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PREFACE 

. 

This  i s  t h e  s i x t h  of  a ser ies  of formal progress  r e p o r t s  summarizing 

accomplishments i n  t h e  ORNL program t o  develop high-temperature s t r u c t u r a l  

design methods f o r  LMFBR v e s s e l s ,  components, and core s t r u c t u r e s .  This  

r epor t  covers  t h e  pe r iod  of March 1973 through June 1973. The t e c h n i c a l  

a c t i v i t i e s  of t h e  program a r e  comprehensively r epor t ed  i n  t h e  t e x t  of t h e s e  

r e p o r t s  under seven major headings which correspond t o  t h e  major s e c t i o n s  

of t h e  program p lan  document. 

S t a t u s , ”  precedes t h e  t e x t  and g ives  a sho r t  synopsis  of t h e  repor ted  prog- 

r e s s  and t h e  s t a t u s  of each a r e a .  This  s e c t i o n  provides  t h e  reader  with an 

oppor tuni ty  t o  survey t h e  conten ts  of t h e  r epor t  p r i o r  t o  reading t h e  tech-  

n i c a l  s ec t ions .  The Summary and S t a t u s  s e c t i o n  a l s o  inc ludes  b r i e f  d i s -  

cussions of 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 .  

A s e c t i o n ,  which i s  e n t i t l e d  “Summary and 

The program has as i t s  goa l  t h e  development of  a v e r i f i e d  high-tempera- 

t u r e  design technology app l i cab le  t o  t h e  long-term ope ra t ing  condi t ions  

expected f o r  LMFBR systems. Although t h e  u l t ima te  ob jec t ive  i s  t o  develop 

v e r i f i e d  methods and c r i t e r i a  f o r  r e l i a b l y  designing f o r  high temperatures  

and long l i v e s ,  e f f o r t s  a r e  a l s o  concent ra ted  on e s t a b l i s h i n g  and v a l i d a t -  

i ng  methods and c r i t e r i a  t o  be used,  on an i n t e r i m  b a s i s ,  f o r  FFTF and 

LMFBR Demonstration P lan t  designs.  The o v e r a l l  program i s  d iv ided  i n t o  a 

number o f  t a s k s  which a r e  being c a r r i e d  out  wi th  t h e  p a r t i c i p a t i o n  and 

cooperat ion of  i n d u s t r i a l  groups,  u n i v e r s i t i e s ,  and design code bodies .  
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SUMMARY AND STATUS 

W. L. Greenstreet 

ORNL staff members participated in a number of ASME, Pressure Vessel 

Research Committee (PVRC), and other meetings during the April through 

June 1973 period. The PVRC meetings attended were those of the Subcommittee 

on Plastic Fatigue Strength (April 18 and May 21, 1973) and of the Subcom- 
mittee on Elevated Temperature Design (April 18 and I4ay 22, 1973). The 

ASME meetings were those of the Boiler and Pressure Vessel Code groups (Task 

Force 1351 Creep Analysis, Task Force on Creep-Fatigue, and Subgroup on 

Elevated Temperature Design); these were held on May 22-23, 1973, and on 

June 13-20, 1973. Proposed guidelines for examining propensity for ratchet- 

ting and estimating accumulated strains were prepared for the May meetings 

of the ASME code groups. Also prepared was a write-up on factors to be 

used to account for plasticity and/or creep related reductions in bending 

stresses from those calculated on elastic bases; this latter write-up was 

accepted for use. 

The high-temperature design standard, F9-4, continued to receive con- 

siderable attention. Three meetings in connection with this standard were 

attended; one meeting (April 3, 1973) was devoted to constitutive equations, 
while the remaining two (April 4 and June 21, 1973) were addressed to more 
general considerations. 

Staff members also participated in a finite-element design application 

meeting, where they gave presentations on the use of finite-element methods 

in structural analyses. This meeting was held by the U.S. Atomic Energy 

Commission in Germantown, Maryland, on May 3-4, 1973. 
exchange information on the use of finite elements in nuclear physics and in 

solid mechanics applications. 

The purpose was to 

ORNL assisted Westinghouse Advanced Reactors Division in the design 

analysis of the FFTF In-Vessel Handling Machine (IVHM) by performing a 
structural evaluation of the under-plug shielding assembly, including sup- 

port cylinder and suppressor plate. Seismic and thermal loadings were 

considered; the latter were those associated with U1 and U2/N4 transients, 

which represent the most severe thermal events. Static and dynamic analysis 
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techniques were used in examining the seismic loadings. Results of the 

analysis showed that all but one of the regions investigated were adequate 

as designed. Minor changes were suggested for the shielding and suppressor 

plate supports. An informal technical report on the ORNL structural evalua- 

tion was transmitted to Westinghouse for use in preparing the overall design 

analysis report on the IVHM. 

Under material behavior studies, tests are being continued to charac- 

terize the mechanical, metallurgical, and chemical properties of each product 

form of the type 304 stainless steel reference heat (9722796) ; 1.0-in.-thick 

plate was added to those forms which are being examined on a priority basis. 

Room temperature stress-strain curves to 2% strain show that differences 

observed for as-received material (yield stress range from 26,500 to 34,400 
psi) were greatly reduced by reanneal (yield stress range of 26,000 to 27,700 

psi). 

from seven product forms, do not indicate large differences in rupture life 

associated with product form or with specimen location and orientation 

relative to the stock material. The minimum creep rates for these seven 

product forms differed by only small amounts. 

Stress rupture data, which were obtained using reannealed specimens 

A machine to be used in performing creep-plasticity interaction studies 
was made operational and preliminary experiments were initiated. In addition, 

a new 50,000-lb electro-hydraulic testing machine was commissioned during 

this quarter. 

Special stress-strain tests were performed on specimens from the ref- 

erence heat (9T2796) to allow careful exploration of inelastic behavior at 
relatively low strains. It was again shown that deviations from linearity 

begin at low stresses and develop gradually at stresses below 10,000 psi. 

The nonlinearity causing mechanisms at low stresses remains to be studied 

and identified. 

Studies on the influences of thermo-mechanical variables on creep rup- 

ture of the type 304 reference heat material have been deemphasized. 
annealing at temperatures in the range from 1850 to 2050°F did not produce 

discernible changes. In addition, cooling rate was found to be unimportant, 

except in the case of a very slow rate. 

Re- 

Effects of cyclic deformation on subsequent creep behavior at llOO°F 

is being examined. Results obtained suggest that small amounts of cold 
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work have very little influence on subsequent creep response. In the case 

of cyzlic creep loading, the creep rates were lower than indicated by 

monotonic-loading test results. The cumulative creep curve for one cycled 

tubular specimen paralleled that for a second monotonically-loaded t'ubular 

specimen, but both curves were below that for a monotonically-loaded rod 

spec irnen . 
Iiesults from a multiply loaded relaxation specimen show that relaxa- 

tion hardening is a gradual process. Each reloading to the original stress 

produced a relaxation curve which was slightly above the previous curve. In 

another study, it was shown that the hardening influences of creep strains 

are about the same as in the case of plastic strains. Although this is in 

agreement with other observations, additional testing is needed to clearly 

establish this suggested equivalency. 

Constitutive equation development work in the elastic-plastic behavior 

category included completion of two additional experimental studies of de- 

formation response and yield surface behavior. Nonradial loading histories 

were imposed in each case. Development work was also carried out on a 

differential-capacitance type strain measuring device. This device has 

potential for providing strain measuring precision at high temperatures 

that will allow us to improve our investigative ability, especially as 

related to details of elastic-plastic deformations and to creep- and plastic- 

deformation interactions. 

We are also pursuing improvements for inelastic analysis guidelines by 

investigating formulations which will give quasi-continuous changes in the 

size of the yield surface, as measured by K .  These formulations are to 

include temperature and plastic strain as variables and are to apply for 

arbitrary loadings. 

derived and applied in the analysis of beam test B6; the cyclic elastic- 
plastic behavior results from this test have been employed in several com- 

parisons. The latest predictions overestimated the strains for the second 

half of the first cycle, but reasonably good agreement was obtained for 

the second cycle. 

