  
ASME Code Case N-47-13. 

cs t ima tes  are based on AE 

v s  number o f  cyc les .  

l i f e26  i n  tlie range o f  l ives  considered here .  

by t h e  45" l i n e  shown i n  F ig .  3 .27 .  

a r e  about 20 t imes greater than t h e  Code e s t ima tes  and t h e  t o r s i o n a l  

observa t ions  about 80  times g r e a t e r ;  t hus ,  t h e  Code approach appears  t o  

be ove r ly  conserva t ive  only  f o r  pure to r s ion .  
For Fig. 3 . 2 8 ,  t h e  estimates are based on I I C ' ' ~ ~  and a power-law f i t  

and t h e  Code's design curve of s t r a i n  range 
ea 

Thc: l a t t e r  i ~ i c l u d e s  a s a f e t y  f a c t o r  of 20 on 
This  f a c t o r  i s  represented  

The u n i a x i a l  and b i a x i a l  observa t ions  

eq 
t o  the d a t a  From t h e  u n i a x i a l  t e s t s ,  while ,  f o r  F ig .  3 . 2 9 ,  t hey  a r e  

based the i n e l a s t i c  s t r a i n  analog o f  Gough's E l l i p s e  Quadrant, E q .  ( 3 * 6 ) ,  
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F i g .  5 - 2 8 .  Cycles t o  f a i l u r e  observed i n  mul t i ax ia l  f a t i g u e  t e s t s  
of  annealed type 304 s t a i n l e s s  steel (heat  911'2796) a t  538OC (1OOOOP) with-  
out  hold time and with p = 0 ,  1, 2.5,  and vs cyc le s  es t imated on t h e  
b a s i s  o f  equivalent  p l a s t i c  s t r a i n  range and a power-law f i t  t o  the  d a t s  
lrom un iax ia l  t e s t s .  c 

arid power-law f i t s  t o  t h e  da t a  from pure ly  a x i a l  and pure ly  t o r s i o n a l  

t e s t s ,  Comparison o f  t hese  two f i g u r e s  shows t h a t  E q .  (3.6) r e s u l t s  i n  

improved agreement between observed and es.tiiiiated l i v e s  i n  t o r s i o n  but  

decreased agreement f o r  b i a x i a l  stresses The excel  l e n t  agreement shom 
i n  Fi.g. 3 .28 of R e f .  2 1  w a s  achieved by a g l o b a l  f i t  t o  a l l  of the data, 

n o t  just  the da ta  with p = 0 and m. The l a t t e r  i s  a more severe t e s t  of 

t h e  p r e d i c t i v e  c a p a b i l i t y  o f  E q ,  (3 .6) .  Although E q .  (3.6) i s  a con- 

venient a n a l y t i c a l  form, a d i f f e r e n t  r ep resen ta t ion  of t h e  shape of 

cons tan t  l i f e  contou~s on Brown arid Miller's i'-plane appamnt ly  would be 

more e f f e c t i v e .  
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ESTIMATED C Y C L E S  

Fig. 3.29. Cycles t o  f a i l u r e  observed i n  mul t i ax ia l  f a t i g u e  rest o f  
annealed type 304 s t a i n l e s s  s t e e l  (heat  9T2796) a t  538'C (1000°F) with- 
out  ho ld  time and with p = 0, 1, 2 .5 ,  and m vs cyc le s  estiriiatcd on t h e  
b a s i s  of t h e  strain analog of Gough's E l l i p s e  Quadrant and power-law f i t s  
t o  t h e  da t a  €rom pure ly  a x i a l  and pu re ly  t o r s i o n a l  tests. 

P l o t s  of  creep damage f r a c t i o n  D vs  f a t i p e  damage f r a c t i o n  U 
c F f o r  

t h e  Pennsylvania S t a t e  t e s t s  with hold time a r e  shown i n  Figs.  3.30 through 

3 . 3 2 .  

eacl i  t es t  werc a v a i l a b l e ,  but  these were sufficjent t o  ca l cu la t e2 '  upper 

arid l u w c r  bounds on D . Thesc arc p l o t t e d  as p a i r s  of symbols connected 
by v e r t i c a l  l i n e s  i n  Figs.  3.30 through 3.32. P.lso shown f o r  re ference  i n  

t h e s e  figurcs i s  t h e  ASME Codeqs b i l i n e a r  c recp- fa t igue  darnage f n t e r -  

a c t i o n  r u l e  f o r  types 304 and 316 s t a i n l e s s  s tee l .  Because t h e  r e s u l t s  

vary ove r  such a wide range, logar i thmic  coord ina tes  were used on which 
t h e  Code's b i l i n e a r  damage r u l e  p l o t s  as a curve asymptotic t o  Dr = 1 

Only t h e  s t r e s s e s  a t  t h e  beginning and end of the hold per iod i n  

c 

., 
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ORML-DWC 78 -22681  

IO” ’ 10 IO’  

1 o4 

I O 3  

FATIGUE D A M A G E  

Fig .  3.30. Creep damage f r ac t ion  vs i a t i g u e  damage f r a c t i o n  f o r  
m u l t i a x i a l  t es t s  o f  annea led  t y p e  304 s t a i n l e s s  s t ee l  ( h e a t  3‘1’7796) a t  
5 3 8 O C  (1000°F) w i t h  th = 0.1 ,  1 . 0 ,  and 10 h r  and p = 0, 1, 2 .5 ,  arid ~0 

based on ASMk Code Case N-47-13 creep  arid f a t i g u e  d e s i g n  rulec, ASML 
Code‘s c r eep - fa t igue  damage i n t e r a c t i o n  curve i s  shown f o r  comparison. 
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ORNL-DWG 78 -22602  
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I O '  

I O 0  
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3* 1 0-4 

Id' 
FATIGUE DAMAGE 

F i g .  3.31. Creep damage f r a c t i o n  vs  f a t i g u e  da~iiage f r a c t i o n  fcw 
mul t i ax ia l  t e s t s  o f  annealed t y p e  304 s t a i n l e s s  s teel  (heat  Y'r2736) a t  
538°C: ( 1 O Q O " l ~ )  with t,h = 0.1, 1 .0 ,  and 10 h r  arid p = 0 ,  1, 2 .5 ,  and 0 

based  on equjvnlent  stress, t h e  ORNL s t r e s s - r u p t u r e  law, equiva len t  i n -  
e l a s t i c  s t r a i n  range, :md a power-law f i t  t o  t h e  Pennsylvania S t a t e  Uni- 
v e r s i t y  un iax ia l  f a t i g u e  d a t a .  A S M  Code's cr-eep-fatiguc damage inter- 
a c t i o n  curve i s  shown foi- cornparison. 

loo 

Io-' 

1 62 

3"104 
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1 a' 

10° 
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FATIGUE DAMAGE 

Fig .  3.32. Creep damage f r a c t i o n  v s  f a t i g u e  damage f r a c t i o n  f o r  
m u l t i a x i a l  t e s t s  o f  annea led  type 504 s t a i n l e s s  s t ee l  (hea t  9T2736) a t  
5 3 8 O C  (1000'F) with  t h  = 0 .1 ,  1 .0 ,  and 10 h r  and p = 0 ,  1, 2 .5 ,  and m 

based on e q u i v a l e n t  stress, t h e  QRNL s t r e s s - r u p t u r e  law, t h e  s t r a i n  ana- 
l o g  of Goiigli's E l l i p s e  Quadrant,  and f i t s  t o  t h e  Pennsylvania  S t a t e  Uni- 
v e r s i t y  pu re ly  a x i a l  and p u r e l y  t o r s i o n a l  p l a s t i c - s t r a i n  f a t i g u e  d a t a .  
ASME Code's c r e c p - f a t i g u e  damage i n t e r a c t i o n  curve i s  shown f o r  eomparison. 



a n d  to L? = 1 and wit-11 cups a t  ( 0 . 3 ,  ( J a 3 ) .  For  F ig .  3.30, equiva len t  

s%ress (J C\E  and the ASME Code * s  desi.gri c u r v e s  of s t ress  v s  rup tu re  

t i m e  and s t r a i n  ‘range vs cycles  were used as bases f o r  t h e  creep and 

f:itj~giie damage c a l c u l a t i o n s  e Irr s p i t e  of  t h e  large safety f a c t o r s  i n -  

voI?~cci, the resu l . t s  s f  o n e  test: f e l l  wi th in  .tile Codeg s d;unnge envelope. 

This may h e  a. f a u l t y  observa t ion  hecause,  i n  t h i s  , t e s t ,  t h e  amount. of  

stress r e l a x a t i o n  (which a f f e c t s  both upper a n d  lower hounds on il ) clid 

no t  seem to fol low t h e  p a t t e r n  of  o the r  t e s t s .  

E’ 

eq> eq’ 

e 

i iz F o r  F ig .  3.31, cs A E  a power-law f i t  t o  OfiNI, s t r e s s - r u p t u r e  

d a t a  f o r  t h i s  h e a t ,  and a power-law f i - t  t o  t h e  da ta  from t h e  uniax ia l  

t e s t s  a t  Pennsylvania S t a t e  without hold time were used as bases f o r  t h e  

creep arid f a t i g u e  damage ca . lcu la t i  011s. The degree of c o r r e l a t i o n  o f  

r e s u l t s  achieved by t h i s  . treatment o f  t-he d a t a  from m u l t i a x i a l  t e s t s  

v 1 i t . h  p = 0 ,  1, 2 . 5 ,  and cc (as evidenced by Fi.g. 3.31) i s  not very  d i f -  

ferent from t h a t  achicved i n  prevj-ous i n v e s t i g a t i o n s  us ing  d a t a  from 
un iax ia l  t e s t s .2 ( ; , 27  

eq’ eq’ 

I n  Fig.  3.32, the creep damage f r a c t i o n s  a r e  i d e n t i c a l  t o  those  

of F i g .  3.31.; only t h e  f a t i g u e  damage f r a c t i o n s  a r e  d i f f e ren t . .  In th i . s  

case ,  E q .  ( 3 . 6 )  and f i t s  t o  t h e  d a t a  from pure ly  axi.al  and purely- t o r -  

s iona l  t e s t s  wi.thout hold time were used i n  t h e  f a t i g u e  damage calcula- 

t ions.  Comparison of  Fi.g. 3 .32  wi.th F i g .  3.31 shows t h a t  t he  r e s u l t s  

of  the s i x  t o r s i o n a l  t e s t s  t h a t  l a y  t o  t h e  r i g h t  o f  the  i n t e r a c t i o n  curve 

were moved closer.  t o  t h e  curve,  while the one t o  t h e  l e f t  was moved 

f a r t h e r  away. ’The o v e r a l l  e f f e c t  has been t o  moderately reduce t h e  t o t a l  

v a r i a t i o n  about t h e  c.urve f o r  a l l  t h e  da t a .  ‘The use  of  a d i f f e r e n t  

mu l t i ax ia l  f a t i g u e  f a i l u r e  c r i . t e r ion  based on thc  shear  and normal s t r a i n s  

on the planes of  maximum shea r  s t r a i n  might be expected t o  lead  t o  a 

soilrewhat g r e a t e r  improvement i n  agreement between r e s u l t s  of tes ts  with 

d i f f e r e n t  r a t i o s  o f  shear t o  ax ia l  s t r a i n ,  even with hold per iods  at. 

cons tan t  s t r a i n .  

These r e su l - t s  tend t o  confirm t h e  adequacy o f  cu r ren t  d e s i g n  methods 
while i n d i c a t i n g  t h a t  a m r e  e f f e c t i v e  a l t e r n a t i v e  t o  t h e  usua l  equivx- 

l e n t  s t r a i n  approach can be developed.  IT^ a d d i t i o n  t o  t h e  e f f e c t s  

descr ibed  here ,  note  t h a t  t h e  sign of *he noma2 straaain O T ~  t h e  maximum 
shear  plane has a pote-ntzkl fm d-l:stGzgtl-khim~ between mul t i ax ia l  e f f e c t s  



analogous t o  t h e  d i f f e r e n c e s  observed b e b e e n  tensile and compressive 

hoZd p e r i o d s  i n  u n i a x i a l  t e s t s .  This  p o t e n t i a l  will be explored  when 

s u f f i c i e n t  d a t a  from m u l t i a x i a l  t e s t s  w i t h  hold  p e r i o d s  a t  n c g a t i v e  

s t r a i n s  become a v a i l a b l e .  

3.8 S e n s i t i v i t y  Study o f  Curren t  De4ign Rules t o  
Heat-to-Heat Materra1 P r o p e r t y  V a r i a t i o n s  

W .  J .  McAfee W. K.  S a r t o r y  

. . . .. . ... I-_____ 

-Is ~ Î _ 

(Las t  r e p o r t e d  i n  ORNL-5433, p. 175) 

A s t u d y  h a s  been implciiiented t o  determine t h e  s e n s i t i v i t y  o f  c u r -  

r e n t  h igh- tempera ture  des ign  methods t o  h e a t - t o - h e a t  v a r i a t i o n s  i n  

materials p r o p e r t i e s  an3 t o  use  t h i s  in format ion  i n  a s s e s s i n g  t h e  degree 

o f  conserva t i sm b u i l t  i n t o  c u r r e n t l y  recommended d e s i g n  r u l e s .  ?‘he 

s t u d y  c o n s i s t s  o f  two phases:  (1) compi la t ion  of  a p p l j c a b l e  304 s t a i n -  

less  s t ee l  m a t e r i a l  p r o p e r t y  d a t a  and a n a l y s i s  o f  t h e i r  h e a t - t o - h e a t  

v a r i a t i o n  and ( 2 )  u s e  of t h e s e  d a t a  i n  an i n e l a s t i c  r a t c h e t i i n g  a n a l y s i s  

o f  an i n f i n i t e  p i p e  t o  s t u d y  t h e  s e n s i t i v i t y  t o  p r o p e r t y  v a r i a t i o n s  and 

t o  compare t h e  r e s u l t s  w i t h  d e s i g n  liiiiits. 

3.8.1 Cornnilation and a n a l y s i s  of  a p p l i c a b l e  d a t a  

In  an e f f o r t  t o  guide and s i m p l i f y  s e l e c t i o n  and treati i ient o f  t h e  

m a t e r i a l s  p r o p e r t i e s  d a t a ,  ground r u l e s  were e s t a b l i s h e d  that  were i n -  

tended t o  r e f l e c t  t h e  s p e c i f i c  needs and aims o f  t h e  i n e l a s t i c  a n a l y s e s .  

Also, d e f i n i t i o n  of  bot11 t h e  probleiii t o  be ana lyzed  and o f  a t e n t d t i v e  

h is togram a i d e d  i n  de te rmining  what d a t a  were needed, as  well as the most 

u s e f u l  format  f o r  d a t a  p r e s e n t a t i o n .  O f  t h e  p r o p e r t i e s  g e n e r a l l y  used 

i n  a n a l y s e s ,  t h e  most i n f l u e n t i a l  an3 impor tan t  are  t h o s e  a s s o c i a t e d  w i t h  

i n e l a s t i c  behavior  and f a i l u r e .  These arc:  
1. b i l i n e a r i z c d  y i e l d  s t r e s s ,  (a)  monotonic - K~ (T), (b) t e n t h  c y c l e  - 

K l  (TI, 
s l o p e  o f  p l a s t i c  p o r t i o n  of  s t r e s s - s t r a i n  curve ,  o r  . @ ( T I ,  2 .  

3 .  c r e e p  s t r a i n  v s  time a t  c o n s t a n t  stress and tempera ture ,  

4 .  

5 .  

s t ress  t o  r u p t u r e  - ap(T, Lp) 7 

f a t i g u e  s t r a i n  range  - E&(!T, Nr). 
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These p r o p e r t i e s  were g iven  pr imary  c o n s i d e r a t i o n  i n  c o l l e c t i n g  and eualu- 

a t i n g  v a r i a b l e  material p r o p e r t i e s  d a t a .  

i n c l u d e d  

Othcr  p r o p e r t i e s  c o n s i d e r e d  

6 .  Young's modiilus - E("), 
7 .  P o i s s o n ' s  r a t i o  - v(Y), 
8. i n s t a n t  aneous thermal  cxparis ion c o e f f i c i e n t  - a ('P) , 
9 ,  v o l u m e t r i c  heat c a p a c i t y  pC (!Tj, 

P 
10 thermal. c o n d u c t i v i t y  k IT) , 

In  performing t h e  d a t a  compi la t ion ,  h e a t s  were g e n e r a l l y  inc luded  

on ly  i f  two or morc of  the required i n e l a s t i c  p r o p e r t i c s  werc ilvai1able. 

T h i s  was donc so t h a t  the r e s u l t i n g  d a t a  sets would p r o v i d e  :L v a l i d  b a s i s  

f o r  p r e p a r i n g  any r e q u i r e d  c r o s s  c o r r e l a t i o n s  o f  d i f f e r e n t  miterials 

p r o p c r t  ies .  We a n t i c i p a t e d  t h a t  cross c o r r e l a t i o n s  o f  some p r o p e r t i e s  

might be u s e f u l  a s  B nieans of' r e s t r i c t i n g  t h e  sizc o f  t h e  t o t a l  f i e l d  

r e p r e s e n t i n g  t h e  material 5 v a r i a b i l i t y .  

one might expec t  i s  shown sc1iem:itically i n  F i g .  3.33. 

The typc  o f  c r o s s  c o r r e l a t i o n  

In  an  e f f o r t  t o  f u r t h e r  s i m p l i f y  t h e  a n a l y s i s  o f  h e a t - t o - h e a t  var i -  

ability, a p a r t i c u l a r  p r o p e r t y  was assumed t o  f o l l o w  t h e  s m e  b a s i c  t r c n d  

f o r  d l 1  h e a t s .  In o t h e r  woi-ds, p r o p e r t y  c u ~ v c s  f o r  a number o f  h e a t s  

OR N L--UWG 78-22608 

PROPERTY 1 

F i g .  3 . 3 3 .  H y p o t h e t i c a l  c o r r e l a t i o n  o f  two matcrials p r q j a r t i e s  t h , i t  
p e r m i t s  r e s t r i c t i o n  o f  v a r i a b i l i t y  c o n s i d e r a t i o n  t o  band r n t h c r  t h a n  e n t i r e  
d a t a  f i e l d .  
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were inodeled a s  3 fami ly  o f  p a r a l l e l  curves ,  w i t h  one curve f o r  each h e a t .  

For example, t h e  c o r r e l a t i o n  f o r  time t o  r u p t u r e  ( i so thcr rna l )  was 

Rupture time f o r  3 g iven  h e a t  was t h e n  r e p r e s e n t e d  by 

i s  3 f a c t o r  r e p r e s e n t i n g  t h e  displacement  o f  t h e  curve  f o r  h e a t  where H 

t h a t  h e a t  from t h e  master curve  f o r  a l l  h e a t s .  T h i s  procedure was coil- 

f i rmed a s  adequate  f o r  this s t u d y .  

The i n e l a s t i c  ar ia lyscs  t o  be  conducted a r e  based on a r a t c h e t t i n g  

problem iiiv01vi.ng a p e r i o d  o f  i s o t h e r m a l  c r e e p  fol lowed by a p l a s t i c  c y c l e  

with a s t r a i n  range o f  $0.4%. 

s t r a i n  range were t h u s  r e q u i r e d .  

and t h e  minimum temperat i i re  i n  t h e  T r a n s i e n t  i s  %427"C (800°F) .  

o f  d a t a  was t h u s  r e s t r i c t e d  t o  400 t o  650°C (752 t o  1202°F).  

E x i s t i n g  d a t a  compi.lations and c o r r e l a t i o n s  were used wherever pos-  

Only c y c l i c  s t r e s s - s t r a i n  d a t a  f o r  0 . 4 %  

The i s o t h e r m a l  hold  i s  a t  593°C (llOO°F), 

The range  

s i b l e ,  wi th  m o d i f i c a t i o n s  t o  r e f l ec t  t h e  p a r t i c u l a r  rieeds and/or  1illiits 

of  t h i s  s t u d y .  Only d a t a  f o r  material i r i  t h e  reannea led  condi. t ioii  were 

u t i l i z e d ,  p r i m a r i l y  because t h i s  i s  e s s e n t i a l l y  the  o n l y  c o n d i t i o n  i n  

which a complete set  ( t e n s i l e ,  c r e e p ,  f a t i g u e ,  e t c . )  o f  d a t a  i s  a v a i l a b l e .  

A b r i e f  d i ~ s c u s s i o n  of  .tile material p r o p e r t i e s  d a t a  cornpil.atiori and ana ly-  

s i s  i s  given below. 

3 .8 .1.1 T e n s i l e  y i e l d  (0 .2%)  and u l t i m a t e  s . t rength.  .... ~ These t e n s i l e  

p r o p e r t i e s ,  though n o t  r e q u i r e d  as d i r e c t  i.nput t o  t h e  i n e l a s t i c  a n a l y -  

s is ,  were uti.1i.zed i n  some p r o p e r t y  models and a r e  t h u s  ir icluded h e r e  

f o r  completeness .  T e n s i l e  d a t a  f o r  t h e  20 h e a t s  o f  type 304 s t a i n l e s s  

s t e e l  used i n  t h i s  s t u d y  are p r e s e n t e d  i n  Refs.  28 th rough 33. Table  

3 .9  l i s t s  t h e  h e a t s  and  manufacture?^, and t h e  chemical composi t ions o f  

t h e s e  h e a t s  are given i n  Ref. 31. 

For y i e l d  s t r e n g t h  ( 0 . 2 % ) ,  1 2 9  d a t a  poi .nts  !,%;ere uscd t o  e s t a b l i s h  3 

master curve  o f  y i e l d  stress v s  tempera ture  over  the  range 400 t o  650°C 

(752 t o  1202°F).  Regress ions  a n a l y s i s  i-ridicated .the adequacy o f  an 
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'l'ablc 3.9. L i s t i n g  o f  heats used 
i n  v a r i a b i l  i t y  s tudy 

Xdenti f i  c a t i o n  
No * 1) 

A I  1 egheriy 
Lud lurn 

Cameron 

Cni-I. son 

3 
11 
19 
9 

18 
13 

2 

r 

- 
1 

8 
1 0 
1 2  

6 
1 

Repub1 ic 17 

IJriit-ed S t a r e s  
Steel 

1 4 
16 
15 

4 
20 

337187 
55697 
3115860 
:j 4.6 5.4 4 
337330 
346845 
346779 

3121 

31 0390 
6604 1 4  
605151 
61 67.37 
300.780 
544086 

8 0438 13 

9'r2796 
x 2 2 x 0 7  
9T2797 
R2 3 2 8 3 
R22926 

Q A1 1 egheriy 1,udlum = Allegheny L u d l u m  
St  eel Corporat ion,  P i t t sbu rgh ,  P a ,  ; Carnercxi := 
Cmeron Tron Works, Inc., Houston, Tex. ; 
Carlson = Carlson Steel Company, Coatesville, 
Pa. ; Republic  = Kcpublic S tee l  Corpora t ion ,  
Cleveland, Ohio; United S ta tes  S t e e l  = l h i t e d  
S t a t e s  S tee l  Coqmratiori ,  Pi t tshurgl i ,  Pa. 

' Ident i fy ing  number used f o r  tlii s s t u d y .  
13 Manufacturer ' s heat I i i i r n l x x - .  

e q u a t i o n  of  t h e  form 

where 0 
t empera ture  ("C), and "1, a2 a r e  f i t t e d  coe f f i c i en t s .  'The r e s i l t s  o f  t h e  

i s  t h e  mean v a l u e  o f  yield stress [F IPa  [ksi)l f o r  a l l  h e a t s ,  !? i s  
Y 
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r e g r e s s i o n  a r e  contail led i n  Table  3.10. 

y i e l d  stress, as  d i s c u s s e d  p r e v i o u s l y ,  was rnocteled by 

'1he h e a t - t o - h e a t  v a r i a b i l i t y  o f  

The t a b u l a t e d  r e s u l t s  f o r  each h e a t  are conta ined  i n  Table  3.11. In  a d d i -  

t i o n ,  a v a l u e  o f  s t a n d a r d  e r r o r  o f  estiinaT.e (SEE) i s  shown f o r  each heat.  

The f i t  t o  a l l  d a t a  i s  shown i n  F i g .  3.34. The l i .mi~ts  shown r e p r e s e n t  

t2SEE. One a d j u s t e d  f i t  f o r  h e a t  nuiiiber 1 4  (9'1'2796) i s  shown i.n Pig. 3.35 

and i s  t y p i c a l  o f  the agreement found between d a t a  and c u r v e s  f o r  o t h e r  

h e a t s .  