A promising expression for isothermal loadings was 

Prsparations were made to reinstate studies at Yale University. These 

studies are to deal with thermomechanical behaviors of structural materials 

and mat.iematica1 representations of these behaviors. 

retical studies progress, test recommendations will be provided to ORNL on a 

As the planned theo- 

. 
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cont inuing b a s i s  f o r  poss ib l e  incorpora t ion  i n t o  experimental  a c t i v i t i e s  of 

t h e  o v e r a l l  program. 

A t  Brown Univers i ty ,  a m u l t i a x i a l  s t r e s s  ( t ens ion - to r s ion )  creep t e s t  

( t e s t  No. 7 )  on a thin-wal led tubu la r  specimen (No. 4-304-16) w a s  completed. 

Af t e r  t h e  s t r e s s e s  were removed, t he  specimen exh ib i t ed  an e l a s t i c  recovery 

followed by a s l i g h t  time-dependent recovery.  

Although t h e  condi t ions  f o r  t e s t  Bo. 7 were s imi l a r  t o  those  f o r  an 

e a r l i e r  t e s t  ( t e s t  No. 2 ) ,  t h e  creep r a t e  f o r  No. 7 w a s  i n  b e t t e r  agreement 

wi th  r e s u l t s  from o t h e r  t e s t s  a t  t h e  e f f e c t i v e  s t r e s s  o f  about l5,OOO p s i .  

The creep r a t e  w a s  an order  of magnitude higher  a t  120 hours i n  t e s t  No. 2. 

General ly ,  t h e  o v e r a l l  120-hr creep r a t e  r e s u l t s  f o r  an e f f e c t i v e  s t r e s s  of 

15 ,000  p s i  i n d i c a t e  t h a t  t h e  s t r a i n  r a t e  vec tor  decreases  i n  magnitude as 

t h e  s t r e s s  s t a t e  i s  changed from pure t ens ion  t o  pure t o r s i o n .  This  obser- 

va t ion  along wi th  cons idera t ion  of t h e  d i r e c t i o n s  of t h e  s t r a i n  r a t e  vec to r s  

i n d i c a t e  t h a t  an e l l i p s e  a s soc ia t ed  wi th  creep d i f f e r s  somewhat from a 

von Mises e l l i p s e .  

Fabr i ca t ion  w a s  completed on fou r  a d d i t i o n a l  specimens a t  Brown Univer- 

s i t y .  Two of t h e s e  have been prepared f o r  t e s t i n g .  I n  a d d i t i o n ,  equip- 

ment i s  being prepared f o r  creep t e s t i n g  i n  compression. 

A s  a p a r t  of f a i l u r e  s t u d i e s ,  f a t i g u e  t e s t s  were completed a t  Penn- 

sy lvania  S t a t e  Univers i ty  on 1 5  specimens a t  1200°F and 6 specimens a t  

1000°F. This  b r ings  t h e  t o t a l  number of specimens t e s t e d  t o  91; 1 0  were 

t e s t e d  a t  room temperature ,  21 a t  1200°F, and 6 a t  1000°F. I n  t h e  room 

temperature and t h e  1200'F t e s t s ,  t h e  t o r s i o n a l  shear  s t r a i n  range t o  a x i a l  

s t r a i n  range r a t i o s  were 0 . 5 ,  1 . 0 ,  and 2.0;  they  were 0 . 5  and 1 . 0  i n  t h e  

1000°F t e s t s .  The number of cyc le s  t o  f a i l u r e  ranged from 1,075 t o  11 ,550  
a t  room temperature ,  from 1 0 0  t o  12,800 a t  1200°F, and from 680 t o  3,178 a t  

lOOOOF. 

Using t h e  oc t ahedra l  shear  s t r a i n  as an index,  t h e  room temperature 

b i a x i a l  d a t a  show a l i n e a r  c o r r e l a t i o n  on a log-log p l o t  of s t r a i n  vs  number 

of cyc le s  t o  f a i l u r e .  Pure t o r s i o n a l  d a t a  f a l l  above t h e  a x i a l  and b i a x i a l  

t e s t  d a t a  i n  t h i s  case .  

r e s u l t s ,  bu t  t h e  1200°F r e s u l t s  i n d i c a t e  a b i l i n e a r  c o r r e l a t i o n  wi th  a t r a n -  

s i t i o n  a t  about l o 3  cyc le s .  

t h e  reduct ion  from t h a t  given by t h e  room temperature  d a t a  i s  about 1 0 .  A t  

1000°F t h e  reduct ion  f a c t o r  i s  about 4 .  

A l i n e a r  r e l a t i o n s h i p  i s  a l s o  exh ib i t ed  by the  l O O O ' F  

For a l i f e  of l e s s  t han  lo3 cyc le s  a t  1200°F, 
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Uniaxial-constant  and s tep- load tes t s  a r e  being continued by Babcock 

and Wilcox. The f i v e  cons tan t  l oad  t e s t s  t h a t  were i n  p rogres s  during t h e  

l a s t  r epor t ing  pe r iod  remain i n  t e s t ,  wi th  no f a i l u r e s  having occurred.  The 

t o t a l  t e s t  t imes  range t o  9000 hours .  S i m i l a r l y ,  t h e  s i x  s tep- load t e s t s  

under way during t h e  l a s t  pe r iod  a r e  s t i l l  i n  p rogres s ;  each specimen has 

undergone two l o a d  changes. 

New t e s t s  were i n i t i a t e d  on t h r e e  specimens i n  t h e  so-ca l led  " i n t e r -  

rupted" constant- load s e r i e s .  The o b j e c t i v e  f o r  t h i s  s e r i e s  i s  t o  o b t a i n  

information on m a t e r i a l  degradat ion as a func t ion  of c reep  exposure through 

d e s t r u c t i v e  examinations.  

I n v e s t i g a t i o n s  a r e  underway t o  i d e n t i f y  sources  f o r  d i f f e r e n c e s  between 

r e s u l t s  from creep  and from rup tu re  machines. A t e s t  now i n  p rogres s  

i n d i c a t e s  t h a t  d i f f e r e n c e s  between s t r a i n s  determined from measurements over 

t he  load  t r a i n  and those  from measurements over t h e  specimen gage l eng th  do 

not accDunt f o r  t h e  o v e r a l l  d i sc repanc ie s .  The in f luences  of specimen 

bending remain t o  be determined. 

Th,? f i r s t  t u b u l a r  rup tu re  specimen w a s  loaded i n  simple t ens ion .  Creep 

t e s t i n g  w a s  delayed due t o  a minor f a i l u r e  i n  t h e  loading  system. 

S t : ruc tura l  a n a l y s i s  methods development and eva lua t ion  work r e s u l t e d  i n  

notab le  advances dur ing  t h i s  pe r iod .  The computer program CREEP-PLAST has 

undergo:ne f u r t h e r  improvements i n  t h e  form of user -or ien ted  o p e r a t i o n a l  

modi f ica t ions  t o  improve v e r s a t i l i t y ,  lower computational c o s t s ,  and t o  

overcomt3 minor l i m i t a t i o n s .  The hea t  conduction a n a l y s i s  c a p a b i l i t y ,  which 

w a s  developed by General E l e c t r i c  under ORNL subcon t rac t ,  i s  being incor -  

pora ted  i n t o  t h e  ORNL ve r s ion  of t h e  program. Since inco rpora t ion  of  t h i s  

expanded c a p a b i l i t y  w i l l  be completed i n  t h e  immediate f u t u r e ,  r e l e a s e  and 

d i s t r i b u t i o n  of t h e  expanded ve r s ion  i s  announced i n  t h i s  r e p o r t ,  and 

reques t  forms a r e  provided.  

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  examinations have included cont inued 

s t u d i e s  of e l a s t i c - p l a s t i c  t e s t  r e s u l t s  from thin-wal led c y l i n d e r s .  These 

s t u d i e s  h i g h l i g h t  t h e  very  c l c s e  and interwoven r e l a t i o n s h i p s  between s t r e s s  

and p l a s t i c  s t r a i n  increments during p l a s t i c  l oad ing ,  y i e l d  su r face  s i z e ,  

motion of t h e  y i e l d  su r face ,  and t h e  d i r e c t i o n  of  t h e  p l a s t i c  s t r a i n  incre-  

ment v e c t o r .  Because of t h e s e  i n t e r r e l a t i o n s h i p s ,  d i r e c t i o n s  f o r  modifica- 

t i o n  of t h e  s t r e s s - p l a s t i c  s t r a i n  equat ions  must be considered c a r e f u l l y  and 

. 
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in broad terms. Again, these studies show that bilinear stress-strain 

representations better approximate experimental results than the nonlinear 

representations used. 

Debugging of EPACA is continuing; sources for errors, as noted in the 

last progress report, were identified and eliminated. An elastic analysis 

of an elbow subjected to an in-plane bending moment was completed and the 

results compared with experimental data. Agreement between the two sets of 

results is very good. 

Although much additional debugging remains and only the two quadri- 

lateral elements from the eight-element library can be used at this time, 

the current version of EPACA is being offered to the public. It is expected 

that experiences by other users will be very helpful in the remaining 

debugging and verification processes. 

During this period, a mathematical representation for isochronous 

stress-strain behavior was selected and used in pseudo-elastic-plastic type 

analyses of sample problems at Battelle Columbus Laboratories. Incorpora- 

tion of this analysis feature into the basic spatially three-dimensional 

computer program, PIRAX, for treating piping systems will be done in the 
near future. All of the components for the elbow and straight pipe test 

assembly are on hand and are being carefully examined before final anneal- 

ing and welding. 

In the structural test area, six types of specimens are presently being 

employed. These are simply-supported beams, simply-supported circular plates, 

capped cylindrical shells, finite-width plates with circular holes, stiffened 

shear-lag panels, and straight pipes subjected to thermal transient conditions. 

Two beam tests, B7 and B8, which were deflection controlled, have been 
completed. 

made from the reference heat of type 304 stainless steel. 

test, B8, ten short-time cycles were imposed both before and after the 
creep loading period, while for B7 short-time cyclic loading was applied 

only at the end of the creep loading period. 

ments were made using DCDT's, dial gages, and Ailtech SG-425 strain gages. 

These tests were conducted at l l O O ' F  and the specimens were 

In the second 

Deflection and strain measure- 

Calculated and experimental results for test B7 were compared. Good 

comparisons were found in the case of elastic-plastic response, and the 

time-dependent responses were in good agreement. The agreement between 



x i  i 

measLred r e s u l t s  and p r e d i c t i o n s  i s  markedly b e t t e r  t han  f o r  prev ious  load- 

c o n t r o l l e d  t e s t s .  This  i s  as expected and i s  s i g n i f i c a n t  because i n e l a s t i c  

loadings  i n  p r a c t i c e  a r e  l a r g e l y  deformation con t ro l l ed .  

Another p a i r  of beam specimens i s  being prepared f o r  load-cont ro l led  

t e s t s  B9 and B10. These t e s t s  w i l l  dup l i ca t e  prev ious  load-cont ro l led  t e s t s  

B5 and B6.  

‘TWO de f l ec t ion -con t ro l l ed  c i r c u l a r  p l a t e  t e s t s ,  CP3 and CP4, were a l s o  

completed during t h i s  pe r iod .  

specimens aga in  were made from re fe rence  hea t  m a t e r i a l .  I n  t h e  f i r s t  of 

t h e s e ,  CP3,  t e n  short- t ime cyc le s  were imposed a t  t h e  beginning of  t h e  t e s t  

and a:?ter t h e  c reep  t e s t  pe r iod ;  for t h e  second, short-t ime c y c l i c  loading  

w a s  iriposed only a f t e r  t h e  c reep  pe r iod .  

The t e s t  temperature  w a s  l l O O ° F  and t h e  

Two of t h e  c y l i n d r i c a l  specimens from t h e  second s e r i e s  of weldment 

creep-rupture  t e s t s  were inspec ted  a f t e r  reaching  a t o t a l  t e s t  t i m e  of 2000 

hours .  The deformation-time h i s t o r i e s ,  as e s t a b l i s h e d  by p e r i o d i c  measure- 

ment r e s u l t s ,  show cont inuous ly  inc reas ing  c i r cumfe ren t i a l  s t r a i n s  i n  t h e  

base rretal  p o r t i o n s  of t h e  cy l inde r s .  Those reg ions  made from p ipe  material  

cont inue  t o  e x h i b i t  l a r g e r  s t r a i n s  than  those  made from bar .  

Accumulated s t r a i n s  f o r  t h e  weld material  of both specimens inspec ted  

a r e  very  small i n  comparison t o  those  f o r  t h e  base m e t a l .  F u r t h e r ,  no 

t r e n d s  a r e  d i s c e r n i b l e  f o r  t h e  weld mater ia l  s t r a i n s .  

One specimen f a i l e d  dur ing  t h i s  pe r iod  a f t e r  being under t e s t  con- 

d i t i o n s  f o r  about 1 1 4 0  hours .  

lowing dimensional i n s p e c t i o n ,  t h i s  specimen i s  t o  be sec t ioned  f o r  v i s u a l  

and meta l lographic  examination. 

The f a i l u r e  w a s  i n  t h e  weld reg ion .  Fol- 

De ta i l ed  d a t a  r educ t ions  f o r  t h e  weldment creep-rupture  t e s t  specimens 

a r e  being cont inued.  Refinements w e r e  made i n  t h e  mathematical  descr ip-  

t i o n s  of t h e  deformed specimens t o  achieve improved r e s u l t s .  

At .  Ca thol ic  Un ive r s i ty ,  a t r i a l  s t a i n l e s s  s t e e l  specimen w a s  t e s t e d  

i n  t h e  furnace which w a s  f a b r i c a t e d  as a p a r t  of t he  p r o j e c t  be ing  c a r r i e d  

o u t .  The t e s t  temperature  and t h e  loading  cyc le  used were t h e  same as 

those  s p e c i f i e d  f o r  t h e  a c t u a l  i n v e s t i g a t i o n .  

i n t e r v a l s  t o  provide pre l iminary  r e s u l t s  f o r  moire method a n a l y s i s  and 

s tudy .  

Photographs were taken a t  

a 
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Improvements in contrast relative to the 500-lines-per-inch gratings at 

llOO°F continue to be pursued. 

tion in the furnace and control of interline changes by the introduction 

of various substances is being studied. 

Efforts have been made to minimize oxida- 

Good progress is being made on the Boeing Aerospace Co. project to 

test shear-lag panels. Machining, straightening, and annealing of a second 

shear-lag specimen was completed; tensile tests were conducted and grain size 

determinations were made. The heating system was subjected to preliminary 

checkout and modified to achieve the desired temperature distribution con- 

trol. Similarly, quasi-final modifications were made to the loading system. 

Finally, the first specimen was instrumented for room temperature, 500°F, 

and llOO'F load tests, and the signal conditioning and control equipment was 

set up. 

An important achievement during this period was successful completion 

of the pretest runs on the Thermal Transient Test Facility (TTTF) and 

operation through the first ten thermal transient cycles on the first test 

specimen. Each cycle consisted of a ramp reduction in the sodium tempera- 

ture from llOO'F to 8 0 0 ~ ~  in about ten seconds, restoration of the sodium 

temperature to the llOO'F level after a short hold period at 800'F, and 

160 hr of sustained operation under T O O  psi internal pressure at 1100'F. 

Facility performance was very good throughout, and markedly good strain 

data were obtained from the Boeing capacitance strain gages. 

Subsequent to this reporting period, the specimen was subjected to four 

additional cycles to complete the test sequence. Data f r o m  the Boeing 

capacitance gages were obtained for the first three of these cycles. 

Inelastic ratchetting analyses were made on the basis of measured tem- 

perature and pressure histories and the ORNL-recommended constitutive 

equations for elastic-plastic and creep behavior. Very good agreement 

was found between the calculated and measured results. Further, it was 

shown that these calculated results compared better with the experimental 

data than those obtained when other selected elastic-plastic behavior 

representations were used. 
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Cycle condi t ions  f o r  t h e  second specimen were s e l e c t e d .  These a r e :  

a downshock ra te  of 23OF p e r  second, 400 p s i  i n t e r n a l  p re s su re ,  and a 328 h r  

hold t ime. Minor t e s t  s ec t ion  and system modif ica t ions  a r e  planned f o r  

ease of s e r v i c e  and improved ope ra t ions .  Fabr i ca t ion  of  t he  second t e s t  

p i ece  w a s  completed. 