BEST FIT ....___ 

I_L - 2 STANDARD ERRORS 

L ............. _I .... I_____ I I I 
0 450 550 600 650 

TEMPERATURE (OC9 

0 

Fig.  3 .34.  Yie ld  s t ress  ( 0 . 2 %  v s  tempera turc  over  t h e  range 400 t o  
650°C (750 t o  1200'F) f o r  20 h e a t s  o f  t y p e  304 s t a i n l e s s  s t ee l  (1 k s i  = 
6.595 MPa) . 
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Table 3.11.  I lea t - to-hea t  v a r i a b i l i t y  of y i e l d  s t r e s s  (0.2;) and u l t i m a t e  s t r e s s  functions [PIPa ( k s : ) ]  

Heat Yie ld  s t ress  pa rame te r s  i l i t imate  s t r e s s  parameters 
i d e n t i f i c a t i o n  

?io. a1 H SEE Dl S‘E 

2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
13 
1 4 
15 
1 6  
17 
i 8  
19 
20 

153.1437 (22 .2108)  
150 .6155 ( 2 1 . 8 4 4 2 )  
141 .8819 (20.5775)  
145.329C (21 .0775)  
165 .095  3 (23 .9442)  
165 .OD37 (23.9309)  
151.649s (21 .9942)  
159.3562 (23 .11i6)  
1 6 0 , 9 5 8 3  (23 .3442)  
155.3284 (22 .5277 ;  
1 6 1 . 5 3 6 0  (23.4280)  

164.4055 (23 .8442)  
136 .5599 (19.8O56; 
13‘3.6134 ( 2 0 . 2 7 7 5 j  

152 .3393 (22.0942) 

1ss.64~13 (21 .5583)  
153 .5094  (zi.828sj 

152.8SOCi ( 2 2 .  1726) 
157 .5341 (22 .3476)  

153 .3753 (22 .2442)  

1.3436 (0.1959) 
-1.1546 (-0.1718) 

4 . 4 7 0 7  ( 4 1 . 9 3 8 5 )  
1 3 . 2 9 4 9  (1 .9282)  

4 . 9 1 8 2  (-1.4385) 

13 .2036 ( i .  9150) 
-3.1503 { - @ . 3 2 l 8 )  

7.5561 (I. 09.59) 
9 . 1 5 7 9  (i.32&2) 
3 . 5 2 8 3  (0.5:17) 
9.7359 (L.4120)  
0 . 5 3 9 2  [0 .3785)  
12.6054 (1 .8252;  

-1 5 .2402 (-2.2 -103:: 
-11.9367 (-1.7355) 

-3.1558 ( 4 . 4 5 7 7 :  
-1.2907 ( 4 . 1 8 7 2 )  

5 . 7 3 4 3  (0.8316;  
l . 0 7 9 9  ( 9 . 1 5 6 6 )  
i . 5 7 3 4  ( 0 . 2 2 8 2 )  

1.5657 ( 0 . 2 3 0 0 )  
2 . 2 7 7 0  (0.53021 
3 . 1 0 9 8  (0.4510) 
3 . 0 4 9 9  ( 3 . 4 4 2 3 )  
1 . 0 7 3 2  (0 .1552)  
2.68‘;9 (0.3894) 
1. 9036 ( I ) .  27ki) 
5.5185 ( 0 . 8 0 0 4 )  

8 . 7 3 6 7  ( 1 . 2 6 7 1 )  
2 . 8 0 2 5  ( 1 . 8 5 6 7 )  
5.3465 (0.7755) 
4.1807 (0 .6063)  
8.7505 ( 1 . 2 6 9 1 )  
3.5:84 (0 .5248)  
5.92 3 3 (0.5 690)  
4.139C [O.b033] 
9.5790 (1.3593) 

1 3 . 2 6 3 9  ( 1 . 9 2 6 6 )  
2.9556 (0 .42871 

5.8635 (C.. 8504 j 

i 26.36 13 (18 .3294)  
8 7 . 7 5 9 3  (12 .7294)  

1 0 1 . 7 8 9 1  (14 .7627;  
125 .4619 (18 .1961)  
126.611:  [18.352?) 
133.9558 (19 .429a)  
141 .  LC55 ( 2 0 . 4 7 9 4 )  
138.092:  ( 2 2 . 0 2 7 9 )  
1 3 0 . 7 ~ !  6 1 ( 1 8 .>I62 7 J 
L 03 . 5 1 7 ( 1 5 . 0 1 3 4 J 
112.046’ ( 1 6 . 2 5 0 4 )  
1 4 1 , 2 0 5 5  (20 .379&)  

1 05. 8485 [ 15.351 5 )  
122 .7039 ( i 7 . 7 9 6 1 )  

90 .7637 ( i 3 . 1 6 3 7 )  
I 34 .68 2 0 ( -; 9 . 5  3 3.3) 
1 3 0 . 3 7 7 9  ( 1 6 . 9 9 6 1 )  
113.5518 ( 16.4658!  
l l Y . 3 3 7 1  (!7.:62:: 

129.!353 ;:8.729:1) 

8.8410 ( 1 . 2 5 2 2 )  
-29.771 0 ( 4 . 3 i 7 9 , l  
- i5 .7511 (-2.28441 

7 . 9 2 1 7  ( 1 . 1 4 8 9 )  
9 .0709 (1.3155) 

1 6 . 4 2 5 5  (2..3822) 
23.6653 ( 3 . 4 3 2 2 )  
20.5516 12.9807) 
13.2079 (1.9156) 

-5. $935 ( 4 . 7 9 6 7 j  
23 .6653 (3.4322) 
i i  .5990 ( 1.6622)  

- 11.6917 [-l.SS5:; 
5 .1637 ( 3 . 7 3 6 9 )  

-26.7755 ( - 3 . 8 8 3 5 )  

-14.0231 (-2.2338; 

i - . i ~ i :  ( 2 . 4 8 6 1 )  
( 3 .  L377 (1 .9489)  

4 . 0 0 8 4  ( 4 1 . 5 8 1 3 )  
0 . 7 9 6 9  (0 . ;156)  

i i  .hL65 ( 2  . 6 8 6 2 )  
13 .7471 (1.SCJ38) 

6 . 1 6 5 7  ( 0 . 8 9 4 2 )  

1 3 . 0 0 1 9  (1.8857) 
5.2173 (3 .7567)  

13.3380 (1.9341) 

2 1 . 7 2 7 4  (3.ijiJj 

16.331.5 (2 .3686)  u3 
1 3 . 4 6 2 8  ( 1 . 9 5 2 5 )  0 

P 

53.671‘3 ( 7 . 7 8 4 2 )  
20.3934 (2 .9577)  

6 . 6  i L 1 ( 0 .96 7 5 2 
i 2.6566 (1 .  5342;  
1 -i . 2 4  1.3 [ 2.9655 j 

0 .8324  {0.1207:  
1 1 . 7 6 3 7  ; r . 7 0 6 1 ;  
15.9452 (2 .3126)  

15.9250 (2 .3096)  
28.6979 (4.l~21j 

6.6905 (0 .9703)  
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400 450 5Qo 550 600 650 7011 
TEMPERATURE ('C) 

F i g .  3.35. Comparison of  y i e l d  stress d a t a  and ad jus ted  fit t o  hea t  
YT2796 over  t h e  range 400 t o  65OoC (750 t o  1200'F) (1 k s i  = 6.895 MPaj. 

Ul t imate  tensile s t r e n g t h  d a t a  were t r e a t e d  i n  t h e  same manner as 

Regression analysis  ind ica t ed  t h a t  an adequate t h c  y i e l d  s t r e s s  da t a .  
d e s c r i p t i o n  of d a t a  over t h e  temperature  range 400 t o  050°C (750 t o  
1200°F;  i s  provided by an equat ion of t h e  form 

whc-re i s  t h e  ~iiean va lue  o f  u l t i m a t c  s t r e n g t h  [MPa ( k s i ) ]  f o r  a l l  data,  
1' i s  t h e  temperaturc  ( "C) ,  and al, czp4 a? are f i t t e d  coe f f i c i c r i t s .  'The 

r e s u l t s  o f  t h e  r eg res s ion  a n a l y s i s  are  shown i n  Table 3.10, and t h e  f i t  

i s  shown i n  Fig.  3.36 .  

U 

The hca t - to-hea t  v a r i a b i l i t y  o f  was modeled by 
U - 

= ( r  + p  
0 7 c  heat 24 h C a t  

13 (u: 1 + E' ) +" a27 + a3272 heat 

(3.10) 



25 t 28 

192 

ORNL-DWG 78-2261 1 

BEST FIT 
......._ __ 2 STANDARD ERRORS 

___.....l.ll_ ___ 

\ 
" \  

408 4.50 5QO 550 GQBB 650 
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F i g .  3 .36.  Ul t imate  t e n s i l e  s t r e n g t h  vs ternperdture o v e r  t h e  range 
400 t o  650°C (750 t o  1 2 0 0 ° F )  f o r  2 0  h e a t s  o f  t y p e  304 s t a i n l e s s  s t e e l  
(1 k s i  = 6.895 MI'a). 

F igure  3.37 shows how well t h e  a d j u s r e d  f i t  a g r e e s  w i t h  t h e  d a t a  f o r  a 

p a r t i c u l a r  h e a t  (912796) .  

3 .8 .1 .2  B i l i n e a r  y i e l d  stress and harderiirig parameters .  I'here i s  
I *--PI -___ 

o n l y  a l i m i t e d  amount o f  d a t a  a v a i l a b l e  on t h e  b i l i n e a r  y i e l d  stre5s and 

hardening parameters  f o r  t y p e  304 s t a i n l e s s  s t e e l .  3 3 - 3 6  

t h e s e  d a t a  a r e  a l l  f u r  a s i n g l e  h e a t  o f  m a t e r i a l  (9 '12796).  For tile 

purpose o f  a n a l y z i n g  a s p e c i f i c  s t r u c t u r a l  member, we s e l e c t  h e r e  o n l y  

t h e  d a t a  t h a t  correspond t o  t h e  s t r a in  range  (0.48) of  i n t e r e s t ,  

rur thermore ,  

In  l i e u  of  an  adequate  h e a t - t o - h e a t  v a r i a b i l i t y  d a t a  b a s e ,  an e f f o r t  

was made t o  r e l a t e  t h e  b i l i n e x r i z e d  s t r e s s - s t r a i n  cume t o  convent iona l  

s t r e s s - s t r a i n  parameters .  By assuming t h a t  t h o  b i l i n e a r  y i  e J d  would have 

t h e  same tempera ture  dependency a s  0 .2% ofi-set y i e l d ,  a r e l a i i o n s h i p  was 

developed f o r  i t s  heat- to-heat+ v a r i a b i l i t y  w i t h  tempera ture .  I n  p a r t i  cu- 

l a r ,  t h e  y i e l d  s t r e s s  d a t a  (0 .2%)  f o r  t h e  h e a t  9T2796 were r c p r e s e n t e d  by 
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400 450 500 5 50 600 650 700 

TEMPERATURE ( O c )  

F i g .  3 .37.  Comparison o f  u l t ima te  s t r e n g t h  d a t a  and ad jus ted  f i t  
f o r  h e a t  93'2796 over t h e  range 400 t o  6 5 O 0 C  (751) t o  1200'F) [I k s i  = 
6.895 MPa) . 

t he  q u a t  ion 

where is 

t h e  r eg res s ion  coe f f i c i e r l t s  are a1 = 121.5 and a2 = 4 . 0 7 8 5 0 .  

t i o n ,  

i s  0 .2% o f f s e t  y i e l d  stress (MPa), 7' i s  temperature  ( " C ) ,  and 
Y 

'The equa- 

(3.12) 

where c7 1 i s  t h e  i n i t i a l  b i l i n e a r  y i e l d  s t r e s s  (MPa), which was f i t t e d  
t o  t h e  ava i l ab lc  b i l i n e a r  y i e l d  s t r e s s  da t a  i n  Table 3.12 by t h e  riiethod 

of least  s(pares, wi th  and a2 hcld  cons t an t .  The r e s u l t s  were = 
107.6 o r  5 = 0.886,. 

Y O  

Thc f i t  i s  shown i n  F i g .  3.38. 
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Table 3 .12 ,  Summary of b i l i n e a r  y i e l d  s t r e s s  
and hardening pararileters 

(ay) lb 
a 

Temperature (ay) 0 
[ " C  ( O F 1 1  [MPa ( k s i ) ]  [MPa ( k s i ) ]  

427 (800) 76 ,26  (11.06); 89.36 (12.96); 

482 (900) 69.16 (10.03)' 91.36 (13.25)' 

538 (1000) 68.74 (9.97); 89.91 (13.04); 

593 (1100) 62.06 (9.00); 99.63 (14.35); 

69.80 (10.12) 79.90 (11.59) 

76.96 (11.16)' 82.43 (11.96) 

48.81 (7.08) 34.11 (13.65) 

a 
(a  ) o  
( a , , ) ~  =- t e n t h  c y c l e  b i l i n e a r  y i e l d  stress. 

i n i t i a l  b i l i n e a r  y i e l d  s t ress .  
b y  

c y  ORNL d a t a ,  Ref. 34. 

'ANL da t a ,  Ref. 33. 

I- 

* FIT TO 0.2% I 

YIELD DATA . 
-----$--- --<- ---_ 

I -$---.----. 

----.- I ---------.--- [ 
--I 

- A  

- - - - - I  
f -- ----- -- - -- -____ 

-.---. 
-.- -__ 

"A DJ LIST E 8" C, U R V E 
TO BILINEAR DATA 

- -----. __ 
- 

0 

- 
e9 0.2% OFFSET YIELD 
Q BILINEAR YIELD R E F .  7 

BILINEAR YIELD REF. 6 

Fig.  3.38. I n i t i a l  b i l i n e a r  y i e l d  stress v s  temperature f o r  t y p e  304 
s t a i n l e s s  s t e e l ,  h e a t  9T2796 (1 k s i  = 6.895 MPa). 
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'The f a c t o r  b i n  E q .  (3 ,12)  was t a k e n  t o  be c o n s t a n t  f o r  a l l  heats. 
'i'hns, t h e  1Ji.li.nea.r y i e l d  stress f o r  any heat i s  obtained by niu1tiplyirig 

the  c o n s t a n t  a1 i n  E q .  ( 3 , 8 )  by 0 , 8 8 h .  Thi.s was done, and -the r e s u l t i n g  

hmt- to- l iea t  v a r i a b i l i t y  i.s summarized in  'T'able 3 . 1 3 .  

Ef-forts t o  r e l a t e  t e n t h - c y c l e  y i e ld  nrid -the slope of  rhe  e l a s t i c -  

p l a s t i c  curve (C and E- ) t o  convei l t iom1 s t r e s s - s t r a i n  parameters  were 

unsuccessful ,  The parameters C or* 8 could be ca lcu la ted  from a para- 

metric representa t ion  o f  t he  i n i t i a l  loading true st ress-s t ra in  curve  such 

as i .s conta ined  i.n tlie NW ~ i i n d ~ i o n k .  l 4  i jeat-to-heat v a r i a b i l i t y  would 

P 

'Table 3.13. Sturnnary o f  h e a t - t o - h e a t  v a r i a b i l i t y  of 

y i e l d  stress [MPa ( k s i j l  
coefficientsn f o r  i n i t i a l  b i l i r i ea r i zed  

IIeat 

No 
i d e n t i f i c a t i o n  "1 

, 
ib 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1 3 
1.1- 
15 
16 
1 7 
18 
19 
20 

153.1437 (22.2108) 
150.6155 (21.8442) 
141.8819 (20.5775) 
145.3294 (21.077.5) 
165.0950 (23,9442) 
165.0037 (23.9309) 
151.6498 (21,9942) 
159.3562 (23.1118) 
160.9580 (23.3442) 
155.3284 (22.5277;) 
161,5360 (23 ./1280) 
152,3393 (22.0'342) 
164.4655 (23.8442) 
136.5599 (19.8956) 
139.8134 (20.2775) 

150.5094 (21.8288) 
157.5341 (22.8476) 
152.8800 (22" 1726) 
153.3735 ( 2 2 "  2432) 

148.6443 (21,5583) 

135.68.53 (1Q.0788) 
133.4454 cl9.3539) 

128.7618 (28.67471 
146.2742 (21.2145)  
ld6a 1933 [2L. 2028) 
134.3617 (1 9.4868) 
141,1896 (20.4771) 
142.6088 (20.6829) 

H\3.1209 (20.7572) 
134.9726 (19.5754) 
145,6633 (21.1259) 
130.9921 (17.54'78) 

131.6989 (19.1006) 

139.5753 120.2430) 

135.8890 (19.7083) 

125.7073 (18.2317) 

137.7210 (19.9595) 

123"  8746 (17.96593 

133.3513 ( 1 3 . 5 4 0 3 J  

135.4517 (19.6449) 

uY)" = ai - 0.105592'. when stress i s  i n  MPa and T i s  n 

i n  'C; ) o  = (ai) - 0.0153551', when stress i s  i n  k s i  and 
i s  i n  UC. ai = 0.886 al. 
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t h e n  be in t roduced  through t h e  y i e l d  s t ress .  

sued h e r e .  For i n t e r i m  recommcndations, it i s  sugges ted  t h a t  lVSM :!and- 

book v a l u e s  be used f o r  b i l i n e a r  s t r e s s - s t r a i n  parameters  o t h e r  t h a n  

i n i t i a l  y i e l d .  

Thi?  approach was not  pur-  

3 .8 .1 .3  S t r e s s - r u p t u r e  p r o p e r t i e s .  I'iine t o  r u p t u r e  as wel l  a s  

secondary c r e e p  ra te  were addressed  i n  t h i s  s tudy ,  and t h e  e x t e n s i v e  work 

conta ined  i n  Refs. 37 and 38 was u t i l i z e d .  Data from Refs. 7 ,  19,  28, 

29,  aid 39 were a l s o  used .  Primary Cons idera t ion  was given t o  d a t a  a t  
593OC (1100°F) because i n  t h e  proposed a n a l y s i s ,  a l l  t ime-dependent defer- 

mation will occur  a t  t h i s  temperature .  

- C___.-___- 

For t ime t o  r u p t u r e ,  2 2 9  d a t a  p o i i i t s  froin 19 h e a t s  o f  m a t e r i a l  were 

a v a i l a b l e  t o  e s t a b l i s h  a 'fmaster'f c r e e p - r u p t u r e  curve.  Cons idera t ion  was 

given t o  s e v e r a l  p o t e n t i a l  f u n c t i o n s  t o  u s e  i n  t h e  r e p r e s e n t a t i o n s .  Based 

on t h e  p r e v i o u s  work in Refs, 37 arid 38, w e  dec ided  (a t  least  for i n t e r i m  

use)  t o  f i t  t h e  d a t a  wi th  a power-law formula t ion ,  t h a t  i s ,  

a2 (3.13) 
- 
t = a la  , r 

where t- i s  mean time t o  r u p t u r e  f o r  a l l  h e a t s ,  CJ i s  s t ress  [MPa], and 

"1, a2 a r e  r e g r e s s i o n  c o e f f i c i e n t s .  The results o f  t h e  f i t  t o  a l l  d a t a  

are  given i n  Table  3 .14.  The d a t a  and f i t  dre compared in Fig .  3.3'3. 

r 

Ix Table  3.14. Summary of r e s u l t s  of l e a s t - s q u a r e s  f i t s  
t o  t i m e - t o - r u p t u r e  and minimum creep r a t e  d a t a  

.. . . . .- .-.-. __ _...____c_I 

C o e f f i c i e n t s  [MPa ( k s i ) ]  

7.24031 x -7.55519 0.96883 0.44118 -- l i m e  t o  r u p t u r e  

Minimum creep r a t e  1.06345 x 101;; 9.70335 0.90771 0.56634 

(3.34556 x 

(1.45649 x 10 ) 

a .  

b 

e 

F i t s  were done t o  loglo form of power law. 

K .= c o n e l a t i o n  c o e f f i c i e n t .  

SKY = s t a n d a r d  e r r o r  of  estimate. 
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TIME TO RUPTURE (h r )  

F ig .  3 . 3 9 .  Time  t o  rup tu re  vs  stress fo r  19 heats of t y p e  3011- staixi- 
l e s s  steel  a t  593°C [ l l O O ° F )  (1 k s i  = 6.895 M f ' a ) .  

= log (013 heat ) + L%% l o g  CI 

The v a r i a b i l i t y  r e s u l t s  a r e  summarized i n  Table 3.15. 

F ig .  3.40 shows t h e  d a t a  f o r  hea t  !IT2796 and the ad jus t ed  fi t : ; .  

For coiiipcirison, 

'['he minimum creep ra te  da t a  were handled i n  much t h e  sainc manner. 

Several  formulat ions have been advanced f o r  cor rc l  a t i n g  minirrium creep 

r a t e  with app l i ed  s t r e s s ,  b u t ,  f o r  in t e r im  u s e  i n  t h i s  study, a power 

law wits  u t i  1 i z e d ,  t h a t  i :i, 

- 
where ?. is mean m i n i m u m  creep r a t e  f o r  a l l  heats (percent  pel- hour) sncl m 



Table 3.15. <eat- to-heat  variabi1i:y of tine-to-rupTure and i n 1 : i i m r n  c r e q  rate functi3ns 
per cype 334 stainless s t e e l  at 593°C < ~ I O ~ " F ]  

Time-to-mpture parameters  Miriimuri creep rate pdramecers Heat 
iden t i f c a t  i o n  

No. .SEE 
Ll; E [bil'a [ k s i )  j B SEE ai 

[blpa (ksi)] 

3 
4 
5 
6 
7 
8 
9 

10  
11 
1 2  
13  
14 
15 
16 
i 7  
18  
19 
23 

1.19879 
0.52646 
1 .09771 
I. 09250 
2 .71863  
3.99209 
5.5071 I 
1 .28536 
8 ,03370  
0 .67592 

13.80019 
I .  40964 
0 .65352 
0 .66253 
0.34u2: 
5 .33740  
5 .88743 
0 .  47697 
8 .987% 

0 .17706 
0.25924 
0.10852 
c1.20015 
0 .18858 
0 .00917 
0 .25386 
0 .15437 
n .  29418 
3 .23927 
0.094 07 
0. 17858 
0.25195 
0 .25706 
0 .  20320 
0 .39793 
0.25330 
0.11603 
0.15981 

a .  2 1293 
0.23sx3 
3.08776 
0 .20161  
0.211565 

0.17640 
0. 2929s co 
0 . 3  91 11 5 
0.  1 t488 
O.C'9957 
G.17112 
0. i c ' i 95  
0 .23212 
0.95 3 1 1 
5.503.3:; 
L! . L.0, b5 
3.353211 
3 .23255 

i( 

P 
a 

,A , , > > -  

~~ 

%ot enougn Lata for statistical s ign i f i cance .  
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TIME TO RUPTURE (hr) 

Comparison of time t o  rupture dara t o  a d j u s t e d  f i t  f o r  Fig.  3 .40 .  
heat 9T2796 at 593°C j l I O ( l * F )  I 1  k s i  - 0 . 8 9 5  MPa) - 

c l l J  a2 :ire r c g r e s s i o n  coefficients. A t  l j ( 33 '~ ,  2 3 2  dnta points on 19 

1imt~; of mate+il were arialyzed, y i e l d i n g  the resu l t s  i n  'Iablc 3 .14  atid 

shown g r a p h i c a  1 l y  i n  Fig. 3.41 . 
The heat . - lo-heat  v a r i a b i l i t y  was t r e a t e d  t i k c  t h a t  f o r  time t o  

rup  Lure 7'hu.i, 
- 

= l o g  ;: 4- log E heat l o g  (E)  he at 

= l o g  !Zi + u2 log ii . (3 .16)  

These r e s u l t s  are s u i m a r i z c d  in Table 3#15, and b i g .  3 , 4 2  shows a c o m p r i -  

sort between da ta  and :nclju:;teti f i t  f o r  heat 91'279b. 

3 .8 .1 .4  Fatigue I- prope r t i e s .  -- In considering f a t i g u e  p r o p e r t i e s ,  it 

izras concluded t h a t  r e l i a n c e  on previous  work was e s s e n t i a l  due t o  prob- 

l e m  complexity.  D i e r c h s  and Rashelc; pcrformcd 3 t ho rough  s t a t i s t i c a l  
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II 1 I I I I 1 1 1 1  I I I I l l l r l - . L L . l J ~ l ~ l l  1 I 1 I I u / 
- 10 

- BEST FIT 
2 STANDARD ERRORS -. _. - 

/ 

/ 
/ 

1 

MINIMUM CREEP RATE (%/hr) 

F i g .  3.41. Minimum c r e e p  r a t e  vs  stress f o r  19 h e a t s  o f  type  304 
s t a i n l e s s  s t ee l  a t  593OC (1100’F) ( 1  k s i  = 6.895 MPa).  

a n a l y s i s  o r  t h c  t h e n - a v a i l a b l e  d a t a  on type 304 s t a i n l e s s  s tee l .  

respect t o  h e a i - t o - h e a t  v a r i a b i l i t y ,  t h e y  concluded that, fo; continuous 

c y c l i n g ,  t h e r e  were no s t a t i s t i c a l l y  s i g n i f i c a i i t  Ji Fferences i n  t h e  d a t a  

from t h e  d i f f e r e n t  h e a t s .  