I n  t h e  design c r i t e r i a  area, a n a l y t i c a l  s t u d i e s  of r a t c h e t t i n g  were 

continued. 

i n e l a s t i c  a n a l y s i s  methods and those  from c a l c u l a t i o n s  based on two s impli-  

f i e d  methods. For t h e  5 1  cases  cons idered ,  it w a s  found t h a t  t h e  two s impli-  

f i e d  methods gave conserva t ive  r e s u l t s .  I n  a d d i t i o n ,  comparison with ex- 

per imental  r e s u l t s  from LMEC beam t e s t s  f u r t h e r  s u b s t a n t i a t e d  t h a t  conser- 

v a t i v e  p r e d i c t i o n s  a r e  given by t h e  two methods. 

Comparisons were made between r e s u l t s  ob ta ined  us ing  r igo rous  

A second s tudy involved t h e  shape, or s e c t i o n ,  f a c t o r ,  K ,  used i n  ASME 

Code Case 1331. This  s tudy f u r t h e r  i d e n t i f i e d  the  r o l e  of t h e  shape f a c t o r  

and y i e lded  numerical va lues  t o  be used. 

Compilation and development of design c r i t e r i a  f o r  core  s t r u c t u r e  com- 

ponents a r e  being cont inued.  Cor re l a t ions  of mechanical p r o p e r t i e s  d a t a  

f o r  types  304 and 316 s t a i n l e s s  s t e e l  a r e  p r e s e n t l y  c e n t r a l  p a r t s  o f  t h e s e  

on-g0ir.g e f f o r t s .  Appl ica t ion  of  d a t a  and c o r r e l a t i o n s  t o  t h e  development 

of such i tems as s t r a i n  l i m i t s  and f a t i g u e  d a t a  adjustment f a c t o r s  i s  a l s o  

underway. 



0. INTRODUCTION 

This is one of a continuing series of progress reports describing work 

under the LMFBR program task to develop a structural design technology and 

associated design criteria applicable to LMFBR system components. This is 

the sixth quarterly progress report (previously reports were i.ssued on a 

monthly or bimonthly basis) and it covers the period April through June 1973. 
The purpose of the high-temperature structural design methods program 

is to develop a verified structural design technology applicable to LMFBR 

components and core structures, excluding fuel elements. Included in the 

components category are such items as pressure vessels, piping, heat ex- 

changers, pumps, and valves. This technology, which is to embrace the 

areas of materials properties and behavior, mathematical analogs for the 

description of material response, structural analysis methods, and design 

criteria, is to be developed on theoretically consistent, rational bases 

and experimentally verified. 

In the development of this design technology, careful assessments are 

to be made of both elastic and inelastic structural behavior under condi- 

tions of elevated temperatures and, in the case of core components, high 

neutron exposure. Responses of interest are stress and strain behavior, 

dynamic response, structural instability (buckling), brittle failure, and 

failure through creep rupture, fatigue, creep-fatigue interaction, or crack 

propagation. Therefore, the structural analysis methods and design criteria 

are to be capable of reflecting or including the environmental and loading 

condition influences and lead to rational assessments of the consequences of 

the resultant effects on structural behavior arid integrity. 

Two objectives are to be served by the program. In addition to the 

development of the required technology as an end product, interim needs for 

structural design guidance, methods, and criteria are to be met on a con- 

tinuing basis. In the initial phases of the program, existing knowledge and 

data concerning material behavior, existing constitutive theories and 

structural analysis methods, and existing design rules and criteria were 

thoroughly exploited to meet design requirements and to help establish bases 

for identification and pursuit of program activities aligned with the two- 

fold objective. Thus, the activities established for the near-term lead 

naturally toward. those for the long-term. 



The overall program is currently comprised of seven major tasks. 

These are: 

1. Material Behavior Tests 

2. Constitutive Equation Development 

3. Failure Studies 

4. Development, Evaluation, and Distribution of Structural 

Analysis Methods and Tools  

5. Inelastic Structural Tests 

6. Design Criteria 

7. Core Structures Design Criteria and Data 

Starting with this issue, these major task headings are adopted for use in 

the progress reports; the organization will, therefore, be similar to that 

of the program plan document. 

for the indicated tasks regardless of whether or not all tasks are reported 

in a given report. These reports include work performed under subcontracts 

as well as work performed at the Oak Ridge National Laboratory. The reader 

is referred to the preceding reports for background information. 

The task numbers shown above will be maintained 
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1. MATERIAL BEHAVIOR TESTS 

R. W. Swindeman 
H.  E. McCoy 

W. R .  Martin 

1.1. Charac ter iza t ion  of Product Forms 

H. E. McCoy 

Tests t o  c h a r a c t e r i z e  t h e  mechanical,  m e t a l l u r g i c a l ,  and chemical 

p r o p e r t i e s  of each product form of t h e  re ference  hea t  (9T2796) of t ype  304 
s t a i n l e s s  s t e e l  have been o u t l i n e d  i n  R e f .  1. Fur the r ,  Ref. 1 assigned an 

i tem number t o  each product form of t h e  r e fe rence  h e a t ,  and t e s t i n g  p r i -  

o r i t i e s  given f o r  e leven product forms. Previous r e p o r t s  of s t a t u s  and 

t e s t  r e s u l t s  a r e  given i n  Refs. 1, 2 ,  and 3. Tes t ing  and d a t a  consoiida- 

t i o n  are cont inuing.  

Table 1.1 l i s t s  some of t h e  p r o p e r t i e s  f o r  t e n  of t h e  product forms. 

The 1 i n .  p l a t e  has been added t o  t h e  prev ious ly  c i t e d  eleven p r i o r i t y  

product forms, and c h a r a c t e r i z a t i o n  t e s t i n g  has j u s t  begun on t h e  3/8 i n .  

and 1 i n .  p l a t e s  ( i tems  numbered 4 and 7 ,  r e s p e c t i v e l y ,  i n  R e f .  1). The 

g r a i n  s i z e s  of t h e s e  t e n  products  v a r i e d  from ASTM 1 t o  7 ,  wi th  some of 

t h e  products  having a wide v a r i a t i o n  wi th in  themselves.  Tens i l e  t e s t s  have 

been run a t  25°C f o r  5 of t h e  product forms i n  t h e  as-received and reannealed 

condi t ions .  

for t h e  as-received material and i n  F ig .  1 . 2  for t h e  reannealed material. 

The y i e l d  s t r e s s  of t h e  as-received products  v a r i e d  from 26,500 t o  34,400 

p s i ,  bu t  t h e  work-hardening r a t e s  appear t h e  same a f t e r  a few t e n t h s  of  

percent  s t r a i n .  The y i e l d  stress of t h e  reannealed material v a r i e d  from 

26,000 t o  27,700 and t h e  curves t o  2% s t r a i n  almost superimpose (F ig .  1 . 2 ) .  

The s t r e s s - s t r a i n  curves t o  2% s t r a i n  are shown i n  F ig .  1.1 

The r e s u l t s  of chemical analyses  f o r  C ,  0 ,  and N a r e  given i n  Table 1.1. 

The carbon content  v a r i e d  from 0.050 t o  0.056% and t h e  n i t rogen  conten t  

from 0.040 t o  0.051%. The quoted r e p r o d u c i b i l i t y  f o r  each a n a l y s i s  i s  +5%; 
t h e  carbon analyses  f a l l  w i th in  t h i s  range and t h e  va lues  f o r  n i t rogen  have 

a span of about +lo%. The oxygen analyses  va r i ed  from 0.0046 t o  0.0089 for 

e igh t  of t h e  products and va lues  of 0.018 and 0.011 were noted f o r  two 

products .  Check ana lyses  ind ica t ed  concent ra t ions  of 0.019 and 0.014%, 



Table 1.1. Information on severa l  product forms of type 304 s t a i n l e s s  s t e e l ,  heat  9~796 

b Yield S t r e s s  I n i t i a l  a t  25OC k s i  Chemical Composition, %' 
ASTM g r a i n  !E Hardness, Item 

number Spec i f  i c  a t  ion 
s i z e  C 0 N I n i t i a l  Annealed I n i t i a l  Annealed' 

Product form 

Pipe,  8-in. Schedule 80 11 A-376 73 69 5-6 30.3 26.0 0.056 0.018 0.042 
26.5 0.019 0.042 

Pipe,  4-in. Schedule 160 1 0  A-376 73 63 5-6 31.7 26.7 0.052 0.0089 0.051 

B a r ,  4 1/2-in.-diam 22 A-479 67 67 2-3 30.8 26.5 0.051 0.0062 0.049 

B a r  , 2-in. - d i m  21 A-479 89 65 5-6d 0.053 0.0049 0.048 

Bar, 1 3/4-in.-diam 20 A-479 81 65 5-6 0.052 0.0062 0.048 

0.052 0.0075 0.046 

P l a t e ,  3/4 i n .  t h i c k  6 A-240 65 65 5-6 34.4 26.0 0.051 0.011 0.048 
0.014 0.044 

P l a t e ,  2-in. t h i c k  8 A-240 59 66 1-3 27.7 27.7 0.055 0.0086 0.040 

32.3 26.5 

3-e 26.1 

6-7e 

d 

?I=-- P l a t e ,  112 i n .  t h i c k  5 A-240 73 66 5-6 

26.6 

Tube, 2 1/2-in.-O.D. x 51 A-479 88 65 6-7 
5/8 in .  w (H.R.) 

0.051 0.0053 0.050 

0.050 0.0046 0.047 Tube, 2 1/2-in.-O.D. X 15 A-376 74 67 3-6 
518 i n .  W ( C . D . )  

a 1 / 2  h r  at 1093OC (2000OF). 
bStrain rate of 0.004 min-'. 

forming d i rec t ion .  
c F~~ product forms w e r e  analyzed f o r  t r a c e  elements and t h e  following l e v e l s  apply t o  a l l  fOur forms: 

0.05% Al, <0.01% B y  <0.01% B a y  <0.005% Be,  <0.02% B i ,  <0.1% Cay <0.1% Cb, <O.l% Cd, 0.3% Coy 0.3% Cw, 0.01% M g ,  0.02% Pb, 
<0.05% P t ,  <0.02% Sn, <0.1% Sr,  0.05% Ta,  <0.02% T i  , 0.03% V ,  <O.l% W ,  <0.2% Z r ,  <0.05% Zr , <0.05% Ge, 0.05% G a .  
concentrations of o t h e r  a l loy ing  addi t ions a r e  1.22% Mn, 0.029% P,  0.012% S, 0.47% S i ,  18.5% C r y  9.58% Ni, 0.10% Mo. 

A l l  samples p a r a l l e l  with t h e  p r i m r y  

<-ol% & Y  

The 

'Longitudinal plane.  
e Transverse plane.  

, I 
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' 7  ? n  ' 7  n 

A PIPE, 8- in SCHEDULE 80 
B 

ti PLATE, 3/4 in THICK 

PIPE, 4 - in  SCHEDULE t60  
BAR, 4% in DlAM 

PLATE, 2 in  THICK ! 
7 DESIGNATION PRODUCT -1  

0 0 . 2  0.4  
STRAIN (%I 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Fig. 1.1. Room temperature stress-strain properties for several 
product forms of type 304 stainless steel (heat 9T2796) in as-received 
condition. 

u! 

n c 
(0 

z 20 

to 

8-5 
E-3 
A-5 
H -2 
K - 3  

I A PIPE, 8- In .  SCHEDULE 80 

i 
I 

B 
E BAR, 4'/2-in. DlAM 
H PLATE, 3/'-in. THICK 
K PLATE, 2 - i n .  THICK 

PIPE, 4-in. SCHEDULE 160 -~ 

0 
0 0.2 0.4 0.6 0.0 1.0 1.2 f .4  1.6 1.8 2.0 

STRAIN (70) 

Fig. 1.2. R o o m  temperature stress-strain properties for several 
product forms of type 304 stainless steel (heat 9T2796) reannealed 1/2 
hour at 2000'F. 
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r e spec t ive ly .  Thus, t h e  oxygen concent ra t ions  i n  t h e  product forms i n d i c a t e  

v a r i a t i o n s  far o u t s i d e  t h e  25% r e p r o d u c i b i l i t y  of  t h e  a n a l y s i s .  

graphic  s t u d i e s  i n  progress  should i n d i c a t e  whether t h e  i n c l u s i o n  count i s  

s i g n i f i c a n t l y  d i f f e r e n t  f o r  t h e  product  forms. 

Metallo- 

S t r e s s - rup tu re  p r o p e r t i e s  a t  llOO'F f o r  reannealed samples are shown 

i n  Fig.  1 .3  f o r  seven product forms. Three s t r e s s  l e v e l s  were involved 

and samples were taken  from s e v e r a l  l o c a t i o n s  and o r i e n t a t i o n s  wi th in  each 

product .  The r e s u l t s  ob ta ined  t o  d a t e  do not i n d i c a t e  a l a r g e  d i f f e r e n c e  

i n  t h e  rup tu re  l i f e  due t o  v a r i a b l e s  of product  form, specimen l o c a t i o n ,  

or specimen o r i e n t a t i o n .  The rup tu re  l i f e  of t h e  2 i n .  p l a t e  does seem t o  

be s l i g h t l y  s h o r t e r ,  bu t  t h e  d i f f e r e n c e  i s  not  l a r g e .  

The minimum creep  r a t e s  f o r  these same products  a r e  shown i n  F ig .  1 . 4 .  
The d i f f e r e n c e s  among d i f f e r e n t  product  forms seem q u i t e  s m a l l  and random i n  

na tu re .  The 2 i n .  p l a t e ,  t h a t  seemed i n f e r i o r  based on t h e  short- t ime 

rup tu re  t e s t s  shown i n  F ig .  1 . 3 ,  does not  appear d i f f e r e n t  from t h e  o t h e r  

products  on t h e  b a s i s  of minimum creep  r a t e .  

1 . 2 .  Exploratory T e s t i n g  
t o  I d e n t i f y  Behavioral  Fea tures  

R .  W .  Swindeman 

1 .2 .1 .  S t r e s s - s t r a i n  t e s t i n g  

Progress  w a s  made i n  t h e  development of l abora to ry  t e s t i n g  f a c i l i t i e s .  

A machine t o  perform 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 t u d i e s  w a s  p laced  i n  

opera t ion .  The f i r s t  t e s t i n g  involved a number of s t r a in -cyc l ing  experi-  

ments t o  check t h e  c a p a b i l i t y  r e l a t i v e  t o  t h e  servo-cont ro l led  e l e c t r o -  

hydraul ic  machine. Resu l t s  a r e  summarized i n  Fig.  1.5 which p l o t s  t h e  

stress range a g a i n s t  s t r a i n  range f o r  t h e  t e n t h  cyc le  of f i x e d  s t r a i n  

range cyc l ing  a t  t h r e e  temperatures .  The performance w a s  s a t i s f a c t o r y  and 

w e  a r e  now i n  a p o s i t i o n  t o  begin i n t e r s p e r s i n g  c reep  and c y c l i c  p l a s t i c i t y  

over t i m e  pe r iods  extending t o  a t  l eas t  2000 h r .  

A new 5O,OOO l b  e lec t ro-hydraul ic  t e s t i n g  system w a s  commissioned dur- 

ing  t h e  l a s t  q u a r t e r .  W e  are c u r r e n t l y  i n v e s t i g a t i n g  d i f f e r e n t  specimen, 

g r i p ,  and extensometer des igns .  
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ORNL-DWG 73-7225 
I I I I I I I I I  I 

8-1" SCHED 40 PIPE 
( A X I A L  DIRECTION) 
0 SECTION I 

25.000 psi SECTION 2 

4-1" SCHED 160 PIPE 
( A X I A L  DIRECTION1 7 Z;.OOO PSI 0 F B  SECTION SECTION I 2 

4 '4 -1n  - D I A M  B A R  
0 INSIDE LONGITUDINAL 

E S  TRANSVERSE 
25,000 p s ,  CB3 OUTSIDE LONGITUDINAL 

,^r..^.^ ., .^ 

2-1" -THICK P L A T E  
25,000 psi 0 P A R A L L E L  

2'4-1" -OD X 5 f 8 - ~ n  - W A L L  T U B E  
0 SECTION I 

30,000 psi SECTION 2 

I I I I I I I I I I  I I I I 1  I I l l  I I I 1 I I I I I  I I  

to 100 1000 10,000 
R U P T U R E  T I M E  lh r l  

Fig. 1.3. Stress-rupture properties at l l O O ' F  o f  several product 
forms of type 304 stainless steel (heat 9T2796) reannealed 1/2 hour at 
2000'F. 
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Fig .  1 . 4 .  Minimum creep  r a t e s  a t  llOO'F f o r  s e v e r a l  product  forms 
of type 304 s t a i n l e s s  s t e e l  (hea t  9T2796) reannealed 1 / 2  hour a t  2000'F. 
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f e r e n t  machines for type  304 s t a i n l e s s  s t e e l  (hea t  9T2796 1 i n .  p l a t e  
Item 7 )  reannealed for 1 / 2  hour a t  2000°F (lOg3OC). 