W i t h  

Fo r  zero hold- t ime c o n d i t i o n s ,  t h a t  i s ,  those t o  be used i n  t h c  

s t r u c t u r a l  a n a l y s e s ,  t h e  f o r m u l a t i o n  proposed i n  Ref. 10 reduces  t o  

( l o g l o  f l f ) -1 /2  = 1.2055 + 0.66005 + 0.1804X2 -- 0.008143S4 

He re 

S = loglo ( A E  / l o o ) ,  t 
I? = log10 ( E ) ,  

T = Tc/1O0, 
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HT. 9T2796 
ADJUSTED FIT 
2 STANDARD ERRORS -I-- 

# 

. -  
1.0E-6 1.OE-5 1.OE-4 0.001 0.01 0.1 1 l a  

MINIMUM C R E E P  RATE (%/hr) 

F i g .  3 . 4 2 .  Cornjmrisori o f  minimum c r e e p  r a t e  d a t a  t o  ncljusted f i t  
f u r  h c a t  97'2796 a t  593°C ( I l O O " l - ~ )  (1 k s i  = 6.39:; MP'a). 

where 

c y c l e s  t o  f a i l u r e ,  "If = 

*% = t o t a l  s t ra in  range (%),  

2 = s t r a i n  ra te  ( s e c - ' ) ,  

= t e m p e r a t u r e  ( "C)  a 

U t i l i z i n g  t h i s  equation and the  approach adopted For the  v a r i a h i  I i t y  s t u d y ,  

analyses wcrc performed u s i n g  t h e  available d a t a  and 

l i t t l e  d j  s c e r n a b l c  d i f f e r c n c e  between h e a t s  couId be detected.  

rccommend t h a t  no f a t i g u e  h e a t - t o - h e a t  v a r i a b i l i t y  be consiclcretl. i n  t he  

strarctura1 a n a l y s e s  ~ 

?'bus, we 

3.8.1 e 5 Creep - deformat ion  p r o p e r t i e s .  The scope of  t h j  s e f f u r t  was 

n o t  t o  develop new ci-eep eriiiatioris b u t  t o  e v a l u a t e  h e a t - t o - h e a t  v a r i a b i l i t y  
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u s i n g  e x i s t i n g  m a t e r i a l  s p r o p e r t i e s  f o r m u l a t i o n s  wherever p o s s i b l e .  A 

b r i e f  r e v i  ew o f  p o t e n t i  a1 e q u a t i o n s  dcpi c t  i r ig  c r e e p  behavior-14 , ‘’ 9 ’I 

d i c a t e d  t h a t  t h e  r a t i o n a l  was t h e  most amenable f o r  use i l l  

t h e  h e a t - t o - h e a t  v a r i a b i  l i t y  s t u d i e s .  I’he e x p o n e n t i a l  formula t ion’  4, 40 

h a s  r e c e i v e d  wider exposure and v e r i f i c a t i o n ,  hit the r a t i o n a l  polynomial 

as  used by Booker41 o f f e r s  a way of  modeling matci;al v a r i a b i l i t y  i n  

c r e e p  wi thout  e x t e n s i v e  f i t t i n g  o f  c r e e p  curves .  T h i s ,  of  c o u r s c ,  assiimes 

t h a t  t h e  governing e q u a t i o n s  a c c u r a t e l y  c a p t u r e  &lie d i s t r i b u t i o n ,  a< b ~ e l l  

as t h e  mean c r e e p  behavior .  

i n -  

Following t h e  development i n  Ref. 41, t h e  r a t i o n a l  polynomidl equa- 

t i o n s  can be summarized a5 

C 2 0.685 (1.11 ? 0.97” - krn) ti,Q - 968 , ( 3 . 2 0 )  
ir l  

(3.21) 

where E i s  c r e e p  s t r a i n  ( p e r c e n t ) ,  E i s  minimum c r e e p  r a t e  (per len t  p e r  

h o u r ) ,  t i s  time t o  r u p t u r e  (hour) ,  and t i s  time (hour) .  ‘1he s t ress  

dependency o f  c r e e p  parameters  C and p e n t e r s  through t h e  s t ress  dependelicy 

o f  E and t . 

e m 

P 

m r 
In  e v a l u a t i n g  t h e  l imits on c r e e p ,  i t  would a t  f i r s t  s2ern t h a t  a l l  

combinat ions of  maxima anti minima f o r  i: 
However, t h e r e  i s  a s t r o n g  c o r r e l a t i o n  between 2 and t f o r  t h e  v a r i o u s  

h e a t s .  That i s ,  h e a t s  that have lowcr miniinurn c r c e p  r a t e s  a l s o  have longer  

r u p t u r e  l i v e s .  Thi 5 j s  denionstrated i n  Fig.  3.43, where t h e  h e a t - t o - k e a 1  

adjustment  f a c t o r s  T and E are p l o t t e d  a g a i n s t  oiie a n o t h e r .  Tliu?, r c a l i s -  

Lic l i m i t s  car1 be e s t a b l i s h e d  f o r  creel, deformation o f  t y p e  304 s t a i n l e s s  

s t e e l  from izq. (3.19) by c a l c u l a t i n g  C and p u s i n g  o n l y  t h e  coinbinations 

and tr would need t o  be cons idered  
PI 

51 r 

Usi.ng t h e s e  limits on C and p ,  

t h a t  i s ,  t h e  mean v a l u e  k2SEE,  t h e  v a r i a t i o n  i n  c r e e p  s t r a i n  i s  q u i t e  

l a r g e ,  as i s  shown i n  F i g .  3 . 4 4  f o r  a s t ress  of 1.38 MPa ( 2 0  k s i ) .  
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a = 1.15221 
b = 1.35378 
SEE = 0.22563 

TIME TO RUPTURE COEFFICIENT - B 

F i g ,  3.43. Demonstrated hca t - to -hea t  r e l a t i o n s h i p  between ininirnum 
creep  ra te  and time t o  rupture  for 19 hea t s  o f  t ype  304 s ta in less  s t e e l  
at 593°C (1100°F) (1 k s i  = 6.895 MPa) 

ORNL-DWG 78-22620 

TIME (hr/1000) 

Fag.  3 . 4 4 .  I1rcdicted mean and l i m L t  creep l i n e s  f o r  137 .9  MPa (20  
k s i )  us ing  the r a t i o n a l  polynomial equat ion  and calculated values of C 
and p f o r  type  304 s t a i n l e s s  steel at 593'C ( l l O O ' P )  [stress = 137.9 MP3 
( 2 0  k s i ) ]  . 
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Values o f  5' and p f o r  each h e a t  a r e  l i s t e d  i n  Table 3.16 a n d  p l o t t e d  

i n  F i g .  3 .45.  They a re  based on v a l u e s  o f  L and t atl j l istcd f o r  each 

h e a t  from I h e  fit t u  d l 1  d a t a .  The h e a t  v a r i a t i o n  i n  c reep  de fo rma t ion  

behav io r  i s  shown i n  F i g .  3 . 4 6  for a st ress  of  138 MPa (20 k s i )  . Observe 

that the b e h a v i o r  o f  t h e  extreme h e a t y ,  1 2  aiid 19 ,  compares well  t o  the 

limits shown in F i g .  3 . 4 4 .  

m r 

lieat 
so .  
__ 

I 

4 

6 

8 
3 

10  
11 
1 2  
1 3  
1 .t 
15 
16 
17 
1 s  
19 

I 

3 

2n 

1 
3 
'1 
5 
6 

x 
9 

10 
I 1  
1 2  
1 3  
1 4 
15 
16 
17  
18 
1 9  
20 
- 

5 

0.135'1Q2 
0 .  05004s 
0. 0"34b 
0.04556- 
(1.02125- 
0 .  01  1355 
0.!125409 
0.050019 
0.055623 
0.056331 
0 . 0 3  152 7 
0 . 0 1  2996 
0.053-82 
0.040654 
0.306413 
11.048902 
0.033635 
0.118823 
0.1139622 

0.000003 
0. 000006 
0.000003 
0. 00000 1 
0.000002 
ll.000001 
0.000001 
0.OOO003 
0.000001 
0.000005 
0.000000 
0.000003 
0.000005 
0.000005 
0.00000- 
0.000001 
0. 000001 
0.000006 
0 .  noooo i  

1 0 15 2 i) 25 .3 0 - r  .i J 

0 .  152Yl l6 
0.17?317 
0.267528 
0.158893 
0. 075819 
0.076530 
0.091213 
0.1'4584 
0.1986SY 
0.193366 
O.llJO64 
0.150605 
0 .  1856174 
0.1-30959 
1.01?698 
0.17404s 
0.120421 
0.402444 
0.177705 

0 . on0 19: 
0 .  on0393 
0.000201 
0.000217 
0.00011-1 

0.000062 
0.000187 
0.000040 
0.000314 
0.00002 9 
0.000177 
0.000326 
0.000335 
0.000432 

U. 000056 
0.000379 

0. ooon83 

(i.000058 

0. oono.38 __ 

n. 55x323 
i).33350? 
0.52 0 166 
0.311547 
0 . 1 5 2 1 2 2  
0.154219 
0.1841U8 
0.342652 
0.398998 
0.376950 
0. 231999 
0.296662 
0.360032 
0.274767 
1.8732$0 
0.348356 
0. 242338 
0.765121 
0.357855 

0. 002296 
0.004620 
0.00 2 3 5 1 
0.002529 
0 . 0 0  1 30 5 
0.000946 
0.000706 
0.002 179 
0.000460 
0.003686 
0.000319 
0.002057 
0.003824 
0.00 3 9 1 0 

0.000663 
0.000643 
0.004500 
0.000428 

n.oos?2.3 

1';ir:rmeter ' 

I ) .  552763 0. 744037 
0.507.517 0.671431 
0.795531 I .05979O 

I ) .  240855 0 .  3.34094 
0.215354 0..342160 
0.293415 0.409972 

0.632537 0.878627 
0.574809 10.763025 
0.3  7 2 7 2 1 0.5 25 394 
0 . 1 6 0 4 2 7  0.624201 
0.5491 11 0.729097 
0 . 3  2 1 4 4 2  0 . 5  6 3  f iJ 1 
2.69?061 3 . 3 2 2 4 4 1  
0.5502 1 3  !I .76 1097 
10.385320 0.536753 
1 .139731  1 .-I69279 
0.568909 0.79?7?8 

0.481038 0.618186 

0 . ~ 2 9 0 5 1  0.714628 

I)arnmeter~; _ _ _  . . . . - 
I). 01 349 3 0 .054  567 
0 .027385  0.111829 
0.013888 (1.056502 

0.007538 0.O29942 
0.005448 0.021565 
0.004061 0.01h059 
0.012789 0.051648 
0.002654 0.010531 
0.021814 0.088927 
0.001821 0.007161 
0.012043 0.048498 
0.0226.32 0.092250 
0.023060 0.093628 
0.031981 0.135927 
0.003834 0.015257 
0.003703 0.014668 
0.02 70 1 1 0.1 1 1 95 0 
0.002465 0.009763 

0.014853 n. 060029 

...... ~ .................. _ -  

0 .912508  
0.50bi181 
1.183006 
0 .  79hc)00 
(1.424775 
0.4377.30 
0.525638 
0.8?90?4 
1. I18930 
0.919552 
(1.680378 
0.77230' 
n.575'350 
0.68508.3 
3.60(77 7 2  
0. 96.1570 
11.685797 
I . 7 0 3 1 i S  
1.013196 

!1.174694 
0.3622'0 
0.182195 
0.192039 
0.093921 
0.067404 
11.050127 
0.165077 
0.033004 
0 .  2 8747 1 
0.022222 
0 .154503  
0.298160 
0.30 1 1 7 1 
0.465965 
0 .04  7346 
0.0358-9 
0.369739 
0.030531 

1.010.3x4 
0.893378 
1.1381i67 
0 . 909 i 10 
n .3 064 99 
0 .525  791 
0 .6  33OLO 
1 .006023  
1.536798 
1.024 129 
0 .8 2 89 1 0 
i!.890.517 
0.97 961 
11.772391 
3 . 4 2 1 2 2 6  
I .1-1573(, 
0.822.52 1 
1.796617 
1 .  -7 15680 

0. 4 7  8076 
1 .oo;2nJ 
0.503.35J 
0.525(1.L4 
!,.?SO732 
0 .179103  
0.133077 
0.450805 
0.0880 1 1 
0 .7969  2 1 
0.058607 
0.420191 
0.826349 
0. 8 2 9 34 1 
1 ,422890  
0.125270 
0.122080 
1.057632 
0.081 2 2 1  

1.111?91 
0. 916870 
1 .500(338 
0.9'3337 
0.5?3364 
II . 001156 1 
13,725300 
1 .U801.38 
1.516893 
1.059300 
0.962907 
0. 965765 
1.013614 
0.8 1236s 
3 .  647525 
I .  2'3083: 
! I .  !I377 6 9  
1 .7071132 
1.386691 

1 .171583 
2.533248 
1.255967 
1.288256 
0 . 5 L ~ 6 2 7 8  
0.424067 
0 . 3  1437 1 
1 .10J3?0  
0.209027 
1 .!)95401 
0.137398 
1 . 0 2 ~ 4 6 s  
2.068308 
2.055929 
4. j.39828 
0.305849 
0.289 183 
2.791034 
0.192344 
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NUMBERS REFER TO HEATS 

I 1 I I 1 
Q 10 20 30 40 { ksi 1 

STRESS 

F i g .  3.45. Heat-to-heat v a r i a b i l i t y  of creep equation parameters I: 
and p For t y p e  304 s ta in less  s teel  a t  a stress o f  137.9 MPa (20 k s i )  and 
temperature of 593'1: ( 1 1 0 0 ° F )  (1 k s i  = 6.895 MPa). 
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0 1 2 3 4. 5 6 7 8 9 10 
TIME lhr/10W) 

F i g .  3 . 4 6 .  P r e d i c t e d  h e a t  v a r i a b i l i t y  o f  creep s r r a i n  u s i n g  the 
r a t i o n a l  polynomial e q u a t i o n  and iridividiial  hez t  v a l u e s  o f  C and p f o r  
type 30% s t a i n l e s s  s tee l  a t  a s t r e s s  o f  137 .9  blPa ( 2 0  k s i )  and Tempera- 
t u r e  of  593OC: (1100OF) (1 k s i  = 6.895 MPa). 

3 , 8 . 2  I n e l a s t i c  r a t c h e t t i n g  a n a l y s e s  .-I- . . 

The e f f o r t  i n  t h i s  a c t i v i t y  was r e s t r i c t e d  whi le  a w a i t i n g  t h e  r e s u l t s  

of  t h e  f i r s t  phase o r  t h e  s tudy .  

r a L c h e t t i n g  proSlem w i l l  begin  e a r l y  i n  t h e  nex t  r epor t  p e r i o d .  

Setzip and s o l u t i o n  u f  t h e  s e l e c t e d  

3.9 F a t i g u e  and Creep-Rupture Curves f o r  Use i.n 
~-l-__----.l.____l . .. .. . . .. . . ... -.- 

P r o j  ect i -ng F a i l u r e  i n  ORNL Laboratory 
st 2 i i tn ra  ~ ..... I ‘rests 

R .  L. Huddleston J .  J. Blass 

(Not p r e v i o u s l y  r e p o r t e d )  

T h i s  a c t i v i t y  was undertaken Lo provide guidance t o  our  o v e r a l l  pro-  

g r a n  on common procedures  and da ta  c o r r e l a t i o n s  f o r  e s t i m a t i n g  c r e e p  

r u p t u r e  and f a t i g u e  (crack i r i i L i a t i o n )  l i f e .  One major  a p p l i c a t i o n  i s  i n  



I?SS s tee l  (heat  9r2796)  m d  t c s t c d  a t  593°C ( l l O D ' f  1 -  t"re5caitly, pro-  

cedures  analogous t o  t h o s e  of  ASME Code Case N-47 [Kef. 15) are b e i ~ i g  

followed, w i t h  t h e  f a t i g u e  and creep- ruptum curves f o r  t h e  OKNI, re-t'erenc t' 

heat  k i n g  u t i l i z e d .  The l i f e - r e d u c t i o n  f a c t o r s  normally incorporated 

i n  t h e  Code a r e  not employed herc. 

curves [one un iax ia l  and one b i a x i a l )  have been generatcd t o  ~ c p l a c e  the  

curves i n  ASMC Code Case N-47. The un iax ia l  creep-riuptnrz curve i s  

designed f o r  p r o j e c t i o n  of f a i l u r e s  111 our un iax ia l  t e s t s  arid t h c  b i a x i a l  
curve f o r  multiaxiaI phenomenological and s t r u c t u r a l  t e s t s  a 

A f a t i g u e  curve and two creep- rupture  

'l'he curves generated r ep resen t  f i t s  t o  se l ec t ed  da ta  se t5  arid have 

no b u i l t - i n  s a f e t y  margin. 

and procedures  w i l l  be t o  e s t a b l i s h  load l e v e l s  f o r  The rup tu re  phase o f  

t h e  nozzle- to-sphere specimen ( see  Sec t .  2 .4  * 2 ) ,  The procedures hopc?'ully 

w i l l  avoid premature f a i l u r e  during o r  nea r  i n i t i a l  loading arid d e f i n e  

t e s t  condi t ions  t o  induce f a i l u r e  i n  a reasonable  per iod  o f  t ime. Tn t h i s  

regard,  t h e  curves a re  t o  be used more f o r  i n t e r p o l a t i o n  than  f o r  extrapo-  
l a t i o n  because t h e  range o f  da ta  011 s t r e s s e s ,  cyc le s ,  time, and strain range 

c x ~ e e d 5  t h a t  f o r  which t h i s  l abora to ry  t e s t  i s  designed. These curves a r e  

no t  intended f o r  general  u s e  i n  e x t r a p o l a t i o n  t o  longer  lives, 

One of t h e  f i r s t  a p p l i c a t i o n s  o f  t hese  ciirvcs 

3 , g . l  Fa t igue  curve f o r  annealed type 404 s t i n l c s s  s t e e l  
~_I- (heat  91'2796) a t  593°C (llO0"F) (.J. J. Klass) 
(Not prev ious ly  r epor t ed )  

The fatigue design ~ c i i ~ v e  i n  Fig .I I ' - J 4 ' 2 Q - l A  of  ASMB Code Case N - 4 7 - 1 3  

is based on d a t a  from a n ~ m l i e r  o f  heilts of material a 1 ~ 1  i_~lcI.uiies ~21 . fe ty  

f a c t o r s  o f  2 on s t r a i n  or 2 0  on l i f e ,  whichever has t h e  g r e a t e r  e 

To estimate the crack i . n i t i a t i o n  l i f e  of model S tn ic t i i res ,  i t  wozr1.d be 
bet ter  t o  use EL curve based on a v a i l a b l e  d a t a  f o r  t h e  material, heat, and 

temperature  o f  i n t e r e s t  without a b u i l t - i n  s a f e t y  111arg.n I 

a rePa.t ionsIiip was developed f o r  t h i s  purpose on t h e  basi.s o f  a t.wo-term 

power law o r  Basquin/Coffin-Manson l a w  given by 

Accordingly, 

where At- i. the t o t a l  s t r a i n  range i n  percent  arid N i s  the  number of  
t P 
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c y c l e s  t o  f a i l u r e  ( o r  crack  i n i t i a t i o r i  i n  t h e  c a s e  o f  a s t r u c t u r e ) .  The 

f j r s t  term i n  'Lq. (3.22) was o b t a i n e d  from a l e a s t - s q u a r e s  f i t  o f  t h e  

e x p r e s s i o n ,  

(3 .25)  
e '  l o g  Nf = l o g  ill t- a2 l o g  OF: 

t o  t h e  a v a i l a b l e  d a t a  f o r  the ORNT, r e f e r e n c e  h e a t  of  t y p e  304 s t a i n l e s s  

s t e e l  i n  t h e  annea led  c o n d i t i o n ,  where A ?  i s  t h e  e l a s t i c  component o f  

t h e  s t r a i n  rarige. 'lhe second term i n  Eq. (3.22) was o b t a i n e d  from a 

least - squares  Iit of  

e 

(3.24) 

t u  t h e  same d a t a ,  where A E  i s  the  p l a s t i c  component of  t h e  s t r a i n  range .  

The da ta  a r e  froin t e s t s  conducted a t  Argoni-ie National 1 ,ahoratory (.4NL) 

on t h c  16-mm (5 /8- in . )  HK b a r  product  form. These d a t a  a r e  reproduced i n  

Table 3.17 i n  p a r t  because p r e v i o u s l y  publ i shed  t a b u l a t i o n s " ,  4 7  conta ined  

some i n c o n s i s t e n c i e s .  * 

P 

---1_ -I 

* D .  T .  Raske of ANIA r e s o l v e d  t h e s e  i n c o n s i s t e n c i e s  by c o n s u l t i n g  t h e  
o r i g i n a l  d a t a  shee t s .  

T a b l e  3.17. Argonne N a t i o n a l  Labora to ry  f a t i g u e  d a t a  f o r  
16-rn111 ( 5 / 8 - i n . )  hot-rolled b a r  of a n n e a l e d  t y p e  304 

s t a i n l e s s  s t e e l  (heat 9T2796) a t  593OC (1100'F) 

T o t a l  Elast ic  P l a s t i c  Tot  a1  
Specimen s t r a i n  s t r a i n  s t r a i n  s t r a i n  C y c l e s  t o  

No. r a n g e  r a n g e  r ange  r a t e  f a i l u r e  
( % I  (%I  (%I ( s - 1  x i o 3 )  

AA- 2 

T-17 

T-14 

T-23 

AA-24 

AA-11 

T-16 

AA-9 

AA-6 

T-15 

AA-12 

2 .02  0.41 

2.02 0 . 4 3  

2.01 0.41 

1 . 0 2  0.35 

1 .00  0.35 

0.76 0 . 2 9  

0.51 0.24 

0.51 0.22 

0.50 0 .21  

0.50 0.22 

0.36 0 .20  

1 . 6 1  

1.59 

1 .60  

0.67 

0.65 

0 .47  

0 .27  

0.29 

0.29 

0.28 

0.16 

4 . 0  737 

4.0 75 3 

a .  2 1 , 0 2 0  

4 . 1  2,853 

4 . 0  2,651 

4.1 4 ,853  

4 . 0  16 ,439  

4 .0  25,925 

4.0 20,831- 

4.0 98,181 

4 ;  1 52,343 



T a b l e  3.18 c o n t a i n s  s e l e c t e d  AE vs N va lues  ca l cu la t ed  by means oE 
t f 

E q .  ( 3 * 2 2 ] ,  and F i g .  3 . 4 7  shows a coinparison o f  E q ,  ( 3 . 2 2 )  p l o t t e d  as 

a s o l i d  l i n e  wi th  t h e  kNJ., d a t a ,  'The dashed l ines  i n  F i g .  3 , 4 7  were 

o b t a i n e d  by mul t ip ly ing  and d i v i d i n g  N by a frtctoy o f  3 .  

This f a c t o r  was chosen so t h a t  t h e  dnshed l i n c s  ~ u l d  correspond roughly  

f o r  a given Ae s t 

T a b l e  3.18. S e l e c t e d  va lues  of t o t a l  strain 
r a n g e  v s  c y c l e s  t o  f a i l u r e  c a l c u l a t e d  

by means o f  E q .  ( 3 . 2 2 )  

2!)0 3.561 

500 2.308 

1000 1 ~ 755 

2000 1.312 

5000 0.907 

10, 0 I)!) 0.695 

20,000 0.539 

100,000 0.313 

500,000 0,194 

50,00!) 0 .392  

CYCLES TO FAILURE 

1;ig- 3 .47 .  Total s t r a i n  range v s  cyc le s  t o  f a i l u r e  f o r  annealed 
t y p e  ,505 s t a i n l e s s  s t ee l  (heas  9 ~ 2 7 9 6 j  at ~ 3 3 ~ ~  ( I ~ O O ' F )  .I comparison o f  
E q ,  ( 3 . 2 2 )  ( s o l i d  l i n e )  w i t h  ANI, data (symbolsj Dashed l i n e s  correspond 
roughly t o  95% confidcnce limits. 
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(at l e a s t  n e a r  thc  middle of  t h e  range of the  d a t a j  to 9S% conf idence  

1 j . m i t s  

3 .9 .2  

A 

on t h e  mean o r  expected l i f e .  

Uniaxia l  and b i a x i a l  593OC (1100°F) c r e e p - r u p t u r e  c u r v e s  
f o r  annea led  t y p e  304 ............... s t a i n l e s s  steel (l ieat  9T2796) 
( R .  L .  IIuddleston) (Not prev io i i s ly  r e p o r t e d )  

.................. ....l.l.l.-_ ... _____ 
.- ....... - 

u n i a x i a l  c u r v e  and a b i a x i a l  c r e e p  -rupture curve, t h e  a s s o c i a t e d  

e q u a t i o n s ,  ancl 95% conf idence  l imi t s  were genera ted  f o r  t h e  i-efercnc:: 

hea t  o f  t y p e  304 s t a i i i l e s s  s t e e l  u s i n g  'clw d a t d  huiiuiiar i 7 e d  i n  Tables  3 .19  

arid 3 .20,  The b u l k  of  t h e  u n i a x i a l  d a t a  were taken  from t h e  product  form 

c h a r a c t e r i  - a t i o n  t e s t  data,?q l c i i t i i  two a d d i t i o n a l  da t a  p o i n t s  f o r  25-mm 

( 1 - i n . )  platelq and r e s u l t s  f o r  19-mm (5/8-il?. j bar  taken  from t h e  recent ly  

completcd Babcock 6 1Vilcox u n i a x i a l  ancl m u l t i a x i a l  c r e e p - r u p t u r e  study. 

B i a x i a l  d a t a  were a l s o  t a k e n  from t h e  Rabcock 6 Wilcox stud),. The t o t a l  

u n i a x i a l  d a t a  se t  encompasses 14  product  i'orms o f  t h e  r e f e r e n c e  h e a t ,  w i t h  

a coiiibined t o t a l  o f  8 7  d a t a  p o i n t s .  B i a x i a l  d a t a  are from o n l y  one product  

form (48-riim bar) and a t o t a l  o f  t e n  d a t a  p o i n t s .  

P r i o r  t o  i n c o r p o r a t i o n  o f  t h e  b i a x i a l  daLa i n t o  tiie a n a l y s e s ,  an 

l l ° C  (2.0'~) c o r r e c t i o n  was a p p l i e d  t o  t h e  d a t a ,  as d e s c r i b e d  i n  S e c t .  .?.I. 

The b i a x i a l  d a t a  c o r r e c i i o n  f a c t o r  was genera ted  from t h e  t iwrmal s e n s i t i  v- 

ity of  t h e  c r e e p - r u p t u r e  c o n s t a n t s  a. and 01 f o r  t h e  25-11~1ii ( 1 - i n . )  p l a t e  

d a t a  f o r  tiie r e f e r e n c e  h e a t .  These d a t a  are r e p o r t e d  by Swindeman i n  

ASME M P C - 1 . 1 9  

ture a r e  p l o t t e d  i n  F i g .  3 . 4 8 .  A d a t a  c o r r e c t i n n  f a c t o r  was a p p l i e d  as 

f o l l o w s :  

The r e s u l t i i i g  v a l u e s  o f  u o  and a1 a s  a f u n c t i o n  o f  tempera- 

(3 .25)  

14.9841 - 8.8114 l o g  0 
14.3500 - 8,4300 log  CJ 

= [lop LR] 
3,  l l O O F  13,1120F 

where R denotes  b i a x i a l  and U denotes  t h e  u n i a x i a l  2 5 - m  ( 1 - i n . )  p l a t e  
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9 .3 -mtn  (3,'s-in.j !il;itc 

2'11 135)  
2117 (31))  
L72  ( i 5 j  

1 2 .  7 -  nil11 ( I /  2 -  111. ) p 1 , r t r .  

2 4 1  ( s 5 J  4 7 . 6  
l i 8 . 2  207 ( 3 1 )  

I.;'? ( 25 )  I29 , 1 )  

711 ( 3 3 )  2 9 .  Y 
2 4 1  131) ill. 9 
>07 (50) 1 1 7 . 1 )  

19 -mm (:</4..i il , ) p l ~ t c  

2 4 1  133)  2 6 . 0  

1 7 2  12;) 769. h 

_ _  

L!)7 [3U) 1 2 .i . 9 

241 135) 2 s .  I) 
2 4 1  ( 3 5 )  2.3.5 
2117 (31)) 1117. I )  

25.n111 ( 1 - i . n . )  p l a rc  

241  (35) 
2U7 (.SO) 
1 7 2  ( 2 5 )  
276 (411) 
2 7 6  (40)  
2 4 1  (35) 
2 4 1  ( 3 5 )  
2 0 7 ( 3 0  j 
2 0 7  (.W) 
1 7 2  (25 )  
172 125) 

15.5 (22 .5 )  
15.5 ( 2 2 . i i )  
15:; ( 2 2 . 5 )  
1-17 (LI.25) 

1 7 2  i 2 5 )  

241 ( 3 S j  
207 (30 )  

2 2 . 5  
8 9 . 7  

1 7 2  ( Z S j  382 
124 (18) 1, !id 7' 
110 ( l b j  1l,f,4?" 

2-11 (35) 
207 (30) 
1 7 2  ( 2 5 )  

. i B .  5 
177 
7 5 5  

lO&m ( 4 - i n . )  p i p e  

2 4 1  ( 5 5 )  36 
2117 ( 3 0 )  lb1  
1 7 2  (25; 7 8 6  

2 0 3  rrm ( 8 -  i n . )  p i p e  

2.11 ( 3 s )  
2 0 7  (30) 
1 7 2  ( 2 5 j  

1.38 ( 2 0 )  
! i 4  (19,.5j 
1 3 4  (19.51 
1 3 1  (19) 
1 2 1  (13 )  
117 (17) 
110 (16) 

25-nml (1-in.) bar 

2 4 1  (35) 

[ 2 5 j 
iU7 [ S O )  
I 7 2 

2 6 . 3  
13.5 
5x1 

2 4 1  (35) 

1 7 2  (25) 
207 ( 3 0 )  

34 
1 4.3 
601 

2.11 ( $ 5 )  
io7 ( 3 0 )  
1 7 2  ( 2 5 )  

: > 2 . 5  
1 6 5  
h l f i  

2 3 . 3  
1.11 
69 1 
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ORNL DWG 78-22063 

........ ._ A. (ksi) 

 lor^,^?^ = A. - A, L o g l O u  

A" = f (T)  

SOURCE: "ASME MPC-1:' p. 30. 

A, = f (T)  

(T I  = "F 

DATA: 25 riim (1-in.) PLATE 
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TEMPE HATU R E 

and i n t e r -  F j  g .  3 .48 .  reinperature dependency oE creep- rupture  s l o p e  
c e p t  cons t a r i t s  f o r  304 s t a i n l e s s  s tee l  [ h e s t  9T2796, 25-mn ( 1 - i n . )  
p l a t e ] .  
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'Table 3 .20.  B i a x i a l  c r c c p - r u p t u r e  data f o r  

a t  604'C' (112ODF), t u b u l a r  specimens 
from 48-riirii i l - 7 / 8 - i n . )  b a r  

t y p e  3t74 s ta in less  s t ce l  Cheat 9'1'2796) 

"eq 
[MPa (ksi)] 

0 .0  

0.5 

0.5 

1 . 0  

1 .0 

1 . 0 

1 . 0 

2 . 0  

2 * 0 

2.0 

150.65 (21.85) 1 , 9 9 7 2,077 

130 .45  (1 S 9 2 )  3 , 3 3 6  3 , 4 7 3 

119.12  (17.32) 21,840 22,744 

150.65 ( 2 1  .85) 584 6 0 8  

1 3 7 .90 ( 2 0 OI) ) 1 ~ 925 2 ,003  

1 2 4 . 1 1  (18.00)  3,595 3 , 7 4 3  

1 37.90 ( 2 0 . 0 0 )  I, 461 1 ,521  

l:iO.45 (1 8 .92 )  1 , 7 1 5 1,783 

1 1 9 . 4 2  ( 1 7 . 3 2 )  3,272 3 , 4 0 7 

107*49 ( 1 5 - 5 9 )  17, 030 17,740 

a Estimated rupture tirnc c o r r e c t e d  t o  
5 9 3 O C  (1100°F) * 

parameter. Both t h e  o r i g i n a l  and c o r r e c t e d  b i a x i a l  data a r e  g i v e n  in 

Table 3 .20 .  

A s t a n d a r d  log-log c r e e p - r u p t u r e  mode1 was f i t t e d  to t l z t ?  s e l e c t e d  
n 

d a t a  w i t h  mean time to r u p t u r e  i, for a given  s t ress  level  CI gi1Jeii by 
I? 

A 

log10 Llr = ag 'nl log10 " 9 ( 3 , 2 7 1  

'Ihe s t a t i s t i c a l  9Soo conf idence  l imits on log  i;ii' f o r  a n o t h e r  s i n g l e  observn-  

t i o n  are g i v e n  by 

F : ' %  
1, = l o g l o  i / ,  

(3 .25)  
r- 

* 
where L i s  e s t i m a t e d  9.5% confidence 1 i m . i . t  on riipt,Lu.re time ( l iourj ,  -f; i s  R 



expected r u p t u r e  t ime (hour) ,  01, a0 a r c  s lope  and i n t e r c e p t  c o n s t a n t s ,  

t 0 . 0 2 ~ , ~  i s  s t u d e n t ' s  t s t a t i s t i c  €o r  95% ( t w o - t a i l )  conf idence  limit 

w i t h  v = n - 1 d e g r e s s  o f  freedolo, S 
ee 

l o g  i- on log  u ,  n i s  number o f  d a t a  p o i n t s ,  cc i s  log 0, z i s  mean L, and 

S i s  g iven  by 

i s  s t a n d a r d  e r r o r  o f  e s t i m a t e  o f  

I? 

XX 

(3.29) 

i f  one h a s  a d a t a  s e t  t h a t  spans  a r e l a t i v e l y  l a r g e  range  o f  x9 ,$ becomes 

l a r g e ,  and t h e  t h i r d  term i n  t h e  e q u a t i o n  f o r  d becomes n e g l i g i b l e  w i t h  

r e s p e c t  t o  1 ( l / n ) .  The r e s u l t i n g  conf idence  l imits  are then indepcndent  

of  l o g  0 and are  s t r a i g h t  l i n e s  p a r a l l e l  t o  t h e  l o g  t v s  l o g  0 l i n e .  The 

u n i a x i a l  d a t a  span was s u f f i c i e n t  t o  make t h i s  s i m p l i f i c a t i o n  ( i * e . ,  

16 5 0 5 40 k s i )  whi le  main ta in ing  an  accuracy  o f  b e t t e r  t h a n  10% 011 t h e  

conf idence  limits over  t h e  e n t i r e  range 1 2 0 5 l o 5  h r .  

range i s  much t i g h t e r  ( i . e . ,  15.59 5 0 5 21.85);  t h u s ,  S i s  small. I f  

t h e  b i a x i a l  s e t  i s  cons idered  by i t s e l f ,  t h e  r e s u l t i n g  conf idence  l i m i t s  

are dependent on log  0 and a r e  d i v e r g i n g  h y p e r b o l i c - s h a p e d  c u r v c s  about  

t h e  l e a s t - s q u a r e s  l i n e s .  From d t e c h n i c a l  v iewpoin t ,  i t  i s  r e a s o n a b l e  

t o  lump t h e  u n i a x i a l  and b i a x i a l  d a t a  s e t s  togcther"  t o  e s t a b l i s h  S The 

two s e t s  were t h u s  lumped, tile resul t  bejng an S' l a r g e  enough t o  iiiake 

t h e  t h i r d  term i n  E q .  (3.28) n e g l i g i b l e .  Both t h e  u n i a x i a l  and b i a x i a l  

conf idence  limits were t h e n  approximated by 

XX 

0 

h 

R 

The b i a x i a l  d a t a  

XX 

ccx * 

X.X 

(3.30) 

The fo l lowing  summary d e s c r i b e s  the b a l a n c e  o f  t h e  meLhodology used i n  

prepara t io i r  o f  t h e  t ~ i o  curves .  

t i o n s  a r e  g iven  i n  F i g s .  3.49 and 3 .50 .  

The r e s l i l t i n g  c u r v e s  and a s s o c i a t e d  equa- 

The combined u n i a x i a l  and c o r r e c t e d  b i a x i a l  d a t a  sets were u t i l i z e d  

t o  g e n e r a t e  a common s l o p e  c o n s t a n t ,  t h e  r e s u l t  b e i n g  a1 = -8.5551. 

A l e a s t - s q u a r e s  i n t e r c e p t  c o n s t a n t  was determined f o r  t h e  combined 

u n i a x i a l  d a t a  s e t  (14 product  forms) ,  wi th  tlie r e s u l t  be ing  a. = 

21.9351 Ml'a (14.7615 k s i ) ,  Thc s t a n d a r d  e r r o r  o f  t h e  estimate o f  
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A 

loglo Lit on l o g  CT f o r  t h e  combined un iax ia l  d a t a  sct was 0.1904.  

The common s lope  cons tan t  a1 and a s e p a r a t e  lens t - square  i n t e r c e p t  

constant  an f o r  each o f  t h e  14 product forms rcprcserited i n  Table 

3.19 r e s u l t e d  i n  a s tandard  e r r o r  of  l u g  t on l o g  o of  0.13'35, 

which i s  r e p r e s e n t a t i v e  of' an average f o r  one product Corn ~ The 

r a t i o  o f  t h e  v a r i a b i l i t y  f o r  t h e  combined un iax ia l  ciata s e t  t o  t h a t  

For orie product f'orm is t h u s  1.3649. 

A 

R 

* ,4 b i a x i a l  l ea s t - squa res  i n t e r c e p t  was determined f o r  t h e  cor rec ted  

h i a x i a l  data set  arid t h e  prev ious ly  cietcrrnined slope. Thj s 1-epre- 

s e n t s  o n l y  t h e  one product form. 'lhc r e s u l t i n g  in t e rccp t  was 'no = 

21.5988 blPa (14 .4252 k s i ) .  'Tile s tandard e r r o r  was 0.2769s Because 

no b i a x i a l  d a t a  were a v a i l a b l e  t o  e s t a b l i s h  t h e  v a r i a b i l i t y  f o r  a l l  

1 4  product forms about t h e  b i a x i a l  l i n e ,  i t  was assumed t h a t  the 

r a t i o  o f  v a r i a b i l i t y  f o r  a l l  1 4  product forms t o  t h a t  f-or t h c  orie 

a v a i l a b l e  was t h e  same ;IS t h e  equiva len t  un iax ia l  r a t i o .  The r e s u l t -  

i n g  s tandard  e r r o r  r ep resen t ing  t h e  1 4  product forms was t hus  taken 

as 0.27b9 x 1.3049 = 0.3779. 

3.10 Development of  Matrix of Tests f o r  
Evaluat ion of Crceu-E'atieue Methods 

G .  T.  Yahr 

(Not prev ious ly  repor ted)  

The ASME Boi le r  and Prcssure  Vessel Codels 'Task Force 011 S t r a i n  

L i m i t s  and Creep Fat igue i s  t r y i n g  t o  determine whether an improvetl 

rwthod f o r  eva Iliatirig c reep - fa t igue  damagc sliould be includcd i n  Code 

Case N-47 (1592).  l 5  I'herc a r e  seve ra l  candiddite methods, inc luding  s t r a i n -  

range p a r t i t i o n i n g  ~ 43 frequency sepa ra t ion , " "  and damage ra te ,  45 t h a t  

have bccn proposed t o  r ep lace  t he  l i n e a r  darnage rules currently i n  Code 

Case N-47. Each of t h e  methods have been shown t o  do an adequate j o b  o f  
f i t t i n g  most a v a i l a b l e  da t a .  Ilowever, there  can he  considerable dif- 

fe rences  i n  t h e  p r e d i c t i o n s  rl,f the  d i f f e r c n t  methods f o r  condi t ions  of long 

hold t imes and low s t r a i n  range.  Tes t s  a r e  now under way a t  ANL t o  p x l u c e  
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t e s t  r e s u l t s  f o r  such c o n d i t i o n s ; " ' 6  t h e s e  r e s u l t s  will be use fu l  f o r  de t e r -  

mining which o f  t h e  methods a r e  most a c c u r a t e  undcr  condi- t ions t h a t  more 

n e a r l y  approximate d e s i g n  c o n d i t i o n s .  Ilowever, a c o n s i d e r a b l e  amount o f  

time w i l l  be  needed t o  g e n e r a t e  t h e s e  d a t a  becniise o f  t h e  v e r y  n a t u r e  of  

t h e  t e s t s .  Therefore ,  i t  was proposed a t  t h e  September 1978 ilieeting of  

t h e  Task Force t h a t  some e f f o r t  should be given t o  developing a matr-ix o f  

s h o r t - t i m e  t e s t s  t h a t  can provide  addi t . iona1 d a t a  t o  aid j.n t h e  detc;rmina- 

t i o n  o f  which of  t h e  v a r i o u s  c a n d i d a t e  c r e e p - f a t i g u e  methods should be used 

a s  t h e  b a s i s  fo r  e l e v a t e d - t e m p e r a t u r e  d e s i g n .  

The d e c i s i o n  was t h a t  t h e  t es t  ma t r ix  shoiild not  i n c l u d e  cumulat ive 

damage 01' im1 t i a x i a l  i . ty, After coris iderable  d i  scussiori  with s e v e r a l  

people  a c t i v e  i n  tlie a r e a ,  after d i s c u s s i o n  a t  tlie October 1978 mect ing of  

t h e  'Task Force,  and a-fter a s p e c i a l  mee g a t  Lewis Research Center  on 

November 2 1 ,  1978,  t h a t  was c a l l e d  by the Chairman of t h e  Task Force,  it 

became c l e a r  t h a t  t h e  d e s i r e d  o b j e c t i v c  would b e  d i f f i c u l t  t o  a c h i c v e  

u s i n g  s h o r t - t e r m  tes t s .  'The most promising s h o r t - t e r m  t e s t s  i d e n t i f i e d  

were t h o s e  wi th  a c r e e p  o r  r e l a x a t i o n  hold  p e r i o d  a t  some i n t e r m e d i a t e  

s t ress  d u r i n g  1oa.ding o r  r e l o a d i n g  such as proposed by D.  N .  

soiiie time ago. 

l o a d i n g  sequence would be one wi th  a hold  a t  zero  s t ress  a f t e r  t h e  corn- 

General E l e c t r i c L t 8  h a s  proposed t h a t  t he  most damaging 

p r e s s i v e  s t r a i n .  A .  E .  ~ a r d e n " 9  

stress would lower t h e  c y c l e s  t o  

h a s  expressed  g r e a t  doubt t h a t  a 

much e f f e c t  on t h e  number of cyc 

change occurs .  

h a s  c o n j e c t u r e d  t h a t  a h o l d  t ime a t  Lero 

f a i l u r e  f o r  c e r t a i n  tests. S.  S .  b1mso~150 

hold p e r i o d  a t  z e r o  stress would have 

es t o  f a i l u r e  u n l e s s  a m e t a l l u r g i c a l  

Thermoiiiechanical t e s t s  a re  recogni  zed t o  be a p o t e r i t i a l l y  u s e f u l  

t y p e  o f  t e s t  f o r  d i f f e r e n t i a t i n g  between t h e  v a r i o u s  c r e e p  f a t i g u e  methods,  

Howcver, s p e c i f i c  tes ts  o f  t h i s  type  have n o t  been i d e n t i f i e d .  

If t h e  c a n d i d a t e  methods do n o t  g i v e  p r e d i c t e d  l i v p s  t h a t  d i f f e r  by a 

f a c t o r  o f  2 o r  more, t h e  i n h e r e n t  material v a r i a b i l i t y  w i l l  p robably  inask 

any d i f fe rence . ;  i n  t h e  methods. 

A d d i t i o n a l  work w i l l  b e  reqiii r e d  t o  develop t h e  proposed m a t r i x  o f  

t e s t s .  
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G .  7'. Yahr 

I n e l a s t i c  ana lyses  are gene ra l ly  requi red  t o  s a t i s f y  t h e  ASME Codc 

Caije 1592 deformation and s t r a i n  limits and c rcep - fa t igue  cri teria.  How- 

ever ,  i n e l a s t i c  ana lyses  are c o s t l y  and time-consuming, and t h e  Code Case 

s ta tcs  t h a t  e l a s t i c  and s impl i f i ed  i n e l a s t i c  methods of a n a l y s i s  may some- 
times b e  j u s t i f i e d  and used. 
such s in ip l i f ied  e las t ic  and i n e l a s t i c  methods and t o  c a r e f u l l y  v e r i f y  
thc i r  range of a p p l i c a b i l i t y .  

The ob jec t ive  of t h i s  subtask i s  t o  provide 

Some s impl i f i ed  methods are provided i n  Code Case N-47 (1592) and RDT 

Standards F9-4T and F9-5T. IIowever, t h e i r  range of  a p p l i c a b i l i t y  i s  

s e v e r e l y  l imi t ed  (gene ra l ly  t o  axisymmetric s t r u c t u r e s  subjec ted  t o  ax i -  

symmetric loadings and away from l o c a l  s t r u c t u r a l  d i s c o n t i n u i t i e s ) ,  and 
t h e  des igner  gene ra l ly  has  had t o  devise  some j u s t i f i c a t i o n  t o  use them. 
Before some of  t h e s e  methods were adopted, a n a l y t i c a l  parameter s t u d i e s  
were undertaken undcr t h i s  subtask t o  demonstrate t h e i r  conservatism over 
t h e i r  l imi t ed  range of a p p l i c a b i l i t y .  Scores of i n e l a s t i c  ana lyses  were 
carried out  on simple cy l inde r s  and on a nozzle-to-sphere geometry t o  
provide t h e  b a s i s  f o r  t h i s  demonstration. After adopt ion of t h e s e  s impli-  
f i e d  rrrethods, a much larger two-phascd e f f o r t  was undertaken t o  extend t h e  
range of t h e i r  a p p l i c a b i l i t y .  

'The phase 1 s t u d y  cons i s t ed  of performing a number of d e t a i l e d  i n -  

e l a s t i c  ana lyses  an geometries ranging from axisymmetric cy l inde r s  t o  
raui:z%e-to-sp1ilere and nozzle-eo-cyl indcr  conf igura t ions ;  the r e s u l t s  of 

these Ginalyses were used as a b a s i s  f o r  a s ses s ing  t h e  a p p l i c a b i l i t y  of 

sirnyli  f i e d  methods. With a few minor except ions,  t h e  e x i s t i n g  r a t c h e t r i n g  

and crccp- fa t igue  eva lua t ion  procedures  based on e l a s t i c  analyses were 
found t o  be conserva t ive  compared with d e t a i l e d  i n e l a s t i c  a n a l y s i s  pre- 
d i c t i o n s  f o r  t h i s  set of problems. 

f i c a t i o n  f a r  applying t h e s e  e l a s t i c  procedures t o  a broader range of  
a p p l i c a t i o n s  than  was p rev ious ly  permit ted.  Conversely, a l though one- 
dimensional problems gave i n s i g h t  i n t o  t h e  behavior ,  a method was not  
found f o r  ensur ing  reasonably conserva t ive  p r e d i c t i o n s ,  

'Thus, t h e  des igner  now h a s  some j u s t i -  
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Phase 2 s t u d i e s  are now i n  progress  and include f u r t h e r  d e t a i l e d  i n -  

e l a s t i c  ana lyses  o f  axisymmetric nozzle- to-sphere geometries and an inves-  

t i ga t i -on  of t h e  a p p l i c a b i l i t y  of s impl i f i ed  methods t~ l e s s  severe load- 

i n g s  than  were considered i n  phase 1. Additi-onal temperatures arc being 

inves t iga t ed ,  arid t h e  O s  Donne11 -Porowski method i s  being improved .to 

inc lude  temper3ture-dependent y i e l d  s t r eng th ,  loadirig i n t o  the p l a s t i c  

r a t c h e t t i n g  regimes, primary bending, and b i a x i a l i t y .  Rounds will be 

der ived  f o r  -the s t r a i n  range ( f o r  e l a s t i c  f a t i g u e  eva lua t ions )  during 

p l a s t i c  cyc l ing  i.n t h e  presence of  creep,  and t h e i r  v a l i d i t y  will be 

t e s t e d  by comparisons with d e t a i l e d  i n e l a s t i c  a n a l y s i s  r e s u l t s .  

e f f o r t  will be devoted t o  developing guidance f o r  the des igner  on how 

s impl i f i ed  i n e l a s t i c  ana lyses  can bes t  be used f o r  screening ana lyses  and 

when they  can be used f o r  f i n a l  design assessments.  

dependent isochronous s t r e s s - s t r a i n  ana lyses  i s  being evaluated as a 
method o f  decreasing the cost  o f  irne1.asti.c analyses .  

A s i zab ln  

The use of t h e -  

Simpl i f ied  methods are e s p e c i a l l y  needed f o r  high-temperature p ip ing  

systems. 
was obtained from United Kingdom Atomic Energy Authori ty ,  and it was used 

t o  analyze t h e  Rattelle-Columbus elbow i n e l a s t i c  t e s t .  Comparisons wePe 

made with o t h e r  ana lyses  done by both PIPAX2 (Ref. 2 )  arid MARC (Ref. 3 )  

and with experimental  d a t a  from t h e  elbow tes t .  

a n a l y s i s  f i t t e d  t h e  experimental  data. b a t t e r  than  the  o the r  ana-lyses.  

However, no te  that  none of t h e  s implif i .ed ana lyses  were as accu ra t e  as the  

d e t a i l e d  i n e l a s t i c  a n a l y s i s  of t h e  el.bow. 

The s impl i f i ed  p i p i n g  system s t r u c t u r a l  anal.ysis program PACE 

We found t h a t  t h e  PIRAX2 

4 . 1  Analyses of  Axisymiietric Cy l ind r i ca l  c__ Shells I___ --- I.___I 

G .  T. Yahr- 

(Last repor ted  i n  ORNL-5433, p. 180) 

h s e r i e s  of d e t a i l e d  i n e l a s t i c  ana lyses  of typc 304 s t a i n l e s s  s t e e l  
c y l i n d r i c a l  s h e l l s  i s  being performed t o  esraluatx the a p p l i c a b i l i t y  of 
s impl i f i ed  methods t o  more r e a l i s t i c  s t r e s s e s  and lower temperatures than 

were covered i n  t h e  phase 1 s tud ie s .  rwenty ana lyses  of one-dimensional 

i n f i n i t e  cy l inde r s ,  two analyses  oE notchcd c i r c u l a r  c y l i n d r i c a l  s h e l l s ,  

one a n a l y s i s  of  a c i r c u l a r  c y l i n d r i c a l  s h e l l  with a s t e p  change i n  wall  
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th ickness ,  and two ana lyses  oE b u i l t - i n  c i r c u l a r  c y l i n d r i c a l  s h e l l s  were 

performed. Ratche t t ing  and creep- fa t igue  damage determined by us ing  t h e  

dctailcd i n e l a s t i c  ana lyses  w i l l  be used as t h e  b a s i s  of  comparison f o r  
eva lua t ing  t h e  a p p l i c a b i l i t y  of t h e  cu r ren t  e las t ic  r u l e s  f o r  r a t c h e t t i n g  

i n  Code Case N-47 (Rcf. S! and RDT Standard FS-5T (Ref. 6 ) .  

4 e 1 e I One-dimensional i n f i n i t e  cy l inde r s  --- -I_- 

Bree-type diagrams, which al low an e s t ima t ion  o f  the amount of r a t c h e t -  

t i n g  s t r a i n  from t h e  e l a s t i c a l l y  c a l c u l a t e d  primary and secondary stresses 
i n  a component, were developed earlier' f o r  type 304 s t a i n l e s s  steel  with 

200-hr hold per iods  a t  593°C (llOO°F) e 

developed f o r  200-hr ho ld  pe r i ads  a t  482 and S 3 8 " C  (900 and 1000'F). 

The s p e c i a l  pipe-wal l  r a t c h e t t i n g  element of t h e  PLACRE f i n i t e -  

S imi la r  diagrams have now been 

element computer program8 was used i n  a series of 20 d e t a i l e d  i n e l a s t i c  
ana lyses  of one-dimensional i n f i n i t e  cy l inde r s ,  each us ing  t h e  temperature  

and pres su re  histogram shown i n  Fig. 4 .1 .  The thermal down t r a n s i e n t  f o r  

ORNL- DWG 75- (401 1 

L- __ ONE CYCLE I 1  
w 
CL 
3 5% - 200 h r  HOLD 

ISOTHERMAL RAISE AT 50°F/hr 
(22"C/hr) TO HOLD TEMPERATURE 

c% 
W 
k- 

h r  HOLD PERIOD I 
TIME 

J W  

ABRUPT DROP AND INCREASE 
TO HOLD PRESSURE 

$5 
5% 
z 2  
c-w 

TIME 

F i g .  4 .  B a S c h e i i ~ t i c  of  i n t e r n a l  pressure  and sodium temperature 
cyc le  used i n  one-dimensional i n f i n i t e  c y l i n d e r  ana lyses .  
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one set of  tliese analyses was from 482 to 316°C (900 to G O Q ' F ) ,  and f o r  

the o t h e r ,  it was from 538 t u  371°C (1000 t o  700'k). The t r a n s i e n t  rate 
was varied t o  produce different secondary ihermal stresses in th:: cyljn- 

ders. Incremental circumferential strains betwceii the fotirth and f i f t h  

cycles and bctweeri the ninth and tenth cycles are given iii Tabl:: 4*l. 

Bree-type design curves, developed from the data in Iable 4,1, are given 

irl Figs.  4.2 and 4 , s .  The yield s t ress  0- w a s  used to normalize t 1 1 ~  

elastically calculated secondary stress 0 

shock and thc elastically calculated prirrm-y s t r e s c  ci 

internal pressure. Constant incremental strain contours are drawn so that 

the incremerital s t r a i n  can be estimated from elastically calculated values 

of primary stress. 

304 stainless steel at 487 and 5 3 8 O C  (900 and 1000°F) with a 2C)O-hr hold 

time during cach cycle. 

d 

L' 
produced by the thermal down- 

produced by the 
p 

Of course, these diagrams arc only applicable to type 

T a b l e  4.1. R e s u l t s  o f  one-di l i iensional  a n a l y s e s  of i n f i n i t e  
c y l i n d e r s  o f  t y p e  303 staiiiless s t e e l  exposed t o  

-167°C ( 300'F) t h e r m a l  t r a n s i e n t s  
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Fig. 4.2. Incremental strain between f o u r t h  and fifth cycles with 
200-hr hold a t  482°C (900'F). 