Severa l  t e n s i l e  t e s t s  were performed on t h e  r e fe rence  hea t  type  304 

s t a i n l e s s  s t e e l  ( h e a t  9'172796, 1" p l a t e )  f o r  t h e  purpose of explor ing  t h e  

i n e l a s t i c  behavior  a t  r e l a t i v e l y  low s t r a i n s .  It has been r epor t ed  

e a r l i e r  t h a t ,  between t h e  0 .1  percent  i n e l a s t i c  o f f s e t  s t r a i n  and t h e  

uniform s t r a i n  a t  t h e  u l t i m a t e ,  t h e  Ludwik equat ion  provides  an e x c e l l e n t  

r ep resen ta t ion  of t h e  t r u e  s t r e s s - t r u e  s t r a i n  behavior f o r  l a b o r a t o r y  re- 

annealed m a t e r i a l .  Not included i n  t h i s  r ep resen ta t ion  were i n e l a s t i c  o f f -  

s e t  s t r a i n s  i n  t h e  zero t o  0 . 1  percent  range and t h e s e ,  of course ,  a r e  

o f t e n  t h e  most commonly experienced s t r a i n  l e v e l s  i n  design a n a l y s i s .  A 

t r a c i n g  of a s t r e s s - s t r a i n  curve obtained a t  llOO°F i s  shown i n  F ig .  1 .6 .  
This  curve i s  shown along wi th  t h r e e  o t h e r  s t r e s s - s t r a i n  curves  which cover 

temperatures  ranging from 800 t o  llOO'F i n  F ig .  1 . 7 .  
formed under servo-control led condi t ions  a t  a s t r a i n  r a t e  of 0.005/min. 

Low load  cyc l ing  showed t h a t  t h e  extensometer turn-around e r r o r  and s e n s i t i v  

corresponded t o  s t r a i n  va lues  l e s s  than  We observed t h a t  t h e  e l a s t i c  

l i m i t  of  t h e  curves  w a s  d i f f i c u l t  t o  d e t e c t .  Assuming t h e  s t a t i c  moduli 

va lues  provided i n  t h e  ASME Code Case 1331 t o  be c o r r e c t ,  we found as 

ind ica t ed  i n  F ig .  1 . 6  t h a t  t h e  o f f s e t  s t r e s s e s  were between 5,000 and 

8,000 p s i .  Deviat ions from l i n e a r i t y  developed g radua l ly  a t  a l l  tempera- 

t u r e s  as shown i n  F ig .  1 . 7 .  Above a s t r a i n  value of approximately .0005 

i n . / i n . ,  t h e  s t r a i n  hardening r a t e  ( tangent  modulus) r a p i d l y  changed and 

approached a near cons tan t  va lue  which w a s  maintained f o r  s e v e r a l  percent  

s t r a i n .  The dev ia t ion  from l i n e a r i t y  below t h e  knee of t h e  s t r e s s - s t r a i n  

curve could be t h e  r e s u l t  of s eve ra l  causes .  Among them a r e  t h e  usua l  

a n e l a s t i c  s t r a i n ,  which i s  recoverable ,  and t r u e  microyielding which i s  not 

recoverable .  Causes of microyielding could r e s u l t  from e c c e n t r i c  l oad ing ,  

r e s i d u a l  s t r e s s  due t o  handling of t h e  specimens, or t h e  movement of favor-  

ab ly  o r i e n t e d  mobile d i s l o c a t i o n s .  A t  t h e  p re sen t  t i n e  a v a i l a b l e  d a t a  a r e  

not s u f f i c i e n t  t o  i d e n t i f y  which of t hese  causes  of  microyie ld ing  may have 

been o p e r a t i v e ,  however, it does appear t h a t  t h e  a s soc ia t ed  s t r a i n s  do not 

exceed t h e  e l a s t i c  components. 

4,5 

A l l  t e s t s  were per- 
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Fig.  1 .6 .  Tens i l e  s t r e s s - s t r a i n  curve for type 304 s t a i n l e s s  s t e e l  
a t  1100OF. 
Specimen 7RP-131. 

H e a t  9T2796 (1 i n .  p l a t e ,  I t e m  7 )  reannealed servo-control .  

800 O F  ( 4 2 7  "C) 7RP - 132 

900 O F  ( 4 8 2  "C) 7 R P - 1 2 8  

1000 O F  (538 "C) 7RP- 127 

1100 O F  

-------- 
(593 "C) 7 R P -  131 

0 

0 0.0005 0.0010 0.0015 
STRAIN (in./in.) 

Fig .  1 . 7 .  Tens i l e  s t r e s s - s t r a i n  curves  for t ype  304 s t a i n l e s s  s t e e l  
a t  800, 900, 1000,  and llOO°F. 
nealed. a t  2000'F f o r  1 / 2  hour and t e s t e d  a t  0.005/min under se rvo-cont ro l .  

Heat 9T2796 (1 i n .  p l a t e ,  I tem 7 )  rean- 
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1 .2 .2 .  Creep t e s t i n g  

Tes t ing  t o  examine t h e  inf luence  of thermo-mechanical v a r i a b l e s  on 

t h e  creep-rupture  response of t h e  re ference  hea t  of type 304 s t a i n l e s s  

s t e e l  (pT2796) i s  cont inuing.  It  w a s  r epor t ed  e a r l i e r  t h a t  t h e  reanneal-  

i ng  temperature  d i d  not have an important e f f e c t  on t h e  creep behavior of 

1 i n .  p l a t e  ( I tem 7 ) ,  e s p e c i a l l y  when t h e  reannea l ing  temperature w a s  i n  

t h e  1850 t o  2050°F range. Likewise,  t he  cool ing  r a t e  e f f e c t  w a s  not pro- 

nounced except f o r  a very slow r a t e ,  which g r e a t l y  improved t h e  d u c t i l i t y  

and t h e  rup tu re  l i f e .  S tud ie s  on t h e  e f f e c t s  of hea t  t rea tment  a r e  con- 

t i n u i n g ,  with a reduced emphasis, and are t o  inc lude  two o the r  product forms 

[5/8-in.-diam b a r ,  HRAF' ( I tem 18)  and 5/8-in.-diam b a r ,  co ld  drawn ( I tem 2 3 ) l .  

6 

Curren t ly ,  a t t e n t i o n  i s  being given t o  t h e  inf luence  of  c y c l i c  deforma- 

t i o n  on subsequent creep behavior a t  llOO°F. 

a t  2000°F were subjec ted  t o  t e n  cyc le s  a t  room temperature over a one percent  

s t r a i n  range. This  t rea tment  r a i s e d  t h e  y i e l d  s t r e n g t h  from a nominal 26,000 

p s i  t o  about 35,000 p s i ,  which i s  more t y p i c a l  of type 304 s t a i n l e s s  s t e e l  

p l a t e  i n  t h e  A-240 condi t ion .  

over t h e  s t r e s s  range from 15,000 t o  35,000 p s i .  The resu l t s  obta ined  t o  

da t e  a r e  summarized i n  Fig.  1.8 where they  a r e  compared t o  t h e  minimum-creep- 

rate and r u p t u r e - l i f e  t r e n d  curves developed from tes ts  on reannealed 

m a t e r i a l .  The d a t a  suggest  t h a t  s m a l l  amounts of  co ld  work do not g r e a t l y  

in f luence  t h e  subsequent creep behavior .  The s i g n i f i c a n t  d i f f e r e n c e  i n  

the  loading  s t r a i n s  i s ,  of course ,  not shown he re .  The reannealed material ,  

f o r  example, had a y i e l d  stress near 11,000 p s i  a t  llOO°F, while t he  pre- 

cycled m a t e r i a l  had a y i e l d  s t r e s s  near 17,500 p s i  a t  llOO°F. 

i n  c reep  p r o p e r t i e s  of t h e  two condi t ions  may, i n  f a c t ,  be  due t o  t h e  i n f l u -  

ence of loading  s t r a i n s .  

wi th  t h e  loading  of reannealed specimens t o  very  high s t r e s s e s  ( g r e a t e r  t han  

or equal  t o  30,000 p s i ) ,  a c t u a l l y  depresses  i n i t i a l  creep r a t e  f o r  a shor t  

p e r i ~ d . ~  

pu l se  i n  a c reep  t e s t  being conducted a t  a very  high s t r e s s  ( g r e a t e r  than  

or equal  t o  30,000 p s i )  a l s o  depresses  t h e  c reep  r a t e  f o r  a s h o r t  while .  

Conversely, we have found i n  t h e s e  p re sen t  i n v e s t i g a t i o n s  t h a t  small pre- 

cyc l ing  s t r a i n s  inc rease  t h e  primary creep a t  high and in te rmedia te  stresses. 

Severa l  specimens reannealed 

Creep t e s t s  were then  i n i t i a t e d  a t  llOO°F and 

The s i m i l a r i t y  

We have seen t h a t  t h e  "warm-work," which i s  a s s o c i a t e d  

We have a l s o  observed t h a t  t h e  i n s e r t i o n  of a l a r g e  p l a s t i c  s t r a i n  
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. -  

RUPTURE LIFE (hr) 

Fig. 1.8. Influence of cyclic deformation on the minimum creep rate 
Heat 

Open symbols 
and r-ipture life of type 304 stainless steel at l l O O ° F  ( 5 9 3 O C ) .  
9T2796 (1 i n .  plate, Item 7) reannealed at 2000°F (lOg3OC). 
f o r  specimens pre-cycled at room temperature and 1% strain range, closed 
symbo:Ls for specimens pre-cycled at l l O O ° F  ( 5 9 3 O C ) ;  specimen 7FRP-7 at 
2% and specimen 7FRP-44 at 0.6% strain range. 



Similarly, small plastic strain pulses can also accelerate creep at inter- 

mediate stresses (15,000 - 20,000 psi), at least for a short time.7 
data points are included in Fig. 1.8 which show that the influence of pre- 
cycling at llOO'F is similar to precycling at room temperature. 

Two 

6 Two of the cyclic creep tests described in the last quarterly were 

discontinued recently. Specimen 7CRP12 (+22,000/-20,000 psi) was stopped 

after 9 1/2 cycles (3192 hr) and exhibited about 6% accumulated strain. 
Specimen 7CRP9 (+24,500/-22,500 psi) ruptured after 11 1/4 cycles (3723 hr) 
with 20 percent accumulated strain. We have observed, even during the 

initial constant load hold period, lower creep rates in these cyclic creep 

tests than we expected from our monotonic test results. Post test load, 

temperature, and extensometer calibrations eliminated apparatus error as a 

reason for these differences. Two other possibilities are that cold work 

was introduced into these tubular specimens during extensometer attachment 

and at the large strain levels of some tests, the Poisson's contraction was 

restrained by the specimen shoulders and this set up a stress condition that 

retarded the axial creep rate. In Fig. 1.9 a comparison is made between two 
monotonic curves and the cumulative creep curve constructed from the cyclic 

creep test. Specimen 7RP155 was a conventional monotonic creep-rupture 

specimen, 1/4 in. diam and 2.25 in. gage length. Specimen 7CRP13 was a 

tubular specimen identical to the cyclic test specimen 7CRPg (0.6 in. diam, 
0.06 in. wall, and 0.5 in. gage length). The creep behavior of the mono- 

tonic tubular specimen parallels the cumulative creep curve of the cyclic 

specimen. Both are below the curve produced by a conventional test of the 

rod specimen. The most significant difference is in the time for tertiary 

creep and rupture. These are greater for tubular geometry. Cyclic creep 

test data for all tests performed are summarized in Fig. 1.10 which plots 

the log cyclic creep strain component against log stress for the first, 

second, and fourth cycles. These data are compared to monotonic trend 

curves. 
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Fig .  1 . 9 .  Comparison of monotonic c reep  curves wi th  cumulative c reep  
curve cons t ruc t ed  from c y c l i c  c reep  t e s t  da t a .  
hea t  9T2796 (1 i n .  p l a t e ,  I t e m  7 )  t e s t e d  a t  1100OF. Specimens 7RP155 and 
7CRPl.3 t e s t e d  a t  25,000 p s i ,  specimen 7CRP9 t e s t e d  a t  + 2 4 , 5 0 0 / ~ 2 , 5 0 0  p s i  wi th  
a two weeks cyc le  pe r iod .  
r ep resen t  t h e  c reep  s t r a i n s  i n  excess  o f  t h e  r e v e r s a l  s t r a i n s .  

Type 304 s t a i n l e s s  s tee l  

The l i n e  segments between t h e  open symbols 
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Fig .  1 . 1 0 .  Comparison of monotonic and c y c l i c  creep s t r a i n s  f o r  type 
The smooth l i n e  r ep resen t s  t h e  t r e n d  f o r  304 s t a i n l e s s  s t e e l  hea t  9T2796. 

monotonic d a t a  a t  168 hours ,  open symbols a r e  for s t r a i n s  produced i n  t h e  
t ens ion  h a l f  of t h e  creep cyc le ,  and f i l l e d  symbols a r e  f o r  compression. 
The cyc le  time w a s  336 hours .  Only t h e  c reep  s t r a i n  components are included.  
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1.2 .3 .  Relaxat ion t e s t i n g  

N I ~  r e l a x a t i o n  tes ts  were performed i n  t h e  l as t  q u a r t e r .  The r e s u l t s  

ob ta ined  from e a r l i e r  t e s t i n g  per iods  are s t i l l  being s tud ied .  Some pre- 

v ious ly  unreported r e s u l t s  of i n t e r e s t  involve  m u l t i p l e  loadings  and p l o t s  

of behavior p a t t e r n s  a t  llOO°F are included i n  Fig.  1.11. 

were t h a t  t h e  r e l a x a t i o n  hardening w a s  f a i r l y  gradual  f o r  t h i s  hea t  of type  

304 s t a i n l e s s  s t e e l  (hea t  9T2796). 

t h e  o r i g i n a l  s t ress ,  a f t e r  a pe r iod  of r e l a x a t i o n ,  produced a curve which 

w a s  s l i g h t l y  above t h e  prev ious  curve.  Such behavior ,  of course ,  was 

expected. The slow i n c r e a s e  i n  t h e  r e s i s t a n c e  t o  r e l a x a t i o n  implied by 

t h e s e  r e s u l t s  i s  i n  q u a l i t a t i v e  agreement wi th  t h e  r e l a t i v e l y  slow r a t e  

of hard.ening w e  have observed under monotonic creep condi t ions  f o r  t h i s  

hea t  of type  304 s t a i n l e s s  s t e e l .  Some checks were a l s o  made t o  see i f  

r e l a x a t i o n  rates a f t e r  re loadings  which included a l a r g e  p l a s t i c  s t r a i n  

(about  . 2%)  were d i f f e r e n t  than  when t h e  r e load ing  p l a s t i c  s t r a i n s  were 

s m a l l  ( less  than  .l%). We observed no meaningful t r e n d .  A t  f i r s t  g lance ,  

t h i s  behavior c o n f l i c t s  w i t h  our  prev ious  observa t ion ,  based on creep  d a t a ,  

t h a t  p l a s t i c  s t r a i n  pu l ses  a c c e l e r a t e  c reep  r a t e s  for a s h o r t  i n t e r v a l  a t  

in te rmedia te  s t r e s s e s .  