4 . 1 . 2  Two-dimensional circular cylindrical s h e l l  analyses 

Five cases of two-dimensional circular cylindrical shells were ana- 
lyzed. 

change in the wall thickness, and the remaining two cases were built-in 
Two of the cases had circumferential notches, one case had a step 
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F i g .  4 .3 .  Incrcinerital s t r a i n  between fou r th  arid f i f t h  c y c l e s  wi th  
200-hr h o l d  a t  538°C (1000°F).  

c y l i n d e r s .  

t h e  i n n e r  s u r f a c e  and in te rna l .  p ressure"  
grams are The same as f o r  t h e  one-dimensional i n f i n i t e  c y l i n d e r  a n a l y s e s  

s h m n  i n  F i g .  4.1.  

a d d i t i o n  t o  t h e  p r e s s u r e  load. 

The loading  fol '  a l l  f i v e  c a s e s  inc luded  a thermal downshock on 

'I'elnperature and p r e s s u r e  h i s t o  ~ 

An a x i a l  load was a p p l i e d  t o  t h e  notched c y l i n d e r s  iil 



2 2 9  

A t en-cyc le  i n e l a s t i c  a n a l y s i s  and a one-cycle e l a s t i c  a n a l y s i s  have 
now been completed f o r  a l l  f i v e  cases us ing  the f in i te -e lement  program 
PLACKE.8 

determine accumulated i n e l a s t i c  s t r a i n s  and creep- fa t igue  damage. 

Resul t s  w i l l  be postprocessed during t h e  next  r epor t  per iod  t o  

4 . 2  Deta i led  I n e l a s t i c  Analysis  of Nozzle-to- 
Spher ica l -Shel l  Attachment 

R. C .  Gwaltney 

(Last r epor t ed  i n  ORNL-5433, p. 183) 

The axisymmetric a n a l y s i s  of  a nozz le- to-spher ica l - she l l  at tachment 

i s  cont inuing.  
nozz le - to - sphe r i ca l - she l l  at tachment done a t  Atomics I n t e r n a t i o n a l  as p a r t  

o f  t h e  phase 1 i n v e s t i g a t i o n ,  except t h a t  a moment i s  not appl ied  t o  t h e  

nozzle .  The moment i s  s imulated by an axial fo rce ,  

The a n a l y s i s  d u p l i c a t e s  t h e  nonaxisymmetric a n a l y s i s  of a 

The i n e l a s t i c  a n a l y s i s  has  been completed f o r  f i v e  f u l l  cyc le s .  The 
histogram f o r  each o f  t h e  f i v e  cyc le s  i s  shown i n  Fig. 4.4. Note t h a t  
temperature ,  p ressure ,  and a x i a l  f o r c e  change during each cyc le .  Major 
p o i n t s  o f  i n t e r e s t  i n  t h e  f irst  cyc le  are marked by l a r g e  c a p i t a l  let ters 
and a r e  l i s t e d  i n  Table 4 . 2 .  

F o r  t h e  model, c a l c u l a t i o n  of  t h e  c reep- fa t igue  damage i s  being 
performed i n  accordance with ASME Code Case N-47 (Kef. 5 ) .  A s p e c i a l l y  

Table 4 . 2 .  Segments o f  histogram f o r  
nozzle- to-sphere ana lyses  

--. 

Load change Path 

Thermal downshock on i n s i d e  s u r f a c e  A- B 

Trans ien t  t o  s teady-  s t a t e  temperaturc  B-C 

Depressur iza t ion  cyc le  and a d d i t i o n  of 

Ileatup C-D 

Creep-hold per iod  I)- E 

C 
a x i a l  f o r c e  

I___ 
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Fig .  4 .4 .  
nozz le - to - sphe r i ca l - she l l  at tachment.  Letters A through E i n d i c a t e  major 
p o i n t s  of  intelaest  i n  .the: cyc le .  

Histograin f o r  each o f  t h e  f i v e  cyc les  analyzed f o r  t h e  

developed postprocessor  computer program i s  being used i n  these  evalu- 

a t i o n s .  Ten c r i t i ca l  s e c t i o n s  o r  l ines  through t h e  wall have been chosen, 

and t h e  postprocessing i s  being done along these  lines. 
a r e  shown i n  F ig .  4 . 5 .  The creep- fa t igue  damage i s  being ca l cu la t ed  a t  

the inne r  and ou te r  surfaces of  each sec t ion ,  Damage c a l c u l a t i o n s  based 

on t h e  i n e l a s t i c  a n a l y s i s  w i l l  be compared with s i i i ipl i f ied methods damage 

c a l c u l a t i o n s .  
and outer su r faces  of section 7A f o r  t h e  f i v e  cycles a r e  shown i n  Figs .  
4.6 and 4.7.  

‘The ten s e c t i o n s  

The s t r e s s - s t r a i n  response curves p red ic t ed  f o r  t h e  inne r  
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Fig.  4.5. Critical sections of nozzle-to-spherical-shell attachment. 



232 

ORNI-LDWG 78 -72076 

300  

2 5 0  

200  

150  

0 
e 
5 100 
v 

m 
vl 
CIJ 

t- 
II) 

cr 5 0  

0 

- 5 0  

- 100 

-1 5 0  

~ ........ .......... P 
/ 

c 

40 

3 5  

30 

25 

2 0  
. .- 
v) 
Q 
I 15 
cn 
cn 
IrJ 

I- 
cn 

10 E 

5 

0 

- 5  

- 10 
.... 

-- 15 

- 2 0  
0 0 . 0 5  0.10 0.15 0.20 0 . 2 5  0 .30  0.35 

S T R A I N  (%I 

F i g .  4.6. Stress-s t ra in  response a t  inner surface of  sec t ion  7A. 



233 

40 

3 0  

2 0  

10 

0 

-10 

- 2 0  

- 3 0  

-40 

- 5 0  

-60 

- 7 0  

- 8 0  

- 9 0  
-0.10 -0.08 -0.06 --0.04 -0.02 0 0.02 0.04 

S T R A I N  (%) 

Fig. 4 . 7 .  Stress-strain response at o u t e r  surface o f  section 7'4. 



234 

This  a n a l y s i s  i s  a l s o  being prepared as a benchmark problem f o r  sub- 

mission t u  the Elevated 'Temperature Design SubcoiilmitteP iJf t h e  Pressure 

Vessel Research Committee. The desc r ip t ion  of t h e  p-iohlcm has a l r eady  

been submit Led. 

4 . 3  Improved E l a s t i c  Ratcl ie t t ing and Creep-Fatigue .__-I 
_______I__. __ ........... 

Damage Evaluat ion Procedures ...... 
-. ...... __ 

W. J .  O'Donnell* J .  S .  Porowski* 

(Last repor ted  i n  ORNL-5433, pp. 185-196) 

Bounds on creep r a t c h e t t i n g  f o r  load histograms, which include scvere  

cyc le s  i n t o  t h e  p l a s t i c  r a t c h e t t i n g  regimes, were obtained.  The maximum 

energy a v a i l a b l e  f o r  d i s s i p a t i o n  within a cycle  was used t o  bound the  

i n e l a s t i c  s t r a i n  increment t h a t  i s  caused by r e l a x a t i o n  and r e d i s t r i b u t i o n  

o f  s t r e s s c s .  The concept of  p a r t i a l  re laxa t io i i  o f  t h e  e l a s t i c  corc s t r e s s  

was introduced,  and t h e  so lu t ion  was obtained f o r  s t r a in -ha rden ing  mate- 

r i a l s  with temperature-dependent y i e l d  s t r e n g t h s .  The bourids are presented  

i n  a t o p i c a l  r e p o r t  t h a t  was prepared during t h i s  r epor t  period. '  

review o f  t h e  r e s u l t i n g  design ru les  and equat ions i s  given here .  

P. 'oriel 

The t o t a l  i n e l a s t i c  s t r a i n  accumulated wi th in  t h e  given c y c l i c  load 

h i s t o r y  i s  given by 

(n  1 R where Cv i s  t h e  s t r a i n  accumulated a t  constant  s t r e s s e s  o o r  cj 

obtained from isochronous curves f o r  t h e  l i fe t i i i ie  of t h e  component, 

C6 and C6 are  t h e  sums of  t h e  s t r a i n  increments due t o  r e l a x a t i o n  

and enhanced creep,  and Zq 

The p a r t i a l  r e l a x a t i o n  s t r e s s  CT 

e l a s t i c  core  s t r e s s  0 > S and t h e  primary s t r e s s  0 This s e l e c t i o n  

can be optimized t o  ob ta in  t h e  most e f f i c i e n t  bounds. 

e 
(n) 

( n )  

(n  1 (n+l )  
i s  t h e  sum of t he  p l a s t i c - s t r a i n  increments.  

( n  1 
can be a r b i t r a r i l y  s e l e c l e d  between t h e  R 

e-- YH P' 
The corresponding 

- .......... 
"O'Donnell and Assoc ia tes ,  Inc . ,  P i t t sbu rgh ,  Pennsylvania. 
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( 4 . 2 )  

where E‘ i s  t h e  e l a s t i c  modulus averaged between t h e  low- and t h e  high- 

temperature  extremes of t h e  thermal cycle. 

o f  the  prcceding cyc le  i s  higher  than t h e  
(n) 

R In case t h e  stress (7 

of  the subsequent cyc le ,  t h e  r e l a x a t i o n  s t r a i n  inc re -  
(n+l )  

R co re  s t r e s s  0 

ment f o r  (n+l)  cyc le  must be increased  by 

( 4 . 3 )  

Plastic s t r a i n i n g  does riot occur i f  

I f  i n e q u a l i t y  (4.4)  i s  not  s a t i s f i e d ,  t h e  p l a s t i c  increment occurs  a t  

one o r  both ends o f  t h e  cyc le  arid i s  given by 

where A = IS i f  Z 5 1.0  o r  A = 
L 

“L 
t h e  y i e l d  s t r e n g t h s  a t  co ld  and hot  ends of 

(4.5) 

> 1.0. The S and S are  

t h e  cycle, r e spec t ive ly .  
Y L  YH 

A sample core  s t r e s s  h i s t o r y  i s  shown i n  Fig.  4.8. The dimensionless 
c o r e  stress parameter Z i s  determined for  each end of  t h e  cyc le  us ing  
d imens io~i less  primary X = IS’ and secondary Y = IS’ stress components i n  

Fig.  4.9.  The stresses are normalized using t h e  r e l a t i o n s  
P t 
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and 

where S and S are  t h e  y i c l d  s t r e n g t h s  of  hardening material i n  t e n s i o n  

and compression f o r  each cons idered  c y c l e ,  r e s p e c t i v e l y .  The c o r e  s t r e s s  
YT YC 

i s  o b t a i n e d  from t h e  r e l a t i o n  

F o r  t h e  k i n e m a t i c a l l y  hardening material, t h e  r e l a T i o n s  (4.6) through 

(4 .8)  s i m p l i f y  t o  

x = u’ := [ap - (4.60) 
P 

y = o* ,. = , (4.7a) 
30 

and 

0 - Z S  + B ,  
YO 

e ( 4 .  sa)  

where B = ( l / 2 )  (S - S j d e f i n e s  t he  c u r r e n t  p o s i t i o n  o f  t h e  y i e l d  
YY yc 

s u r f a c e  o r i g i n .  For t h e  u n i a x i a l  case ,  R = E ) q  where E’ i s  a p l a s t i c  

modulus f o r  l i n e a r l y  s t r a i n - h a r d e n i n g  material. 
P ( n > ,  P 

4.4 -. E x a m h a t i o n  of  S i m p l i f i e d  Irielastic l....l.l. - Analys is  Procedures  

J .  M. Chern* S. A. Kamal” 

(Last  r e p o r t e d  i n  OKNL-5433, pp. 196-209) 

The main o b j e c t i v e s  of  t h i s  e f f o r t  are t o  (1) i n v e s t i - g a t e  t he  a p p l i -  

c a b i l i t y  of  spec ia l -purpose  e f f i c i e n t  computer codes i n  t h e  assessment  of 

“Fos ter -wheeler  Energy Corpora t ion ,  Liv ings ton ,  N e w  J e r s e y .  
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i n e l a s t i c  s t r u c t u r a l  response of a c t u a l  components and [ Z )  ~ec01ti~1~cnd 
guide1 i n c s  f o r  t h e  use of s impl i f i ed  methods i n  cngincer ing ar ia lysis  

The s impl i f i ed  ana lyses  a r e  being performed f o r  t h e  Clinch River 

Breeder Reactor PI  ant-lnterrnediate Heat Exchanger (CKBKP- I W X j  primary 

i n l e t  nozzle  and Z-forging. 

ponents were done t o  v e r i f y  t h e  design and a r e  a v a i l a b l e  f o r  comparison 
with t h e  s impl i f i ed  a n a l y s i s  r e s u l t s .  
primary i n l e t  nozzle ,  as r epor t ed  here .  

Deta i led  i n e l a s t i c  ana lyses  on t h e s e  two com- 

Resul t s  have been obtained f o r  t h e  

4 . 4 . 1  Summary o f  CRBKP-IHX primary i n l e t  nozzle  i n e l a s t i c  
a n a l y s i s  r e s u l t s  

The primary i n l e t  nozzle  serves  as an i n l e t  t o  t h e  CRBRP-THX f o r  t h e  

primary sodium coming from t h e  r e a c t o r  v i a  a p ip ing  system. 
s i o n s  of  t h e  nozzle  and loading condi t ions  were d iscussed  i n  t h e  l a s t  
progress  r e p o r t .  
r a d i a l  thermal g rad ien t s .  

metric model i n  which t h e  s h e l l  was modeled as a sphere with twice t h e  
r ad ius  of t h e  a c t u a l  c y l i n d r i c a l  s h e l l  t o  reproduce t h e  maximum pres su re  
s t r e s s e s ;  t h e  d e t a i l e d  r e s u l t s  are given i n  Kef. 11. 

The dimen- 

Loadings inc lude  i n t e r n a l  p re s su re  and predominantly 

The i n e l a s t i c  a n a l y s i s  was based on an axisym- 

A procedure f o r  s impl i f i ed  ine las t ic  a n a l y s i s  using one-dimensional 
genera l ized  p l a n e - s t r a i n  models t o  eva lua te  t h e  s t r e s s - s t r a i n  condi t ions  
a t  c r i t i c a l  s e c t i o n s  i n  an axisymmetric s t r u c t u r e  was developed and appl ied  

a t  two s e c t i o n s  i n  t h e  CKBRP-IHX primary i n l e t  nozzle. ' '  
a n a l y s i s  r e s u l t s  were compared with t h e  a v a i l a b l e  d e t a i l e d  a n a l y s i s  r e s u l t s  
on t h e  basis  of ASME Code Case 1\7-47 design r u l e s 5  f o r  t h e  eva lua t ion  of  

i n e l a s t i c  s t ~ a i n s  and crcep  arid f a t i g u e  damage. 

S impl i f ied  

In t h e  s impl i f i ed  a n a l y s i s ,  the  assumption is that t h e  thermal and 
e l a s t i c  s t r e s s  ana lyses  f o r  t h e  f u l l  s t r u c t u r a l  model have been performed 
so t h a t  t h e  most c r i t i c a l  s e c t i o n s  can be i d e n t i f i e d .  Should f u r t h c r  

i n e l a s t i c  a n a l y s i s  be necessary,  t h e s e  may be s imulated by s impl i f i ed  

s t r u c t u r a l  models subjec ted  t o  appropr i a t e ly  der ived  loadings.  
In t h e  case  of t h e  CRBKP-II-IX primary i n l e t  nozzle ,  t h e  loading of t h e  

axisymmetric s t r u c t u r a l  model'l c o n s i s t s  of ( I )  nozzle  load F 
t h e  deadweight and thermal expansion of t h e  a t t ached  p ip ing  system, ( 2 )  

primary sodium p res su re  p and (3) thermal ly  induced stresses during t h e  

induced by 
z 

i' 
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f a s t  t r a n s i e n t  events .  Loading i n  t h e  s impl i f i ed  a n a l y s i s  c o n s i s t s  of  (1) 

an  equiva len t  i n t e r n a l  pressure  p ?  ( 2 )  equiva len t  temperature d i s t r i b u -  

t i o n  through t h e  wall  T * ( r ) )  and ( 3 )  a x i a l  fo rce  with equivalerit  mean 

s t r e s s  &. For each load s t e p  i.n t h e  loading histogram, t h e  va lues  of pZ 

T * ( r ) ,  and Q a r e  obtained from the  e l a s t i c  s t r e s s e s  and temperature d i s t r i . -  

bu t ions  a t  t h e  c r i t i c a l  s e c t i o n  of t h e  axisyiimetric model being s imulated.  

To s a t i s f y  the  Codc Case N-47 dzsign r u l e s ,  two sepa ra t e  simpli.fi.ed analy- 

s e s  corresponding t o  sur face  and average condi t ions  have t o  he performed. 

The methods o f  load s imulat ion i n  t h e  two ana lyses  a r e  the r e s u l t s  o f  

s eve ra l  a t tempts  t o  sys t ema t i ca l ly  approach t h e  d e t a i l e d  i n e l a s t i c  analy-  

s i s  r e s u l t s .  

2’ 

2’ 

‘The method of  load s imulat ion f o r  eva lua t ing  t h e  i n e l a s t i c  s t r a i n  

accumulations corresponding t o  t h e  1 and 2 %  s t r a i n  l imtts which a l s o  

correspond t o  average condi t ions  were given i i r  t he  l as t  progress  r epor t ’  

and a r e  not  repeated h e x .  

To eva lua te  c reep- fa t igue  damage and t h e  5% s t ra in  1i.mi.t correspond- 

ing t o  su r face  condi.tioris, t h e  primary s t ress  and t h e  secondary s t r e s s  

range a r e  determined a t  both t h e  inner  and ou’ter sur face  of t h e  c r i t i c a l  

s e c t i o n  from t h e  e l a s t i c  a n a l y s i s  of  t h e  s t r u c t u r a l  model. The values  a t  

t he  su r face  where the secondary s t r e s s  range i s  t h e  h igher  a r e  used t o  

determine primary and secondary s t r e s s e s  i r k  t he  s impl i f i ed  a n a l y s i s  t o  

eva lua te  creep and f a t i g u e  damage and peak s t r a i n  accumulation. 

I n t e r n a l  pressure  f o r  t h e  s impl i f i ed  a n a l y s i s  pf i s  s e l e c t e d  s o  t h a t  

t h e  primary s t r e s s  i n  t h e  c i r cumfe ren t i a l  d i r e c t i o n  i s  equal t o  t h e  e l a s -  

t i c a l l y  ca l cu la t ed  primary s t r e s s  i n  t h e  s t r u c t u r a l  model. Thc r a d i a l  

temperature d i s t r i b u t i o n  T* [ r )  i n  t h e  s impl i f i ed  a n a l y s i s  i.s determined as 

follows: 

2 

T*(r) = T ( r )  + (AT, - AT’ j (r  - r ) / t  i f  ATo > Air’ r r ’  

where Y(r) i s  t h e  terriperature d i s t r i b u t i o n  through t h e  wall of the s t r u c -  

t u r a l  model, AT i s  equivalent  l i n e a r  temperatu-re gradien t  i n  the struc- 

t u r a l    nod el, and AT i s  t h e  l i n e a r  temperature grad ien t  that wi.11 produce 
r 

0 
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a thermal bending s t r e s s  i n  t h e  s i m p l i f i e d  a n a l y s i s  model equal  t o  the  
e l a s t i c a l l y  ca l cu la t ed  thermal bending stress i n  t h e  s t r u c t u r a l  model, A n  

a x i a l  s t r e s s  i s  appl ied  t o  t h e  s impl i f i ed  a n a l y s i s  model which will cause 

t h e  t o t a l  a x i a l  stress a t  t h e  su r face  of  i n t e r e s t  t a  be equal t o  t h e  t o t a l  

l i n e a r i z e d  meridional s t r e s s  i n  t h e  s t r u c t u r a l  model. 

Both methods of  a n a l y s i s  obviously involve a number of  assumptions 

arid approximations.  71ie two following p o i n t s ,  however, a r e  emphasized f o r  

t h e i r  r e l a t i v e l y  l a r g e  i n f l u e w e  on t h e  accuracy of t h e  r e s u l t s ,  

I. The material p r o p e r t i e s  ( e l a s t i c ,  p l a s t i c ,  and c reep ) ,  i f  temperature 
depcmdent, have t o  be eva lua ted  a t  t h e  a c t u a l  temperature d i s t r i b u -  

t i o n  through t h e  wall T ( r )  r a t h e r  than  a t  t h e  f i c t i t i o u s  d i s t r i b u t i o n  

T* ( r )  . 
2 .  The smaller t h e  d i f f e r e n c e  between t h e  thermally induced bending 

s t r e s s e s  i n  t h e  hoop and meridian d i r e c t i o n s ,  t h e  b e t t e r  t h e  simula- 
t i o n  will be i n  t h e  s impl i f i ed  analyses .  

IJsing the  present  methods, s i m p l i f i e d  i n e l a s t i c  ana lyscs  were per -  

formed a t  two c r i t i c a l  s e c t i o n s  A and B i n  t h e  primary i n l e t  nozzle ,  as 

shown i n  Fig.  4.10. 
‘The s impl i f i ed  ana lyses  were performed f o r  six u n i t  cyc le s  of t h e  

his togram descr ibed  i n  Ref. 10, us ing  the  FW-1045 computer code.12 

Resu l t s  o f  t h e  s impl i f i ed  ana lyses  a r e  compared with those  o f  t h e  d e t a i l e d  
a n a l y s i s  of  t h e  axisymmetric model i n  Tables 4.3 through 4.5 f o r  s e c t i o n  A 

and i n  Tables  4.6 through 4.8 f o r  s e c t i o n  B.  

‘The c reep  damage eva lua t ion  presented  i n  Tables 4 . 3  and 4.6 f o r  

s e c t i o n s  A and B, r e spec t ive ly ,  show e x c e l l e n t  agreement between t h e  
s i m p l i f i e d  and d e t a i l e d  ana lyses  during t h e  s i x t h  u n i t  cyc le .  

t r e n d s  have been found i n  t h e  r e s u l t s  of t h e  preceding u n i t  cyc les .  

S imi la r  

The f a t i g u e  damage eva lua t ions  a t  s e c t i o n s  A and B a r e  sh~~.hm i n  
‘l’ablcs 4 .4  and 4 .7 ,  r e s p e c t i v e l y .  The r e l a t i v e l y  l a rge  d i f f e r e n c e  i n  the  

va lues  of (]/I ), d e s p i t e  t h e  e x c e l l e n t  agreement i n  t h e  s t r a i n  range, i s  
due t o  the extremely small s lope  of  t h e  f a t i g u e  curve a t  s m a l l  s t r a i n  
range va lues .  I n s i g n i f i c a n t  f a t i g u e  damages, however, arc a s soc ia t ed  with 
small s t r a i n  ranges.  Tables  4-5 and 3 . 8  show f o r  s e c t i o n s  A and B, resyec-  
t i v e l y ,  t h e  accumulation aild growth of  t h e  i n e l a s t i c  s t r a i n s  f o r  t h e  s i x  

d 
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Table 4 . 3 .  Comparison of c reep  damage eva lua t ion  
a t  section A 

1 IJ 97 (14.1) 105 (15.3) 0.573 0,931 

2U 108 (15.7) 105 (15.3) 1.140 0.973 

NC 104 (15.1) 102 (14.8) 0,892 0.782 
IU 1 0 3  (14.9) 105 (15.3) 0.83 7 0.973 

NC 99 (14 .4 )  101 (14.7) 0.655 0.749 

c [$/Yd)  for s i x t h  unit c y c l e  4 .097  4.408 

Table  4.4. Comparison of  f a t i g u e  damage eva lua t ion  
a t  s e c t i o n  A 

ns ( X  103) (l/Nd) x 10s eq Trans ien t  
De ta i l ed  S impl i f ied  l l c t a i l ed  S impl i f ied  

1_1_____- 

2u 1. 909 1.926 3.72 3.89 

NC 0.237 0.241 o m  0.00 

1 IJ 1.486 1.602 0.86 1.3’7 

NC 0.239 0,241 0.00 0.00 

1u 1.456 1.002 0.86 1.3’7 

C (l/m ) for s i x t h  u n i t  cyc le  5 .44  6 .63 
d 

u n i t  cyc le s .  

growth of  t h e  s i x t h  u n i t  cyc le  f o r  both t h e  s i m p l i f i e d  and d e t a i l e d  ana ly-  

ses. 
accumulated i n e l a s t i c  strains.  B e t t e r  agseement, however, was found when 

t h e  accumulated p l a s t i c  and creep  s t r a i n s  were considered i n d i v i d u a l l y ,  as 
shown in Table 4.9. 

Ext rapola ted  values a t  t h e  end of l i f e  are based on the  

Agreement between t h e  two ana lyses  was less s a t i s f a c t o r y  f o r  t h e  
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'Table 4.6. Comparison of  c reep  damage eva lua t ion  
a t  s ec t ion  B 

_ _  

1 IJ 99 (14.3) 105 (15.2) 0.627 0.931 

NC 101 (14.6) 101 (14.7) 0.716 0.749 

1u  101 ( 1 4 - 7 )  104 (15.1) 0.74'3 I). 892 

2U 105 (15.3) 106 (15.4) 0.973 1.016 

NC 98 (14"2) 101 (14.6) 0.599 0 ,716  

'l'able 4.7. Comparison of f a t i g u e  damage eva lua t ion  
a t  s e c t i o n  B 

( X  i o 3 )  (i/?y x i o 5  
Trans i e n t  ..EL- I_- 

llet a i 1 ed Si mpl if i e d  Deta i led  S impl i f ied  
--I__ -c --c- --___I 

2 1J 1.660 1.951 1.47 'I. 17  

NC 0.149 0.119 0.00 0.00 

1 I J  1.390 1.650 0.55 1.64 

NI: 0.162 0.117 0.00 0.00 

1u 1.390 1 650 0.55 1.64 

( l / t d ( j )  f o r  sixth u n i t  cyc le  2 .57  7 . 4 5  
_---__I- -I_ ____ _--1_1----- 

I n  summary, a s impl i f i ed  i n e l a s t i c  a n a l y s i s  us ing  a one-dimensional 

genera l izcd  p l ane - s t r a in  model can be used t o  eva lua te ,  with reasonable  

accuracy, t h e  c reep  and f a t i g u e  damage and peak i n e l a s t i c  s t r a i n  accumula- 
t i o n  a t  a c r i t i c a l  s ec t ion  i n  an axisymmetric s t r u c t u r a l  model. Based on 

t h e  i n e l a s t i c  a n a l y s i s  o f  s i x  u n i t  cyc les ,  t h c  s impl i f i ed  a n a l y s i s  r e s u l t s  

were conserv2t ive compared with the d e t a i l e d  a n a l y s i s .  Accuracy o f  the  

s impl i f i ed  a n a l y s i s  v a r i e s  f rom one sec t ion  t o  another ,  deperiding on t h e  
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- 3  . T a b l e  4.8.  Comparison of  i n e l a s t i c  s t r a i n s  (10 i n . / i n . )  a t  s e c t i o n  R 

......... --..-.I__ .. - ....... ................ __ .-.. -. 

L i n e a r i z c d  a t  I" = r .  Average L i n e a r i z e d  a t  r = r Peak a t  r = I- 
... ................ ....... . .- ........... C y c l e  i 

€i A€ '. E b  AE?, EL A E ;  E! f i t  7, 

1 

3 
4 
5 
6 

174 

7 
& 

1 
2 
3 
4 
5 
6 

174 

0 .733  
0.746 
0.755 
0.765 
0.775 
0.786 
2.634 

1.350 
1.480 
1.550 
1.610 
1.670 
1.710 
8.430 

0.000 
0.008 
0.009 
0.010 
0.010 
0.011 

0.000 
0.130 
0.070 
0.060 
0.060 
0.040 

0.422 
0.429 
0.437 
0.445 
0.454 
0 .463  
1.975 

0.460 
0.465 
0.469 
0.474 
0.479 
0.484 
1.324 

L)et a i  1 ed ana 1 y s i s  

0.000 0.104 0.000 
0.007 0.108 0.004 
0.006 0.112 0.006 
0 * 009 0.117 0.005 
0 .009  0.121 0.006 
0.009 0.126 0.007 

1.302 

Simp1 i f  i e d  a i i a l y s i s  

0.000 0.139 0.000 
0.005 0.145 0.006 
0.004 0.150 0.005 
0.005 0.155 0.005 
0.005 0.160 0.005 
0.005 0.165 0.005 

1.005 

0.278 
0.284 
0.288 
0.291 
0.294 
0.297 
0 ,801  

4 . 1 8 2  
4 . 1 7 6  
-0.170 
4 . 1 6 5  
4 . 1 6 0  
--c .155 

0.685 

0.000 
0.006 
0.004 
0.003 
0.003 
0.003 

0.000 
0.006 
0.005 
0.005 
0.005 
0.005 

T a b l e  4.9.  Comparison of  c r e e p  and p l a s t i c  s t r a i n s  a t  s e c t i o n  B 

Creep s t r a i n  P l a s t i c  s t r a i n  

b 
__...__.._ x_ .......... ___ 

b 
Cyc le  D e t a i  l eda  S i m p l i f i e d  D e t a i l e d "  Simp 1 i f i ed 

1 - 4 . 1 1 8  0.000 4 . 1 5 9  0.000 0.88 0.00 1.51 0.00 

2 4 . 2 4 4  4 . 1 2 6  4 . 3 3 4  4 . 1 7 5  1.02 0.14 1 .81  0.30 

3 -0.357 -4.113 ---0.477 4 . 1 4 3  1.14 0.12 2.03 0.22 

4 - 4 . 4 5 8  4 . 1 0 1  4 . 5 9 6  4 . 1 1 9  1.25 0.11 2.21 0.18 

5 4 . 5 4 9  --0.091 - 4 . 6 9 5  4 . 0 9 9  1.35 0.10 2.36 0.15 

6 4 . 6 3 3  - 4 . 0 8 4  .--0.780 4 . 0 8 5  1.44 0.09 2.49 0 . 1 3  
__ ___I_ _-__ ............. -.-I_._ 
a A t  1- = I- 

'At r = r 

+ 0.028 (p0 --- ri). i 
i' 

c a p a b i l i t y  of s imula t ing  t h e  e l a s t i c a l l y  ca l cu la t ed  s t r e s s e s  of  t h e  Cull 

s t r u c t u r a l  model. 

f e r e d  from t h e  d e t a i l e d  a n a l y s i s  by 8% i n  the  combined creep and f a t i g u e  

damage and by 41% i n  t h e  peak s t r a i n .  A t  sec t ion  B, t he  d i f f e rences  were 
19 and 220%, r e spec t ive ly .  

Resul t s  of  t he  s impl i f i ed  a n a l y s i s  a t  s e c t i o n  A d i f -  
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Tlic i n e l a s t i c  s t ra in  accumulation corresponding t o  1 arid 2% limits 
which r e f l e c t  t h e  average s e c t i o n  behavior can be evaluated by a sepa ra t e  
s impl j  f i c d  ix ie las t ic  arialysis. 

a n a l y s i s  d id  not  consi s t c n t l y  l i e  on the  conserva t ive  s i d e ,  t h e  i n e l a s t i c  
s t r a i n s  showed re1 a t i v c l  y small d i f f e r e n c e s  from t h e  corresponding de- 

t a i l e d  i n e l a s t i c  ana lys i s :  --25 t o  + 1 7 2 %  a t  s ec t ion  A and 33 t o  ---14'0 a t  

s e c t i o n  B. 

A I  though the  r e s u l t s  of t h i s  s i m p l i f i e d  

4 .5  Analyt ical  Inves t iga t ion  o f  t h e  P ippl icabi l i ty  of  
t h e  Isochrono~is  Method f o r  P red ic t ing  Deformations __-...- 

i n  SimDle Beam and Plate  S t r u c t u r e s  
-1_- 

J .  A. Cl inard 

(Not  p rev ious ly  r cpor t ed j  

iZ l i m i t e d  a n a l y t i c a l  i n v c s t i g a t i o n  of  t h e  a p p l i c a b i l i t y  o f  an i s o -  

chronous method f o r  p r e d i c t i n g  deformations i n  simple beam and p l a t e  

s t r u c t u r e s  was  conducted, and a r epor t13  was wr i t t en .  
'The two s p e c i f i c  problems included i n  t h e  s tudy were se l ec t ed  from 

benchmark experimental t e s t s  conducted a t  ORNL. Both were typc 304 s t a i n -  

l ess  s t ee l  s t r u c t u r e s  t e s t e d  under isothermal  condi t ions  a t  593°C (1100'F) 
and f o r  loads producing s i g n i f i c a n t  p l a s t i c  and creep  deformations.  The 
f j r s t  s t r u c t u r e  was a simply supported,  c e n t r a l l y  loaded beam of uniform 

rec t angu la r  c r o s s  sec t ion ;  t h e  second, a simply supported c i r c u l a r  p l a t e  
axisymnietrically loaded over  t h e  c e n t e r  po r t ion .  Both t e s t s  were con- 
ducted under load con t ro l .  For both problems, t h e  po r t ion  of t h e  loading 

considered i n  t h i s  s tudy  cons i s t ed  of  a short- term monotonic loading 

f o l l  owed by a constant- load hold per iod  of n e a r l y  two weeks. 

To assess t h e  p r e d i c t i v e  c a p a b i l i t y  of  t h e  isochronous method, both 
problems were analyzed us ing  d e t a i l e d  e l a s t i c - p l a s t i c - c r e e p  methods and 
us ing  an isochronous e l a s t i c - p l a s t i c  method which approximately incor -  
porated t h e  e f f e c t s  of  creep. 

So lu t ions  were compared with experimental  r e s u l t s  and with each 
o the r .  
the  measured d e f l e c t i o n  by 5% (underpredict ion)  i n  t h e  case  of  t h e  beam 
and by 6% (overpredic t ion)  i n  t h e  case o f  t h e  p l a t e .  The isochronous 

'The d e t a i l e d  i n e l a s t i c  p red ic t ion  of  peak d e f l e c t i o n  d i f f e r e d  from 
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p r e d i c t i o n  o f  peak def l .ect ioi i  d i f f e r e d  from t h e  measured d e f l e c - t i o n  by 21% 

( u n d e r p r e d i c t i o n )  i.n t h e  case o f  t h e  beam and by 28% ( i m d e r p r e d i c t j o n )  i n  

t h e  c a s e  o f  t h e  plat-e .  

Whole-f ie ld  s t ress  and s t r a i n  p r e d i c t i o n s  by t h e  two methods were 

coinpared wi.th each o t h e r .  Isochronous p r e d i c t i o n s  of  stresscs were (as 

expected)  i n  good agreement with d e t a i l e d  p r e d i c t i o n s .  Peak s t r e s s e s  

d i f f e r e d  a t  most by o n l y  3% i n  t h e  case of  t h e  beam and by 16% i n  t h e  c a s e  

o f  t h e  p l a t e .  In  g e n e r a l ,  i sochronous  p r e d i c t i o n s  of  d e f l e c t i o n s  and 

s t r a i n s  were i n  r e l a t i v e l y  poor agreement wi th  d e t a i l e d  p r e d i c t i o n s .  Peak 

d e f l e c t i ~ o n s  d i f f e r e d  by 17% i n  t h e  c a s e  o f  t h e  beam and by 32% i n  t h e  c a s e  

o f  t h e  p l a t e ;  peak s t r a i n s ,  by 6% i n  t h e  case of  t h e  l x a m  and by as much 

as 45% i n  -the c a s e  of  t h e  p l a t e .  For a l l  quoted comparisons (between 

s o l u t i o n s  by t h e  two methocls) , t h e  isochronous method p r e d i c t e d  t h e  lesser 

v a l u e .  

Conclusions d r a m  from t h e  s t u d y  are (1) isochronous s o l u t i o n s  are 

a p p r e c i a b l y  cheaper  (about  60%) than  d e t a i l e d  s o l u t i o n s ;  ( 2 )  i sochronous 

p r e d i c t i o n s ,  though t h e y  i n c l u d e  t h e  g r o s s  e f f e c t s  o f  c r e e p  i n  a q u a l i t a -  

t i v e l y  c o r r e c t  f a s h i o n ,  may v a r y  c o n s i d e r a b l y  lriith d a t a  and with d e t a i l e d  

so lu t i -ons ;  arid (3) t h e  l e v e l  of agreeiiient i s  problem dependent .  

Concerning t h e  t h i r d  conclus ion ,  f o r  t h e  c a s e  of t h e  beam, t h e  a g r e e -  

ment was marginal ;  for t h e  p l a t e ,  poor.  The poor agreement f o r  t h e  p l a t e  

problem i.s probably  a t t r i b u t a b l e  t o  the complexi ty  o f  t h e  stress s t a t e  and 

t o  t h e  extreme inhomogeneity o f  t h e  deformat ions  ( s t r e s s e s  and s t r a i - n s  

were c o n c e n t r a t e d  t o  a somewhat d i s c o n t i n u o u s  r e g i o n  o f  t h e  s t r u c t u r e ) ,  

T h i s  agreement i s  supported by r e s u l t s  f o r  t h e  beam where t h e  stress s t a t e  

was n e a r l y  u n i a x i a l ,  s t r u c t u r e  uniform, and agreement c o n s i d e r a b l y  b e t t e r ,  

was w r i t t e n  t o  expand t h e  documented a n a l y s i s  exper ience  The r e p o r t ’  

w i t h  t h e  i-sochronous method which, a t  p r e s e n t ,  i s  s c a n t .  In summary, t h e  

i sochronous  method appears  t o  show promise as a s i m p l i f i e d  method t o  be 

used i n  e l e v a t e d  tempera ture  d e s i g n ;  however, questi .ons as t o  a s p e c i f i c  

r o l e  f o r  t h i s  method remain l a r g e l y  unanswered. 
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5. TIiERMAL RATCHETTING ‘TESTS 

W. K. Sa r to ry  

‘The ORNI, thermal r a t c h e t t  i n g  tests a r c  being conducted t o  provide 

c a r e f u l l y  obtained r a t c h e t t i n y  t e s t  d a t a  and creep- fa t iguc  f a i l u r e  d a t a  

under r a t c h e t t i n g  condi t ions  f o r  eva lua t ing  b a s i c  design a n a l y s i s  methods 

and f a i l u r c  c r i t e r i a  and f o r  v e r i f i c a t i o n  and q u a l i f i c a t i o n  of  i n e l a s t i c  
a n a l y s i s  computer codes by benchmark problem c a l c u l a t i o n s .  

geometries include c y l i n d r i c a l  s h e l l s  without s t r u c t u r a l  d i s c o n t i n u i t i e s ,  

d i s s i m i l a r  metal welds, seam-welded and seamless p ipe ,  a s t e p  change i n  

wall th ickness ,  arid a notched s h e l l  geometry. The s t r ’uctures  are loaded 

by i n t c r n a l  p re s su re  o r  a x i a l  load and a r e  subjec ted  t o  repeated thermal 

downshocks. Flaterials considered a r e  types  304 and 316 s t a i n l e s s  s t e e l ,  

2 1/4 Cr-1 No s t e e l ,  and Alloy 800, with type 308 s t a i n l e s s  s t e e l ,  lnconel 

82 ,  and 16-8-2 s t a i n l e s s  s t e e l  weldment f i l l e r  metals. 

S t r u c t u r a l  

C k  are  p r e s e n t l y  phasing out  OUT work i n  t h i s  a r e a .  A c t i v i t y  will 

resume i f  approval t o  proceed with two proposed f u t u r e  t e s t s  (1”i”T-5 and 

T7‘-6) t o  c reep - fa t igue  f a i l u r e  i s  obtained. 

5 . 1  Analysis  o f  t h e  Wcldment Kegion I_--.___ of  Specimen 1’1‘T-3 
I_-_.___. 

W. K. S a r t o r y  

(Last repor ted  i ~ i  (3KNL-5433, pp. 211-217) 

Specimen TTT-3 i s  a 2 1 / 4  Cr-1 Mo s t e c l  t o  type 316 s t a i n l e s s  s t e e l  

p ipe  specimen (with an Inconel 82 weldment) t h a t  was subjec ted  t o  r a t c h e t -  

t ing loading condi t ions .  A r e p o r t  desc r ib ing  t h e  f i n a l  t e s t  r e s u l t s  and 

one-dimensional ana lyses  was published i n  October 1977. I 

s iona l  axisymmetric i n e l a s t i c  a n a l y s i s  of t h e  weldmcnt reg ion  of the 

specimen has  now been completed through a l l  19 cyc le s  of t h e  t es t .  

A two-dimen- 

The a n a l y s i s  was performed us ing  t h e  f in i te -e lement  program PLACRE. 

The f in i te -e lement  g r i d ,  ma te r i a l  p r o p e r t i e s ,  and o the r  i npu t s  t o  t h e  
a n a l y s i s  wcre descr ibed  i n  t h e  previous progress  r e p o r t . 3  
p re sen ta t ion  of t h e  r e s u l t s  o f  t h e  a n a l y s i s ,  a computer program was wr i t t en  
tha t  accepts  a pos tprocessor  t ape  prepared by PLACKF and produces contour 

To aid i n  t h e  
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p l o t s  of temperature,  s t r a i n ,  e t c .  A t y p i c a l  contour p l o t  showing t h e  

e f fec . t ive  c reep - s t r a in  d i s t r i b u t i o n  a t  t h e  end of t h e  t e s t  i s  prescnted i n  

Fig. 5.1. Note that t h e  maximum creep s t r a i n  i.n t h e  2 1 / 4  Cr-1 Mo s t e e l  

s e c t i o n  i.s s l i g h t l y  over 0.25% and occurs  ;.n t h e  ou te r  po r t ion  of  t h e  wall 

i n  t h e  reg ion  f a r  from t h e  weldment. 

c i r cumfe ren t i a l  r a t , che t t i ng  s t r a i n  with two s t r a i n  gage measurements a t  

t h e  o u t e r  su r f ace  a t  t h e  cen te r  plane of  t h e  weldment i s  i l l u s t r a t e d  i n  

Fig .  5.2.  The agreement shown i s  considered very s a t i s f a c t o r y  because it  

i s  much b e t t e r  than was obtained e a r l i e r 1  f o r  the  type 316 s t a i n l e s s  s t e e l  

s ec t ion  far  from t h e  weldment and i s  comparable ta t h e  agreement obtained 

f o r  t h e  2 1 / 4  Cr-1 Mo s t e e l  s ec t ion  f a r  from the  weldment. 

A comparison of  t h e  ca l cu la t ed  

The i n e l a s t i c  damage eva lua t ion  f o r  t h e  a n a l y s i s  was l imi ted  t o  creep 

damage f o r  t h e  2 1/4 Cr-1 blo s t e e l  s ec t ion  of  t h e  specimen. (We a n t i c i -  

pa ted  t h a t  creep damage would be much l a r g e r  than f a t i g u e  damage f o r  t h i s  

t e s t  and t h a t  t h e  2 1 / 4  Cr-1 Mo s t e e l  s ec t ion  would be t h e  weakest p a r t  of  
t h e  specimen with r e spec t  t o  creep rupture . )  

t i o n  of Jaske  and Mi.ndlin4 was used t o  provide creep-rupture  da ta .  
r e s u l t s ,  when exLrapolated l i n e a r l y  from t h e  18th and 19th  cyc le s  t o  a 
creep damage f r a c t i o n  of 1 . 0 ,  i n d i c a t e  t h a t  t h e  specimen could withstand 

1845 cyc les  o f  t h e  maximum s e v e r i t y  used i.n t h i s  t e s t  [593*C (1100'F) 

creep-hold temperature with a two-week hold  t ime, 16.7'C/sec (30°F/sec) 

downshock ra te  f o r  10 sec, and 4 . 8 3  MPa (700 p s i )  i n t e r n a l  p re s su re ] .  
I t  i s  a l s o  o f  i n t e r e s t  t h a t  t h e  g r e a t e s t  creep darnage was p red ic t ed  t o  

occur fa r  from t h e  weldment. However, t h e  hea t - a f f ec t ed  zone (HAZ) of 

the 2 1 / 4  Cr-1 Mo s t e e l  was not  accounted f o r  i n  the a n a l y s i s .  

The Larson-Miller co r re l a -  

Damage 

After completion of t h e  analysis,  a r e p o r t  on t h e  work was wr i t t en ,  

reviewed, and rev ised  and i s  now await ing f i n a l  approval b e f o x  being 
ed i t ed .  

In summary, t h e  resu l t s  o f  t h i s  i n v e s t i g a t i o n  suggest t h a t  it i s  
possi.1)l.e t o  analyze a weldment reg ion  and obta in  agreement with measured 
r a t c h e t t i n g  s t r a i n  t h a t  i s  comparable t o  t h a t  achievable  f o r  simple p ipes  
without stru e t u r  a 1 d i s con t inu  i t i e s . 
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F i g .  5 .1 .  Calcu la ted  effective c reep  s t r a i n  distribution a t  t h e  end 
of t h e  19th  creep-hold per iod  i n  t h e  weldment reg ion  of specimen 'TTT-3. 
S t r a i n s  are i n  p e r c e n t .  
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5.2 Type 316 S t a i n l e s s  Steel. Seamless 
t o  Seam-Welded Pi7,e Smcimen 'T"T?'-4 

I___.__-_ 

[Last repor ted  i n  O R N L - 5 4 3 3 ,  pp. 217-219) 

'Test TTT-4 involved a length  of seam-welded type 316 s t a i n l e s s  s teel  

p ipe  welded t o  a l eng th  of seamless type 316 s t a i n l e s s  s t e e l  pipe.  
purposc of  t h i s  t e s t  was t o  demonstrate t h e  adequacy of  welded pipe under 

t h e  iiiore severe  CRBRP t r a n s i e n t s  and a l so  t o  o b t a i n  b a s i c  r a t c h e t t i n g  da ta  
on type 316 s t a i n l e s s  s t e e l  seamless arid welded pipe.  The f i n a l  r e p o r t  on 

t h i s  t e s t  was publ ished i n  September.s Test r e s u l t s  i nd ica t ed  t h a t  welded 
p i p e  was j u s t  as r e s i s t a n t  t o  r a t c h e t t i n g  as seamless p ipe .  

'The 

5 * 3  Tes t  TT-6 of a Type 304 Stainless S t e e l  Pipe 
t o  Creep-Fatigue Fa i lu re  -- 

I_ 

W .  K, Sar to ry  

(Last  r epor t ed  i n  OWL-5433, pp. 224-225) 

TT-6 i s  a proposed t e s t  i n  which c reep- fa t igue  f a i l u r e  i s  t o  be 

induced f o r  a type  304 s t a i n l e s s  s t e e l  p ipe  without s t r u c t u r a l  d i s c o n t i -  
n u i t i e s .  The specimen i s  being designed a t  ORNL, but  i t  i s  proposed t h a t  
the t e s t i n g  be performed a t  t h e  Energy Technology Engineering Center 

(ETEC).  During t h e  p re sen t  r e p o r t  per iod ,  pre l iminary  d i scuss ions  were 
conducted with LTEC personnel ,  and a reques t  f o r  approval - i n -p r inc ip l e  

(AI!)) was p i q m r e d  and s e n t  t o  t h e  Direc tor ,  Reactor Research and Tech- 

nologye6  'The rcsponse frorii E'I'EC i nd ica t ed  t h a t  t h e  test could hc  carried 
o u t  i n  t h c i r  TIierinal 'Transient F a c i l i t y  but t h a t  i t  would he much siinpler 
t o  perform if it were not  necessary  t o  hold t h e  specimen i n t e r n a l  p re s su re  
cons tan t  dur ing  the tes t ,  as o r i g i n a l l y  proposed. A c a l c u l a t e d ,  r e a d i l y  
a t t a i n a b l e  pressure- t ime h i s t o r y  was rece ived  from ETEC. A fcw revised 
r a t c h e t t i n g  ana lyses  [which a l s o  incorpora ted  r e c e n t l y  developed creep- 
p l a s t i c i t y  i n t c r a c t i o n  r u l e s  (Sect.  1. I), creep  damage c o r r e l a t i o n s  (Sect.  
3 3 . 2 ) ,  and fatigue-damage c o r r e l a t i o n s  (Sect 3.9. l ) ]  were c a r r i e d  out  
us ing  t h e  ETGC p res su re  h i s t o r y .  
r e v i s i o n  i n  t h e  t e s t  condi t ion  i s  requi red  t o  accommodate t h e  new p res su re  
h i s t o r y .  When t h e  f i n a l  t es t  reques t  i s  w r i t t e n ,  however, we will select  

The analyses i n d i c a t e  that no major 
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a ser ies  o f  a x i a l  load  l e v e l s  o f  g r a d u a l l y  i n c r e a s i n g  s e v e r i t y  t o  corripen- 

sate  f o r  t h e  wide v a r i a b i l i t y  i n  c r e e p  r u p t u r e  s t r e n g t h  t h a t  has  been 

c a l c u l a t e d ,  
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6.  S'TRUCXJRAL DESIGN METHODS FOR WELDMEN'1'S 

T. J .  k l p h  

'l'hc o b j e c t i v c s  of t h i s  subtask axe t o  i n v e s t i g a t e  the high-tempera- 

t u r c  deformation and fai l u r e  behavior of  weldments, t o  eva lua te  apyroxi- 

mate methods f o r  obta in ing  t h e  s t r e s s  and deformation d i s t r i b u t i o n s  i n  

weld regions, and t o  develop appropr i a t e  f a i l u r e  c r i t e r i a .  Weldment- 
r e l a t e d  s t u d i e s  arc a l s o  being undertaken as p a r t  of t h e  thermal r a t c h e t -  

t i n g  tes t  s e r i e s  ( repor ted  i n  Chapter 5)  and t h e  r e s t r a i n e d  cy l inde r  t e s t  

ser ies  ( repor ted  i n  Chapter 3) .  

6 .1  Plate-Weldment 'Tests -.. 

6.1.1 Room-temperature tests 

IVe have completed reduct ion  of  experimental  d a t a  from a series of  

room-tcmperaturc plate-weldment t e s t s ,  a long with concurrent  c las t ic -  

p l a s t i c  f in i te -e lement  ana lyses .  The specimens f o r  t h i s  t es t  series were 
f a b r i c a t e d  From t h e  r e fe rence  hea t  (9T2796) of 304 s t a i n l e s s  s teel  and 

contained a 308 s t a i n l e s s  s t e e l  con t ro l l ed  r e s i d u a l  element (CRE) weld 

loca ted  on t h e  t r a n s v e r s e  c e n t e r l i n e  of t h e  specimen. 

approximately 46 c m  (18.1 in . )  long, 7.62 cm ( 3  i n . )  wide, and 0.63 cm 

(0 .25  in .  J t h i c k  and were loaded i n  t ens ion  along t h e  long i tud ina l  ax is .  
T h e  weld j o i n t  was o f  double-V geometry, t ape r ing  uniformly from about 

0.75 c m  (0.3 i n . )  wide a t  t h e  surface t o  about 0.25 cm (0.1 i n . )  a t  t h e  

roo t .  T h e  purpose of  t hese  i n i t i a l  t es t s  was t o  ob ta in  accura te  deforma- 

t i o n  d a t a  f o r  comparison with ana lys i s .  

'Ihe specimens were 

The specimens f o r  t h e  f i r s t  two tests, designated W-1 and W-2, were 
welded by t h e  sh ie lded  metal a r c  method us ing  s t i c k  e l c c t r o d e s ,  Af t e r  
welding, both specimens were given our  re ference  s o l u t i o n  anneal .  Speci-  
men W-3 was welded us ing  t h e  gas- tungsten arc procedure.  Both ha lves  of  

t h i s  specimen were given t h e  r e fe rence  s o l u t i o n  anneal p r i o r  t o  welding, 
but t h e  weld was l e f t  i n  t h e  unannealed, as-deposi ted condi t ion .  

A l l  specimens were loaded monotonically i n  t ens ion  u n t i l  an average 
t e n s i l e  stress of  rb250 MPa (36.3 k s i )  was reached, with pauses i n  t he  
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loading process  f o r  d a t a  acqu i s i t i on .  

ventional.  f o i l  s t r a i n  gages, a s  well  as by t h e  :noire technique i.n t e s t s  

W-2 and W-3. Figure 6.1 shows a specimen ins . t a l l ed  i n  t h e  loading frame 

p r i o r  t o  t e s t i n g .  

S i r a i n  d a t a  were acquired by coil- 

Resul t s  from t h e  f i r s t  two t e s t s  and comparisons with f in i te -e lement  

ana lyses  were presented i n  two previous progress  r epor t s .  ' Y  

r e s u l t s  from a l l  t h r e e  t e s t s  w i l l  be given i n  a forthcoining t o p i c a l  

r e p o r t .  Some of t h e  r e s u l t s  from the W-5 t e s t  a r e  summarized he re .  

Detai led 

Fi.gure 6 .2  shows the  s t r a i n  gage loca t ions  f o r  t he  W-3 t e s t  specimen. 

A moire g r i d  conta in ing  1000 l i n e s / i n .  was appl ied  t o  one s i d e  of  t he  

specimen, and those s t r a i n  gage loca t ions  not masked by the  g r i d  were 

rzpeated on t h i s  s idc .  

during the loading process  by means of a P h o t o l a s t i c ,  Inc. ,  moire ana lyzer .  

Moire d a t a  were acquired i n  the b r i e f  pauses 

An a n a l y s i s  of  t h e  W-3 t e s t  was conducted coi lcurrent ly  u t i l i z i n g  the  

CREEP-PLAST f in i te -e lement  program and a b i l i n e a r ,  e l a s t i c - p l a s t i c  s t r e s s -  

s t r a i n  r e l a t i o n s h i p .  The values  of Young's modulus, t h e  b i l i n e a r  y i e l d  

stress,  and t h e  tangent  modulus f o r  t he  weld metal were taken from a 

s e r i e s  o f  room-temperature cons t an t - s t r a in - r a t e  t e s t s 4  on 308 CRE weld 

metal. 

MPa (49,300 p s i ) ,  and E , 7  = 71,700 MPa (1.04 x l o 7  p s i ) .  

y i e l d  s t r e s s  and tangent  modulus were based on a s t r a i n  range of 0 .3%.  

The value of  Poisson 's  r a t i o  f o r  the weld metal wa.s taken as v = 0.24 ,  a s  

i n  t h e  ana lyses  o f  t h e  W-1 and W-2 tests.  Corresponding va lues  f o r  t h e  

304 s t a i n l e s s  s teel  base metal  were der ived from s t r a i n  gage d a t a  taken 

from loca t ion  J (Fig. 6 .2) .  These values  were E :: 1.9 x l o 5  MPa (2.8 x 

l o 7  p s i ) ,  v = 0.29, u 

l o 6  p s i )  and were based on a s t r a i n  range of 0 .4%.  

with prev ious ly  repor ted  values .  The finite-elell lent g r i d  f o r  t h e  analy-  

s i s  was i d e n t i c a l  t o  t h a t  used previous ly  f o r  t h e  a n a l y s i s  o f  the  W-1 and 

These values  wcre E = 2.14 x l o 5  MPa. (3.11 x l o 7  p s i ) ,  G = 340 
Y 

The b i l i n e a r  1 

1.- 155 MPa (22,500 p s i ) ,  and E , ,  = 9,300 MPa (1.35 x Y i- 
They compare favorably 

N - 2  tests.1 

Figure 6.3 shows t h e  longi tudina l  s t r a i n  values  a t  loca t ion  B ( F i g .  

6.2) as obtained from strai .n gage da ta  and as predic ted  by a n a l y s i s  vs 

t h e  average longi tudina l  StTeljs. The agreement between experiment and 

a i ia lys i s  i s  q u i t e  good a t  t h i s  po in t ,  both i n d i c a t i n g  little y i e l d i n g .  
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1,ongitudinal s t r a i n  gage d a t a  taken from loca t ion  .J i s  also incl.uded f o r  

compari.son, showing s u b s t a n t i a l  p l a s t i c  deformation i n  the base metal at 

higher  load l e v e l s  f o r  p o i n t s  well. removed from t h e  weld. 

shows t h e  t r ansve r se  s t r a i n  values  a t  t h e  sane loca t ion ,  agai.n compared 

with expcriinental d a t a  taken from loca t ion  J. Agreement between expe r i -  

ment and a n a l y s i s  i s  reasonably good here  as well. 

l i n e a r  e l a s t i c  behavior a t  h igher  stress l e v e l s  seems t o  be because of the  

nonl inear  behavior o f  t h e  surrounding base metal which loads t h e  weld 

metal  nonproportional l y  with i n c r e a s h g  specimen load. .4lthough t h i s  

makes it impossible t o  determine from t h e  experimental  d a t a  whether o r  not 

t h e  weld metal has  y ie lded ,  t he  a n a l y s i s  i n d i c a t e s  . that  t he  weld metal  

remains i n  an unyielcled condi.tion a t  t he  h ighes t  load l e v e l  considered.  

Fi-gures 6.5 and 5.6, r e spec t ive ly ,  show the  measured and p red ic t ed  

Figure 6 .4  

The depar ture  from 

long i tud ina l  and t r ansve r se  s t r a i n s  a t  l oca t ion  D ,  which spans t h e  hea t -  

a f f e c t e d  zone ( I IAZ)  - A t  .this loca t ion ,  t h e  a n a l y s i s  tends t o  overpredic t  

t h e  experimental  s t r a i n  d a t a  'to a cons iderable  ex ten t .  A similar d i s -  

agreement between a n a l y s i s  and experiment i s  a l s o  present  at l oca t ion  C, 

Reasons f o r  t h i s  lack o f  agreement a r e  not  p re sen t ly  known. However, 

p o s s i b l e  explana t ions  are d i f f e r i n g  ma te r i a l  p r o p e r t i e s  i n  t h e  EAZ and t h e  

e f f e c t s  of  a high r e s i d u a l  s t r e s s  f i e l d  i n  t h e  as-welded specirrten. 

e n t l y ,  we a r e  t ry ing  t o  measure t h e  r e s idua l  s t r e s s  f i e l d  i n  a similar  

specimen i n  hopes of  quant i fy ing  t h e  e f f e c t s  of t h e  r e s i d u a l  s t r e s s e s  on 
t h e  deformation behavior of t he  specimen. 'This e f f e c t  i s  discussed more 

f u l l y  i n  Sect .  6.2. 

Pres- 

A t  l oca t ions  f u r t h e r  removed from t h e  weld than loca t ions  C and D ,  

agreement between s t r a i n  gage d a t a  and ar ia lysis  was gene ra l ly  favorable .  

Thus, t h e  only loca t ion  where s i g n i f i c a n t  disagreement between experiment 

and a n a l y s i s  was noted was i n  t h e  neighborhood of  t h e  HAZ.  

A s  noted e a r l i e r ,  we a l s o  acquired whole-f ie ld  s t r a i n  d a t a  over t he  

c e n t r a l  po r t ion  of  t h e  weldment by means of  t h e  moire technique.  

o f  t h e  experimental  apparatus  and t h e  da t a  reduct ion  procedure a r e  being 

presented  a t  some length i n  a t o p i c a l  report;3 we w i l l  only mention here  

some of t he  problems encountered and show some r e p r e s e n t a t i v e  r e s u l t s .  

Details 

O u r  i n i t i a l  use o f  t h e  n o i r e  technique was i n  conjunct ion with the  

W-2 t e s t .  'The r e s u l t s  obtained here  were reasonably encouraging but  were 
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marred by poor f r i n g e  c o n t r a s t  caused by a specimen g r i d  of  low q u a l i t y .  

'This d i f f i c u l t y  was c o r r e c t e d  i n  t h e  Ci'-3 t es t  through the a s s i s t a n c e  o f  

P r o f e s s o r  Gary Cloud of Michigan S t a t e  U n i v e r s i t y ,  who a p p l i e d  a h i g h -  

q u a l i t y  specimen gri-d t o  t h e  W-3 specimen by a p h o t o - r e s i - s t  t echnique .  

Soine problems were s t i l l  encountered wi th  t h e  W-3 t e s t ,  however, due t o  

small out -of -p lane  specimen motions occasioned by a s l i g h t  specimen warp- 

age  and by t h e  d e s i g n  of the loading  frame. The moire t e c h n i q u c  i s  semi- -  

t i v e  t o  out -of -p lane  motion because t h i s  induces  some amount o f  f i  c t i t i o u s  

s t r a i n  i n t o  t h e  r e s u l t s .  Thus, t h e  s t r a i n s  measured by the  moire t e c h -  

n ique  g e n e r a l l y  d i d  n o t  y i e l d  a s  good agreement with a n a l y t i c a l ,  p r e d i c -  

t i o n s  a s  d i d  t h e  s t r a i n  gage d a t a .  

F igure  6.7 shows t h e  l o n g i t u d i n a l  s t r a i n s  a s  measured by t h e  moire 

t e c h n i q u e s  a long  t h e  l i n e  x = 0 a t  an a v e m g e  l o n g i t u d i n a l  s tress of 185 

MPa (26 .8  k s i ) .  

shown f o r  comparison. l'he moire  s t r a i n  d a t a  are deri.ved from a curve-  

f i t t i n g  procedure,  which, by i t s  n a t u r e ,  cannot  reproduce :he d iscon-  

t i n a i t y  i n  l o n g i t u d i n a l  s t r a i n  a c r o s s  t h e  weld f u s i o n  l i n e .  'This fac t  Fs 

a p p a r e n t  i n  the f i g u r e .  The irioire s t r a i n s  a g r e e  reasonably-  well wi th  

a n a l y t i c a l  p r e d i c t i o n s  i n  t h e  neighborhood of t h e  weldrnent i n  an3  arouiicl 

t h e  IIAZ b u t  are  c o n s i d e r a b l y  i.n e x c e s s  o f  a n a l y t i c a l l y  p r e d i c t e d  v a l u e s  

and s t r a i n  gage d a t a  e lsewhere.  

between the  s t r a i n  gage d a t a  and a n a l y s i s  i n  t h e  IlAZ i s  e v i d e n t  h e r e  as 

wel l .  

A n a l y t i c a l  p r e d i c t i o n s  and s t r a i n  gage d a t a  are a l s o  

The p r e v i o u s l y  mentioned disagreement 

As noted  earli-er,  d i s c r e p a n c i e s  i n  the  moire s t r a i n  d a t a  are  f e l t  t o  

r e s u l t  from small. out -of -p lane  specimen motions.  In  % u t u r e  t e s t s  o f  t h i s  

t y p e ,  t h i s  problem will be c o r r e c t e d  by e x p e r i m e n t a l l y  measuring the o u t -  
o f - p l a n e  motion by means of  ex tensometers  o r  d i a l  gages and a p p l y i n g  

a p p r o p r i a t e  a n a l y t i c a l  c o r r e c t i o n  f a c t o r s  t o  t h e  moire d a t a ,  

The piurpose 0-F t h i s  series of room-tei i~?erature  plate-weldment tes ts  

was t o  i n v e s t i g a t e  t h e  deformation behavior  of a simple s t r u c t u r a l  member 

c o n t a i n i n g  a welclment and t o  dctermine whether o r  n o t  t h i s  behavior  could 

b e  p r e d i c t e d  by a f i n i t e - e l e m e n t  a n a l y s i s  based on two d i f f e r e n t  nilaterial 

p r o p e r t y  zones, one f o r  the  b a s e  metal and one fo r  t h e  weld metal. For 
t h e  case of specimens c o n t a i n i n g  an annealed weld, i t  was found that t he  
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presence of t h e  weld d id  nut  g r e a t l y  a f f e c t  the  deforniation behavior  and 

t h a t  f in i te -e lement  p r e d i c t i o n s  gave reasonably good agreement with exper i -  

mental r e s u l t s .  In t h e  case  o f  t h e  W-3 t e s t ,  which contained an as- 

depos i ted  weld, good agreement between experiment and analysis was a l s o  

noted,  except i n  t h e  a rea  of t h e  H A Z .  This  implies  t h a t  t h e  two-property 

zone approach may not  be adequate i n  t h e  case  of as-deposi ted weldments o r  

tha t  r e s i d u a l  stresses may have a s u b s t a n t i a l  e f f e c t  011 Liie deformati on 

behavior.  We are  now i n v e s t i g a t i n g  the  l a t t e r  p o s s i b i l i t y  by at tempting 

t o  measure the  r e s i d u a l  s t r e s s  f i e l d  i n  a specimen s i m i l a r  t o  t h a t  i i ~ e d  i n  

t h e  W-3 t e s t .  This  eCfort  i s  descr ibed  i n  more d e t a i l  i n  Sec t .  6.2.2. 

6 . 1 . 2  E1evate~- tempera ture  t e s t s  ..-. ___II .̂ .̂ . ~ ....._.l....ll 

Our f i r s t  elevated-temperature  plate-weldmcnt t e s t  was i n i t i a t e d  

during t h i s  r epor t  per iod .  

i s  t o  i n v e s t i g a t e  t h e  deformation and f a i l u r e  behavior of  a simple s t r u c -  

t u r e  conta in ing  a we1dmen.t under creep condi t ions  a t  high temperature.  

The specimen f o r  t h i s  t e s t  bears  soiiie s i m i l a r i t y  t o  those  used i n  t h e  

room-temperature t e s t  s e r i e s .  I t  i s  f a b r i c a t e d  of 304 s t a i n l e s s  s t e e l  

with a 308 s t a i n l e s s  s t e e l  weld l a i d  down by t h e  gas- tungsten a r c  method. 

The weld was l e f t  i n  t h e  as -depos i ted  condi t ion,  with no postweld hea t  

t rea tment  appl ied .  The specimen i s  ~ 4 6  crn (18 i n . )  long, 7 . 6  cm (3.0 in . )  

wide, and 0.63 ciii (0 .25  i n . )  t h i ck .  The weld joi.nt is o f  double-V geometry, 

t ape r ing  uniformly from about  0.75 crn (0 .3  i n . )  wide a t  t h e  su r face  'to 
about 0.25 crn (0.1 i n . )  a t  t h e  roo t .  

?'he purpose of t h e  t e s t ,  designated WTSCT-4, 

The p r i n c i p a l  d i%ference  between t h e  specimens used i n  t h e  rooiii- 

temperature ser ies  and t h e  WPCT-4 specimen i s  t h a t  t he  weldment i n  t h e  

l a t t e r  i s  loca ted  on t h e  long i tud ina l  a x i s  o f  t h e  specimen, i n s t ead  o f  on 

the t r ansve r se  ax is .  This  conf igura t ion  was chosen because t h e  long . -  

t u d i n a l  s t r a i n  i n  such a speci-men should be very nea r ly  cons tan t  ac ross  

t h e  specirmen width, as wel l  as along nmst o f  t h e  length.  Thus, genera l -  

i zed  p l ane - s t r a in  condi t ions  should p r e v a i l  i n  t h e  specimen but  with 

d i f f e r i n g  va lues  o f  1ongitudi.nal stress i n  weld and base metal. 

I n  o rde r  t o  measure t h e  specimeii l ong i tud ina l  s t r a i n ,  two high-  

' temperature capac i t i ve  s t ra in  gages were a t tached  t o  t h e  specimen. These 
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gages were mounted, d i r e c t l y  opposed t o  one another  and along t h e  l o n g i -  

t u d i n a l  a x i s ,  on t h e  two faces  o f  t h e  specimen. Figure 6.8 shows t h e  
i n s  t rumen t ed spec iiiien . 

The f i r s t  po r t ion  of t h e  tes t  i s  a cons tan t - load  c reep  phase a t  59J°C 

( 1 1 0 0 ' ~ ) .  ?'he specimen was loaded a t  a cons tan t  s t r a i n  ra te  of  0.0005/min 
u n t i l  a specimen load of  32 kN (7200 Zb) was achieved, corresponding t o  an 
average long i tud ina l  s t r e s s  a f  66 MPa (9.6 k s i )  . 'The load was then  he ld  

cons tan t  a t  t h i s  value.  O n  completion o f  t h e  f irst  phase of the t e s t  a t  

~ ~ 1 0 0 0  t o  2000 h r  a f t e r  i n i t i a t i o n ,  we p lan  t o  inc rease  t h e  specimen load 
and a l l o w  t h e  t e s t  t o  proceed t o  f a i l u r e .  

F igure  6 .9  shows t h e  experimental ly  rneasurcd t o t a l  l ong i tud ina l  

s t r a i n  t oge the r  with a n a l y t i c a l  p r e d i c t i o n s  f o r  t h e  f i r s t  620 h r  o f  t h e  

t e s t .  'The experimental  va lue  r e p r e s e n t s  t h e  averaged values  o f  t h e  two 
back-to-back s t r a i n  gages. 
thc  two-bar a n a l y s i s  used e a r l i e r G  t o  analyze t h e  weldment t r a n s i t i o n  

j o i n t  specimen being t e s t e d  by t h e  OKNL Metals and Ceramics Division. 
That t r a n s i t i o n  j o i n t  specimen has  a geometry similar t o  t h e  WPCT-4 
specimen. 
th ree- te rm exponent ia l  equat ion developed f o r  t h e  re ference  hea t .  

onc-term r a t i o n a l  polynomial model8 der ived  from a l imi ted  number of 
u n i a x i a l  tes ts  was used t o  dcsc r ibe  t h e  c reep  law f o r  t h e  308 s t a i n l e s s  
s t ee l  weld metal. 

The a n a l y t i c a l  p r e d i c t i o n s  were obtained from 

The crcep  law used f o r  t h e  304 s t a i n l e s s  s t e e l  base metal was a 
A 

Nei ther  experiment nor  a n a l y s i s  i nd ica t ed  any y i e ld ing  on i n i t i a l  
loading,  and Fig.  6.9 shows t h a t  t h e  i n i t i a l  experimental  and a n a l y t i c a l l y  

p red ic t ed  s t r a i n s  agree  q u i t e  well. However, t h e r e  i s  an inc reas ing  
divergence between t h e  two with inc reas ing  t i m e ,  and, a t  t h e  end of 620 

hr, t h e  a n a l y s i s  ove rp red ic t s  t h e  measured s t r a i n s  i n  t h e  weld by roughly 

a f ac to r  of 2 .  Reasons f o r  t h i s  lack of agreement a r e  no t  p r e s e n t l y  
knom.  However, two  poss ib l e  explana t ions  are a def i c i ency  i n  t h e  308 

s t a i n l e s s  s tecl  weld metal c reep  equat ion  and r e s i d u a l  s t r e s s  effects.  
a r e  c u r r e n t l y  ob ta in ing  a d d i t i o n a l  308 s t a i n l e s s  s teel  u n i a x i a l  creep 

d a t a ,  which w i l l  be used t o  improve the  creep l a w .  The improved creep 

l a w ,  when a v a i l a b l e ,  w i l l  be incorpora ted  i n t o  t h e  ana lys i s .  Addition- 

a l l y ,  we p l a n  t o  c a r r y  out  r e s i d u a l  strcss measurements on a specimen 

We 
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similar to the WPCT-4 specimen and incorporate the measured residual 

stresses into the analysis. 

6 . 2  Residual Stress Effects 

It is well known that the high temperatures associated with the 

welding process can induce a residual stress field in the vicinity of the 

weldment, often of a magnitude on the order of the yield stress. 

purpose of this investigation is to assess the effects of  residual stresses 

The 
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on the deformation and failure of  welded structural components and to 
determine whether or not a knowledge of the residual stress field is 

necessary to predict component behavior. 

6.2.1 Simulation of residual stress in a thermal ratchetting 
problem (T. J. Delph and W. K. Sartory) 

As a preliminary investigation into the effects of residual stresses 

at high temperatures, we performed an analytical study of a pipe thermal 

ratchetting problem in the presence of an assumed residual stress field. 

The particular problem considered was the analytical model of the TTT-1 

test,9 which simulated the behavior of a section of 304 stainless steel 

pipe subjected to cyclic thermal and internal pressure loadings. 

The analysis was carried out using the PLACRE finite-element code with 

16 pipe wall elements. Material properties were identical to those used 
in the TTT-1 analysis. The loading histogram was also identical to that 

used in the TTT-1 analysis, consisting of 13  thermal/pressure loading 

cycles. The residual stress field was simulated by assuming a bending 

angle to be applied to the pipe wall section sufficient to produce $0.2% 

plastic strain at the pipe wall surface. 

leads to substantial "drawdown" near a pipe weldment, resulting in resid- 

ual bending stresses of rather large magnitude. 

stress field was chosen to model these bending stresses. 

We know that the welding process 

The simulated residual 

Some of the results of the analysis are shown in Figs. 6.10 and 6.11, 

which show, respectively, circumferential (hoop) stress vs circumferential 

strain at the outer surface in the presence and absence of the assumed 

residual stress field. After 13 cycles, little difference between the 2 

is evident. 

A similar trend is apparent in the variation of axial stresses with 

time, which differ by only about 7 MPa (1 ksi) after 13 cycles, but which 

differed by about 83 MPa (12 k s i )  at the start of cycling. Thus, the 

residual stress field apparently may not play an important role in the 

long-term response of pipe weldment areas subjected to thermal ratchetting 

conditions. 

The effect of  residual stresses on component behavior of high tem- 

peratures is still, however, an area where little is known. The residual 
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HOOP S T R A I N  ( i n . /  in.) 

Fig. 6.10. Ci rcumferent ia l  (hoop) stress v s  c i r cumfe ren t i a l  s t r a i n  
a t  o u t e r  su r f ace  wi th  r e s i d u a l  s t r e s s e s .  

s t r e s s e s  will r e l a x  somewhat a t  high temperatures ,  but  t hey  may s t i l l  

s i g n i f i c a n t l y  a f f e c t  t h e  component deformation and f a i lu re  responses .  

p lan  t o  i n v e s t i g a t e  t h i s  ques t ion  f u r t h e r  i n  connection with high-tem- 
p e r a t u r e  t e s t s  of  p l a t e s  and beams conta in ing  weldments. 

We 

6 . 2 . 2  Measurement of  r e s i d u a l  stresses by t h e  h a l e - d r i l l i n g  
technique (T. J.  Delph) 

To determine t h e  e f f e c t  of  t h e  r e s idua l  stress f i e l d  on the deforma- 
t i o n  f i e l d  i n  our  plate-weldment specimens, it W R S  necessary  t o  exper i -  
mental ly  measure t h e  r e s i d u a l  s t r e s s c s  i n  t h e  neighborhood of  t h e  wcld- 

m e r i t .  For t h i s  purpose, we selected two plate-weldment specimens similar 
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to those used in the room-temperature test series, one containing an 

annealed weldment and the other a weldment in the as-deposited condition. 

The specimens were initially sent to the Development Division of the 

Oak Ridge  Y-12 Plant, where they hoped to make residual stress iiieasure- 

ments by the x-ray diffraction technique. This technique was particularly 

attractive because of  its nondestructive nature, Unfortunately, the grain 

size of  the 304 stainless steel base neta1/308 stainless steel weld iiietal 

combination proved t o o  large to allow accurate measurements to be made. 

We next turned to t he  hole-drilling technique, a semidestructive technique 
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which had previous ly  been used with sone success i n  t h e  Heavy-Section 
S t e e l  'rechnoiogy Progratii a t  ORNT,. 

Th i s  technique u t i l i z e s  s p e c i a l  r o s e t t e  s t r a i n  gages, with t h e  t h m e  

l e g s  of t h e  r o s e t t e  o r i en ted  r a d i a l l y  with r e spec t  t o  the c e n t e r  o f  t h e  

gage. 
t h e  d i f f e r e n c e  i s  mefisured between t h e  gage read-iizgs before arid a f t e r  t h e  

hole  i s  d r i l l e d .  These s t r a i n  measurements are then used i.n conjunct ion 

wi th  t h e  theo ry  o f  e l a s t i c i t y  sol.ution f o r  a h o l e  i n  an inf in$ . te  shee t  

under in-p1an.e loading t o  o b t a i n  the  r e s i d u a l  stresses a t  t h e  s t r a i n  gage 

1 oca t ion. 

A small-diameter hole  i s  d r i l l e d  i n t o  the c e n t e r  of t h e  gage, ant1 

In p r a c t i c e ,  s eve ra l  precai.itions must he ~ b s e r v e d .  First, t h e  depth 

o f  t h e  ho le  must be s u f f i c i m t l y  g r e a t  t h a t  no change i n  t h e  measiured 

s t r a j ~ n s  occurs  w i t h  i nc reas ing  ho1.e depth.  A h a l e  depth g r e a t e r  than o r  

equal  t o  t h e  hole  dia.rnete-r i s  considered adequate f o r  t h i s  purpose. l2 

Second, i t  has  been r m t e d l l  t h a t  t h e  h o l e - d r i l l i n g  process  may i t se l f  

in t roduce  r e s i d u a l  s t r e s s e s  i n t o  t h e  specimen under i n v e s t i g a t i o n ,  

espec i -a l ly  i f  a r o t a t i n g  c u t t e r  i s  used. 

i n v e s t i g a t o r s  have employ-ed a i r - a b r a s i v e  machining as a d r i l l i n g  

method, In t h i s  teclini.que, f i n e  p a r t i c l e s  o f  ahrasi-ve ma te r i a l  a r e  

en t r a ined  i n  an a i r  j e t  and a r e  d i r e c t e d  a g a i n s t  t h e  specimen su r face ,  

T h e  p a r t i c l e s  erode away the 1neta.l su r f ace  immediately under the j e t  

nozz le  a t  a con t ro l l ed  r a r e ,  a l lowing ho le s  of r epea tab le  depth and diam- 

e t e r  t o  be d r i l l e d .  Spuri.ous r e s i d u a l  s t r e s s e s  introduced i .nto t h e  spec i -  

men by t h i s  method have been shown t o  be n e g l i g i b l e .  l2 In o u r  i n v e s t i -  

ga t ions ,  we u t i l i z e d  an Airbras ive  Mode1 K a i r - a b r a s i v e  d r i l l i n g  device 

manufactured by S. S, White Co, 

To avoid t h i s  problem, seve ra l  

To gain confidence i n  t h e  h o l e - d r i l l i n g  technique,  a number of  uni-  

a x i a l  t ens ion  specimens were instrumented with Micro-Mea.surements E.4-06- 

062RE-120 r o s e t t e  s t r a i n  gages. '7'hsse gages a r e  e s p e c i a l l y  designed For 
u s e  w i . t h  t h e  h o l e - d r i l l i n g  technique.  

each r o s e t t e ,  and t h e  specimens were then loaded u n i a x i a l l y  i n  a t e s t i n g  
machhe  t o  see how well the hole-drilling Technique could measure the 

known s t r e s s  fie1.d. Resul t s  of t h i s  i n i t i a l  s e r i e s  of tests were q u i t e  
encouraghg  because we found t h a t  t h e  stress va lues  determined by t h e  
h o l e - d r i l l i n g  technique were gene ra l ly  wi th in  10% of  t h e  known values e 

Holes were d r i l l e d  i n  t he  c e n t e r  o f  
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Addi t iona l ly ,  w e  found t h a t  t h e  use of  a t a b l e  of c a l i b r a t i o n  f a c t o r s  
given by Beaney12 f o r  t h e  hole-dr i  1 l i n g  technique seemed t o  g ive  s l i g h t l y  

b e t t e r  r e s u l t s  than  those  obtained by making use of  t h e  theory  O F  e l a s -  

t i c i t y  so lu t ion  t o  o b t a i n  t h e  s t r e s s  values .  Accordingly, Beaney's c a l i -  

b r a t i o n  f a c t o r s  were used i n  subsequent work. 

The next  s t e p  was t o  instrument one of t he  two plate-weldment spec i -  

mens t o  be used f o r  r e s i d u a l  s t ress  mcasurements with r o s e t r e  s t r a i n  

gages. The specimen conta in ing  t h e  annealed we1 dmcrit was se l ec t ed  f o r  t he  

f irst  s e r i e s  of  measurements. Figure 6.12 shows t h e  d r i l l i n g  i n  progress  

on t h i s  specimen. 
Because t h e  specimen had been used previous ly  i n  t h e  unsuccessful  x- 

r a y  d c f r a c t i o n  experiments, a po r t ion  of t h e  sur face  i n  t h e  neighborhood 

and on e i t h e r  s i d e  of  t h e  weldment had been chemically etched away t o  a 

depth of  0.050 t o  0.127 mm (0.002 t o  0.005 i n . ) .  

compressive r e s i d u a l  stresses on the  order  o f  97 MPa (14 k s i )  were inea- 

sured, while i n s i d e  t h e  etched area ,  t h e  magnitude of  t h e  measured stresses 
d i d  not  exceed 28 MPa (4 k s i ) .  

Outside t h e  etched a r e a ,  

The conclusion was t h a t  t h e  large s t r e s s e s  measured ou t s ide  t h e  

etched a r e a  had been introduced by t h e  l i g h t  machining of  t h e  specimen 

received a f t e r  anneal ing.  Subsequently, we discovered t h a t  o t h e r  i n v e s t i -  

g a t o r s  u t i l i z i n g  t h e  h o l e - d r i l l i n g  technique have found t h a t  r e s i d u a l  

s t r e s s e s  induced by su r face  machining are usua l ly  confined t o  a t h i n  

su r face  layer .13  

chemical ly  e tch ing  away t h e  su r face  t o  a depth of 0.02 t o  0 .03  nun. 

The e f f e c t s  of t hese  su r face  s t r e s s e s  may be removed by 

An e f f o r t  was made t o  c o r r e c t  f o r  t h e  effect  of machining s t r e s s e s  

o u t s i d e  the etched area by sub t r ac t ing  an average s t r e s s  value measured a t  

a loca t ion  remote €ram t h e  weld from t h e  ca l cu la t ed  stress va lues .  This 

procedure d id  no t  prove successfu l ,  however, because it led t o  incon- 

s i s t e n t  r e s u l t s .  Thus, d a t a  taken a t  s t r a i n  gage loca t ions  ou t s ide  the  
etched a r e a  were ignored. In subsequent r e s i d u a l  s t ress  experiments , 
st rain gage loca t ions  w i l l  be chemically e tched t o  avoid t h e  e f f e c t s  of  

machining stresses e 

Figure 6.13 shows the r e s u l t s  o f  t h e  r e s i d u a l  stress measurements 
made i n s i d e  t h e  etched area of the  specimen. Rack-to-back gage loca t ions  
are drawn s o  t h a t  t hey  occupy similar p o s i t i o n s  i n  t h e  f i g u r e ,  The normal 
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s t r e s s e s  seem t o  form a f a i r l y  consj .s tent  p a t t e r n .  Oddly enough, some of  

t h e  l a r g e s t  s t r e s s  magnitudes were measured a t  t h e  gage l o c a t i o n s  most 

remote from t-lie weldment cen te r1  ine. The magnitude o f  t he  measured shear  

s t r e s s e s  a r e  usua l ly ,  though not  always, about 30% o r  l e s s  of t h e  normal 

stress magnitudes measured a t  t h a t  loca t ion .  These values  show consider-  

a b l e  s c a t t e r  and do not  seem t o  f i t  i n t o  a c o n s i s t e n t  p a t t e r n ,  a f a c t  t h a t  

may be r e l a t e d  t o  t h e i r  gene ra l ly  small magnitude. 

We are now i n  t.he process  oE making r e s i d u a l  s t r e s s  measurements on a 

s i m i l a r  specimen conta in ing  a weldment i n  t h e  as-deposi ted condi t ion .  We 
expect  t h a t  t h e  r e s i d u a l  s t r e s s  f i e l d  f o r  t h i s  specimen w i l l  be consider-  

a b l y  l a r g e r  i n  magnitude than that  i n  the annealed specimen repor ted  here .  

6 . 2 . 3  Analysis  of  plate-weldment deformation l_l____-._ f i e l d  i n  t h e  presence I.-.--..- 

o f  r e s i d u a l  s t r e s s e s  [T. J. Delph, J. A. Clinard)  

A s  noted. previously,  t h e  purpose of t h e  plate-weldment r e s idua l  

s t r e s s  measurements i s  t o  enable us t o  determine whether o r  no t  the  

r e s i d u a l  s t rcss  f i e l d  has  a s i g n i f i c a n t  in f luence  on specimen deformation 

cha rac t e l - i s t i c s .  To this  end, an i d e a l i z a t i o n  of the  measured r e s i d u a l  

s t r e s s  p a t t e r n  discussed i n  t h e  previous sec t ion  was constructed t o  serve  

as an inpu t  t o  a f in i te -c lement  ana lys i s .  

t o  analyze t h e  plate-weldment specimens was devised by assuming t h a t  both 

t h e  specimen and t h e  appl ied  loading were symmetric about t he  long i tud ina l  

and t r a n s v e r s e  c e n t e r l i n e s ,  t hus  making it necessary  t o  model only a 

q u a r t e r  o f  t h e  specimen. 

symmetries, r e s i d u a l  normal s t r e s s e s  measured a t  symmetric l oca t ions  with 

r e s p e c t  t o  t h e  t r a n s v e r s e  and long i tud ina l  c e n t e r l i n e s  were averaged, as  

wel l  as normal stress va lues  measured a t  back-to-back loca t ions .  lhe t o  

t h e i r  low magnitude arid incons i s t en t  v a r i a t i o n ,  t h e  shear  stresses were 
neglected.  l'he r e s u l t i n g  idea l i zed  r e s i d u a l  s t r c s s  f i e l d  i s  shown i n  F ig .  

6.14, 

The f in i te -e lement  model used 

To produce a r e s i d u a l  s t r e s s  f i e l d  with t h e  same 

The s t r e s s  p a t t e r n  shown i n  Fig. 6.14 conta ins  two a d d i t i o n a l  asswnp- 

t i o n s  t h a t  were made necessary  by t h e  l imi t ed  ex ten t  o f  t h e  etched arca 
over  which we wcre a b l e  t o  ob ta in  r e l i a b l e  data .  F i x - s t ,  w e  assumed t h a t  
the cr values  a t  p o i n t s  a long t h e  long i tud ina l  edge of  t h e  specimen were 

t h e  same as t hose  measured a t  t h e  nea res t  i n t e r i o r  po in t .  Tlie (5 values  
YY 

.EX 
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a t  t h e s e  p o i p t s  riiust, of-' course,  vanish t o  s a t i s f y  t h e  boundary condi t ions .  
Second, t h e  a r b i t r a r y  assumption was made t h a t  t h e  r e s i d u a l  stress f i e l d  

decays t o  n e g l i g i b l e  magnitude along a l i n e  5.33 cm (2.10 i n . )  from t h e  
t r a n s v e r s e  ce i i tc r l ine .  

Residual s t r e s s  va lues  a t  t h e  cen t ro id  of each element were obtained 

by l i n e a r l y  i n t e r p o l a t i n g  between t h e  d a t a  shown i n  Fig. 6.14 and assunling 
t h a t  t h e  r e s i d u a l  s t r e s s e s  vanished f o r  values  o f  u g r e a t c r  than y = 5.33 
cm. T h e  c e n t r o i d a l  r e s i d u a l  stress values  were then used as input  t o  the 

CiIEl:P-PJ,AST I1 f in i te -c lement  program, where they  were used t o  de f ine  an 
i n i t i a l  s t r e s s  s t a t e  f o r  an e l a s t j  c - p l a s t i c  a n a l y s i s .  

were taken t o  vanish.  

t h e  ma te r i a l  t o  a n e a r l y  v i r g i n  s t a t e ,  so t h a t  s h i f t s  i n  t h e  y i e l d  su r face  

due t o  p l a s t i c  flow i n  t h c  welding process  could be neglected.  

The i n i t i a l  s t r a i n s  

We assumed t h a t  t h e  anneal ing process  had re turned  

The a n a l y s i s  was c a r r i e d  out  by tak ing  t h e  s t r e s s e s  a t  any po in t  

dur ing  t h e  loading process  t o  be t h e  swn o f  t h e  r e s i d u a l  stress coinponents 

p l u s  those  due t o  t h e  loading. Thus, each stress increment was i n  o v e r ~ l l  

equi l ibr ium with t h e  loading iricremerit, bu t  t h e  t o t a l  s t r e s s e s  were n o t .  

Material p r o p e r t i e s  used i n  t h e  ana lyses  were i d e n t i c a l  t o  those  uscd 

i n  t h e  W-2 t e s t 2  50 t h a t  a comparison could be drawn betwcen t h e  pre- 

d i c t i o n s  o f  t l ie a n a l y s i s  with and without r e s idua l  s t r e s s e s  included arid 

t h e  experimental  s t ra in  d a t a  taken from the  W-2 t e s t .  Resul t s  o f  the  

conparison showed t h a t  t h e  inc lus ion  o f  r e s i d u a l  s t r e s s e s  i n t o  the  analy- 

s is ,  while not  a f f e c t i n g  the p red ic t cd  s t r a i n  values  too  g r e a t l y ,  gen- 
e r a l l y  worsened t h c  degree o f  agreement between a n a l y s i s  and experiment. 

Figures  6.15 and 6.10 show some r e p r e s e n t a t i v e  r e s u l t s  f o r  pred ic ted  and 
measured ( s t r a i n  gage) longi tudina l  and t r a n s v e r s e  s t r a i n  values  a t  a 

l o c a t i o n  on t h e  long i tud ina l  c e n t e r l i n e  immediately ad jacent  t o  t h e  weld 

fus ion  l i n e  ( l o c a t i o n  U ) .  Note t h a t ,  f o r  both t h e  long i tud ina l  and t r a n s -  
v e r s e  s t r a i n  components, t h e  a n a l y s i s  without t h e  incorpora t ion  o f  r c s i d -  

u a l  s t r e s s e s  ove rp red ic t s  t h e  measured s t r a i n  values  a t  tlie h igher  load 

l e v e l s ,  and t h e  inc lus ion  o f  r e s i d u a l  s t r e s s e s  i n t o  t h e  a n a l y s i s  leads  t o  
even  g r e a t c r  overpredic t ion .  

Why t h e  inc lus ion  o f  t h e  r e s i d u a l  s t r e s s  f i e l d  i n t o  t h e  a n a l y s i s  
s e rves  t o  degrade t h e  agreement between a n a l y s i s  arid experiment i s  not  

immediatcly apparent .  IIowever, one p o s s i b i l i t y  i s  t h a t  t h e  assumption 
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F i g .  6.15. Predic ted  and measured lo i lg i tud ina l  strains at location 
B, t e s t  W-2. 



283 

A 0 

3 

> 

ORNL DWG 78 22054 

I 

A 0 
0 / 

0 - 5  -10 -15 - 2 0  - 2 5  -30 -35 -- 40  X 
T R A N S V E  R S F  S T  H A I  N 

!LOCATION B 

-0- S T R A I N  G A G E  D A T A  
A A N A L Y S I S  
0 A N A L Y S I S  W I T H  

R E S I D U A L  S T R E S S E S  

I 1 I I I I I 

F i g .  6.16. Predj-cted and measured t ransverse  s t ra ins  at l o c a t i o n  R ,  
t e s t  W-2. 



284 

t h a t  t h e  y i e l d  sur face  was not  s h i f t e d  by p r i o r  p l a s t i c  deformations may 

be inva l id .  

plate-weldment specimen conta in ing  an as-deposi t c d  weldment. We then p l an  

t o  reanalyze the  W-3 t e s t ,  incorpora t ing  t h e  res id i ia l  stress f i e l d  mea- 

sured on t h i s  specimen, t o  see i f '  a similar t rend  i n  t h e  a n a l y t i c a l  p rc -  

d i c t i o n s  i s  noted. 

We a r e  now performing r e s i d u a l  stress ~iieasurements on a 

6 .3  Uniaxial  Tes t s  o f  Type 308 S - t a in l e s s  S t e e l  
1;VeldMetal 

____I__. 

----- 

T. J .  Delph 

To provide d a t a  f o r  c o n s t i t u t i v e  equat ion development and a n a l y s i s  

f o r  type  308 s t a i n l e s s  s t e e l  weld mctal ,  we have continued t h e  subcont rac t  

with Ra t t e l  le-Columbus Labora tor ies  (BCL)  f o r  providing l i r n i  t e d  miax ia l  

t e s t i n g  on t h i s  mater ia l .  

c o n s i s t i n g  of c y c l i c  s t r e s s - s t r a i n  and constant- load creep da ta ,  were 

given i n  t h e  previous r e p o r t  i n  t h i s  s e r i e s .  

t e s t i n g  program has beein extended t o  inc lude  an a d d i t i o n a l  s i x  c y c l i c  

s t r e s s - s t r a i n  tes ts  a t  t o t a l  s t r a i n  ranges o f  0 .4  t o  1 .0%,  an add i t iona l  

f i v e  constant- load c reep  t e s t s  a t  s t r e s s  l e v e l s  from 86.2 MPa (12.5 k s i )  

t o  155 MPa (22.5 k s i ) ,  and t h r e e  composite cycJic-creep t e s t s  i n  which 

per iods  o f  c reep  a r e  in t e r spe r sed  with per iods  o f  constanr  s t r a i n - r a t e  

cyc l ing .  

c r e e p - p l a s t i c i t y  i n t e r a c t i o n s .  

593°C (1100'F) and have u t i l i z e d  specimens of  as-deposi ted 308 CRE s t a i n -  

l e s s  s t e e l  weld l a i d  down by t h e  gas- tungsten arc process  from a s i n g l e  

hea t  of  weld metal ,  

Some of  t h e  e a r l y  r e s u l t s  of  t h i s  e f f o r t ,  

Since t h a t  time, t h e  

The purpose o f  t h e  comnposite t e s t s  i s  t o  i n v e s t i g a t e  poss ib l e  

A l l  t e s t s  t o  da t e  have been percormed a t  

'The r e s u l t s  of  t h e  c y c l i c  and cyc l ic -creep  composite t e s t s  have been 

received a t  ORNL and are c u r r e n t l y  being analyzed. 

i n  t h e  next  r e p o r t  i n  t h i s  s e r i e s .  

t h e  d a t a  from t h e  f i r s t  s e r i e s  o f  c reep  tests. 

t h r e e  tes ts  where t h e  load was held cons tan t  a t  d i f f e r e n t  s t r e s s  l e v e l s  

f o r  %240Q hr. Therea f t e r ,  va r ious  s t e p  changes i n  load were imposed, and 

t h e  t e s t s  were continued t o  1.3500 hr .  

These w i l l  be repor ted  

We have a l s o  received t h c  remainder o f  

T h i s  series cons i s t ed  of  
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Resu l t s  o f  t h e  unin te r rupted  constant- load po r t ions  of t h e  t e s t s  

( p r i o r  t o  2400 hr )  were used t o  cons t ruc t  a creep equat ion8 i n  t h e  form of  

a one-term r a t i o n a l  polynomial. Figures  6.17 and 6.18 show t h e  r e s u l t s  of  

two of  t h e  c reep  t e s t s  ( t c s t s  C - l  and C-3 ,  r e s p e c t i v e l y ) ,  a long with t h e  

p r e d i c t i o n s  o f  t h e  creep equat ion made us ing  t h e  s t ra in-hardening  hypothe- 

sis ,  The i n i t i a l  stress i n  t e s t  C - 1  was 96.2 MPa (12.5 k s i ) ,  which was 
he ld  u n t i l  ~ ~ 2 4 0 0  h r .  'The stress l e v e l  was then  r a i s e d  t o  138 MPa (20 

k s i ) ,  dropped t o  103 MPa (15 k s i )  a t  ~ ~ 2 6 6 0  h ~ ,  and r a i s e d  aga in  t o  138 MPa 

(15.5 k s i ) .  Lack of agreement between experimental  d a t a  and t h e  creep 

equat ion  i s  p r i m a r i l y  due to a l a r g e  apparent  a n e l a s t i c  s t r a i n  recovery on 

unloading. ?'he ex i s t ence  of t h i s  a n e l a s t i c  s t r a i n  component, however, i s  

somewhat suspec t  because o f  i n c o n s i s t e n c i e s  i n  t h e  loading and unloading 

s t r a i n s  measured i n  t h e  tcst. Also, no te  t h a t  no a n e l a s t i c  s t r a i n  r e -  

covery was observed i n  t h e  s t r e s s -d rop  po r t ion  of  t e s t  C - 1 .  

i n v e s t i g a t e  t h i s  matter f u r t h e r  in  subsequent t es t s .  
We p lan  t o  

Considerable  c reep  recovery i s  noted on re loading  from t h e  zero-load 
po r t ion  of  t e s t  C - 3 ,  as evidenced by t h e  reappearance o f  a primary-creep 
phase. The s t ra in-hardening  hypothesis ,  by i t s  na ture ,  i s  incapable  of  

p r c d i c t i n g  such recovery behavior.  

6 .4  Notch E f f e c t s  in  Uniaxial  Tension Specimens 

T .  J. Delph 

To provide background information f o r  p ro jec t ed  OWL work concerning 
t h c  e f f e c t s  of  notches on t h e  f a i l u r e  of weldments, a survey o f  t h e  l i t-  

erature  on notch e f f e c t s  i n  u n i a x i a l  t ens ion  specimens was coinpleted. '4 

P a r t i c u l a r  regard  was paid t o  t h e  e f fec ts  of  notches i n  specimens con- 

t a i n i n g  weldments. 

under c e r t a i n  circumstances,  notched specimens possess  t h e  paradoxical  

p rope r ty  of  having longer  cons tan t - load  rup tu re  l i v c s  than equiva len t  
unnotched specimens having t h e  same nominal stress. Iiere, nominal stress 
i s  taken t o  be t h e  laad  div ided  by t h e  minimum c ross - sec t iona l  area. This  

phenomenon i s  known as notch s t rengthening ,  while t h e  converse behavior  i s  
known as notch weakening. 

Notch e f f e c t s  are p a r t i c u l a r l y  i n t e r e s t i n g  because, 

Notched specimen tes ts  a r e  widely used i n  
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F i g .  6.18. Experimental and y r c d i c t e d  c reep  s t ra ins ,  t e s t  C - 3 .  

i n d u s t r i a l  a p p l i c a t i o n s ,  where they  are used t o  measure i n  a q u a l i t a t i v e  

fashion the s e n s i t i v i t y  o f  a p a r t i c u l a r  material t o  stress concent ra t ions .  

E a r l y  workers i n  t h i s  area bel ieved  notch s t rengthening  OF weakening 

t o  be more or less an  i n t r i n s i c  ma te r i a l  p roper ty  r e l a t e d  t o  t he  d u c t i l i t y  

o f  t h c  material e llowcver, subsequent i n v e s t i g a t i o n s  have revea led  t h e  
phenomenon t o  be much more complex than  th i s ,  depending not  only 0n t h e  
matcrial  b u t  poss ib ly  on notch geometry, p r i o r  heat  t rea tment ,  load l e v e l ,  
temperature ,  and specimen size as w e l l .  The same material may e x h i b i t  
notch s t rengthening  under one set  of condi t ions  and notch weakening under 
another .  
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Many q u a l i t a t i v e  explana t ions  o f  t h e  notch e f f e c t  phenomenon have 

been put  forward, but  not  a g r e a t  deal  of q u a n t i t a t i v e  work has been 

performed. A c a r e f u l  i n e l a s t i c  a n a l y s i s ,  coupled w i t h  cu r r en t  f a i l u r e  

c r i t e r i a ,  might provide a deeper understanding than i s  p r e s e n t l y  a v a i l -  

able. Such an a n a l y s i s  i s  c u r r c n t l y  under way a t  ORNL.  

6.5 Developincnt of IIigh--Temperature bloi r e  Technology -. . . . .... 
~ ........l. ____ .I__.. 

G .  L. Cloud" T. J. Delph 

Our experiences with t h e  moire s t r a i n  measurement t d m i q u e  i n  room- 

temperature app l i ca t ions  were descr ibed i n  Sect.  6.1. llie are a l s o  develop- 

ing  t h e  c a p a b i l i t y  o f  making moire s t r a i n  measurements a t  e leva ted  tem- 

pe ra tu res ,  p r i n c i p a l l y  through %hc consul t ing  e f f o r t s  of Professor  G .  L .  

Cloud a t  Michigari S t a t e  Universi ty .  

perforiiied under OWL subcont rac t ,  met with only l imi ted  success  but was 

s u f f i c i e n t l y  promising t o  warrant f u r t h e r  i nves t iga t ion .  

An e a r l i e r  e f f o r t  i n  t h i s  d i r e c t i o n ,  1 5  

Two of t h e  p r i n c i p a l  d i f  f i e i l l t i e s  a s soc ia t ed  with high-temperature 

moire measurements a r e  t h e  presence of  "op t i ca l  noj se" due t o  convection 

c u r r e n t s  i n  t h e  furnace and degradat ion o f  t he  specimen g r i d  caused by 

prolonged exposure t o  e leva ted  temperatures,  Ihe  f i r s t  of t hesc  problem 

a r e a s  appears  t o  have been success fu l ly  resolved i n  experiments performed 

a t  Michigan S t a t e  Universi ty .  U t i  l i z i n g  a h igh- reso lu t ion  l ens ,  s t robo-  

scopic  f l a s h  l i g h t i n g ,  h igh- reso lu t ion  holographic  f i lm,  and Fourier  

o p t i c a l  processing o f  t h e  r e s u l t i n g  photographs, moire f r i n g e  pattel-ns of 

e x c e l l e n t  q u a l i t y  have been obtained from specirnens a t  e leva ted  temperatures .  

Thc second area  o f  d i f f i c u l t y ,  t h a t  of developing a s u i t a b l e  high-  

temperature moire specimen g r i d ,  i s  s t i l l  t h e  sub jec t  of  development work, 

a l though t h e  r e s u l t s  t o  da t e  have been q u i t c  encouraging. 

o f  producing high-temperature g r i d s  a r e  under a c t i v e  cons idera t ion  a t  

Michigan S t a t e :  a metal f i lm  depos i t ion  technique, a d i r e c t  g r a t i n g  

depus i t ion  techiii que, and t h e  c lcc t roc tch i r ig  process. In  t h e  metal f i lm 

depos i t ion  technique,  a f i n e  g r i d  of some precious metal (e.g. ,  platinum 

o r  gold) i s  deposi ted on the  metal sur face  by a vacuum depos i t ion  u n i t .  A 

Three methods 

"Consultant , Michigan S t a t e  Universi ty .  
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plat inum g r a t i n g  o f  h igh  q u a l i t y  has  been formed on a typc 304 s t a i n l e s s  
s t e e l  specimen by t h i s  method. Unfortunately,  it was destroyed during 

high-temperature t e s t i n g  by contamination due t o  outgasing from t h e  furnace 
Th i s  problem has now been co r rec t ed ,  and e f f o r t s  along t h i s  l i n e  are 

cont inuing.  
A l t c rna t ivc ly ,  a d i r e c t  g r a t i n g  depos i t i on  technique has been used to 

depos i t  a g r a t i n g  of  Yyromark high-temperature p a i n t  on t h e  metal su r face .  

This  method i s  q u i t e  simple tc apply  and y i e l d s  an e x c e l l e n t ,  h igh-cont ras t  
g r a t i n g  which has  produced moire f r i n g e  photographs of  good q u a l i t y  a t  

5 9 3 O C  (llOO°F). 

b l e  t o  f l a k i n g  caused by specimen s t r a i n i n g ,  a p o s s i b i l i t y  we in tend  t o  
i n v e s t i g a t e .  

Grids produced by t h i s  method, however, may be suscep t i -  

The  t h i r d  method f o r  forming high-tcmperature g r ids ,  t h e  e l ec t roe t ch -  

i n g  technique,  involves  cheiiiically e tch ing  t h e  g r i d  o u t l i n e  i n t o  t h e  bare  

metal sur face .  
proved t r i c k y  t o  apply and y ie lded  g r i d s  of  uneven q u a l i t y .  

merits with t h i s  technique are planned, however. 

This  method was used i n  t h e  ear l ie r  OKNL study15 bu t  
Some experi-  

We expect t h a t  one of  t h e s e  t h r e e  methods, with minor modi f ica t ions ,  

w i l l  produce a usable  moire specimen g r i d  t h a t  w i l l  be ab le  t o  withstand 

prolonged per iods  of exposure t o  high temperature.  
p l i shed ,  we w i l l  be well on OUT" way toward achieving a whole-f ie ld  s t r a i n  

mcasurement technique app l i cab le  a t  e l eva ted  temperatures.  

Mien t h i s  is accoin- 
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