Our f i n d i n g s  

I n  o t h e r  words, each r e load ing  t o  

7 

1 . 2 . 4 .  Creep -p la s t i c i ty  t e s t i n q  

The f i r s t  r e s u l t s  ob ta ined  from 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  t e s t s  

a r e  s m n a r i z e d  i n  F ig .  1 . 1 2 .  A s  i n d i c a t e d ,  about 1.13 percent  s t r a i n  

range w a s  in t roduced  i n  t h e  f i r s t  cyc le .  Af te r  t h e  specimen had y i e l d e d  

i n  t h e  second t e n s i l e  l oad ing ,  t h e  specimen w a s  p laced  under a creep  con- 

d i t i o n .  This  occurred near  a s t r a i n  of minus 0.2 percent  s t r a i n .  The 

creep s t r e s s  w a s  he ld  at 15,000 p s i  for 165 hours (approximately one week). 

T h i s  produced about 0.2 percent  c reep  s t r a i n .  A second p l a s t i c  loop  was 

then  int,roduced. We observed a small s t r a i n  aging peak, which i s  q u i t e  

t y p i c a l  f o r  t h e s e  t e s t i n g  cond i t ions ,  then  t h e  flow curve r e tu rned  t o  a 

p a t t e r n  which we expected f o r  continuous cyc l ing .  These d a t a  suggest  t h a t  

t h e  hardening in f luence  of creep s t r a i n s  i s  about t h e  same as p l a s t i c  

s t r a i n s  f o r  t h e s e  very  s p e c i f i c  cond i t ions .  T h i s  i s  i n  q u a l i t a t i v e  agree- 

ment w i t h  t h e  r e s u l t s  we obta ined  from t e s t s  which were reloaded a f t e r  re laxa-  

t i o n  per iods  around 1 0 0  hours .  The s t e p  load  c reep  t e s t s ,  on t h e  o the r  hand, 
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Fig .  1.11. The inf luence of r e p e t i t i v e  loading i n t o  t h e  p l a s t i c  
s t r a i n  range on t h e  r e l a x a t i o n  s t r e n g t h  of type 304 s t a i n l e s s  s t e e l  a t  
llOO°F ( 5 9 3 O C ) ,  heat  9T2796 (1 i n .  p l a t e ,  I t e m  7 )  reannealed for 1 / 2  hour 
a t  2000°F ( l O g 3 O C ) .  Specimen ~ R P T - ~ .  
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t 

Fig .  1 . 1 2 .  In f luence  o f  a c reep  s t r a i n  introduced i n  a s t r a i n  cyc le  
on t h e  subsequent hardening curve f o r  type  304 s t a i n l e s s  s t e e l .  Heat 
9T2796 p l a t e  ( I tem 7 )  reannealed f o r  1/2 hour a t  2000'F. 
Tested a t  llOO°F. 

Specimen 7FRP68. 



o f t e n  showed t h e  creep s t r a i n s  a r e  more hardening than  p l a s t i c .  The creep 

s t r a i n s  were accumulated over longer  t e s t i n g  t i m e s ,  however ( t h r e e  weeks).  



2. CONSTITUTIVE EQUATION DEVELOPMENT 

2.1.  E l a s t i c - P l a s t i c  Behavior 

K .  C .  Liu 

2.1.1.  Experimental t e s t s  

Experimental e l a s t i c - p l a s t i c  deformation and y i e l d  su r face  behavior  

s t u d i e s  a t  room temperature  were cont inued as a p a r t  of a concerted e f f o r t  

t o  o b t a i n  key information on type  304 s t a i n l e s s  s t e e l  behavior  under gen- 

eral  b i a x i a l  s t r e s s  loadings  wi th in  a r e l a t i v e l y  s h o r t  pe r iod  of t ime.  The 

r e s u l t s  ob ta ined  w i l l  form t h e  b a s i s  f o r  improved hardening l a w  development. 

Two sets of programmed nonradia l  b i a x i a l  s t r e s s  t e s t s  a t  room temperature  

were performed during t h i s  r epor t ing  pe r iod .  

The t e s t s  a r e  b e s t  descr ibed  by r e f e r r i n g  t o  t h e  diagram of F ig .  2 .1 .  

This  diagram shows loading  pa th  d i r e c t i o n s  which must be examined t o  permit  

meaningful c h a r a c t e r i z a t i o n  of subsequent loading  response f o r  a specimen 

t h a t  has been preloaded along a pa th  such as G. The reasons a r e  as fo l lows .  

Consider p r o p o r t i o n a l ,  or r a d i a l ,  loading  of a specimen from t h e  v i r g i n  

s t a t e  a t  p o i n t  0 t o  t h e  s t r e s s  s t a t e  a t  po in t  P i n  the  p l a s t i c  reg ion  of 

t h e  b i a x i a l  s t r e s s  space shown i n  F ig .  2 .1 .  The c l a s s i c a l  kinematic harden- 

ing  theory  assumes t h a t  t h e  i n i t i a l  y i e l d  su r face  t r a n s l a t e s  r i g i d l y  i n  

t h e  s t r e s s  space as t h e  s t ress  p o i n t  i s  moved along loading  p a t h  No. 5 t o  

po in t  P.  Any subsequent unloading from po in t  P w i th in  t h e  y i e l d  su r face  

through t h a t  p o i n t  w i l l  not  a l t e r  t h e  shape or p o s i t i o n  of t h e  su r face .  The 

l i n e a r  hardening hypothes is  of t h e  c l a s s i c a l  theory  r e s u l t s  i n  a flow r u l e ,  

o r  an incremental  s t r e s s - s t r a i n  r e l a t i o n ,  which g ives  t h e  same increment of 

p l a s t i c  s t r a i n  for a given increment of s t r e s s  i n  t h e  normal d i r e c t i o n ,  

r ega rd le s s  of t h e  l o c a t i o n  of t h e  s t r e s s  po in t  on t h e  subsequent y i e l d  sur-  

f ace .  Fu r the r ,  t h e  motion o f  t h e  su r face  i s  determined i n  a l l  ca ses  by a 

cons tan t  which r e l a t e s  t h e  t r a n s l a t i o n  of t h e  y i e l d  su r face  and t h e  p l a s t i c  

s t r a i n .  Consequently,  any r a d i a l  loading  from t h e  c e n t e r ,  0 ' ,  of t h e  sub- 

sequent y i e l d  su r face  toward t h e  o u t s i d e ,  such as loadings  along pa ths  Nos. 

1, 5 ,  6 ,  7 ,  and 8 ,  w i l l  y i e l d  s t r e s s - s t r a i n  responses  which do not depend 

upon d i r e c t i o n  wi th  r e spec t  t o  t h e  p r e s t r a i n i n g  pa th  z. 
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Fig .  2 .1 .  Schematic of loading  pa ths .  
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Clirect ional  i nva r i ance  can be considered only  as a f i r s t  approximation. 
8 

This  i s  shown by t h e  r e s u l t s  of our  previous t e s t s  f o r  c y c l i c  loadings  i n  

b i a x i a l  s t r e s s  space.  P ropor t iona l  loading  from t h e  o r i g i n  i n  t h e  d i r e c t i o n  

of pa th  No. 5 i n  Fig.  2.1 followed by completely reversed  loading  from p o i n t  

P a long p a t h  No. 1 i s  a t y p i c a l  combined stress c y c l i c  loading  h i s t o r y .  

Resu l t s  from t h i s  type  loading  show t h a t  t h e  p l a s t i c  s t r a i n  r a t e  a t  p o i n t  

P i n  t h e  d i r e c t i o n  of pa th  No. 5 i s  much h igher  f o r  a given s t r e s s  r a t e  

than  t h e  s t r a i n  ra te  a t  po in t  D i n  t h e  d i r e c t i o n  of loading  pa th  No. 1 f o r  

t h e  same s t ress  r a t e .  A continuous change i n  p l a s t i c  s t r a i n  ra te  f o r  a 

given s t r e s s  r a t e  would be expected t o  occur  wi th  d i r e c t i o n  of  loading  be- 

tween t h e s e  two extremes when t h e  loadings  a r e  r a d i a l  wi th  r e spec t  t o  t h e  

cu r ren t  su r f aces .  However, t h e  p l a s t i c  s t r a i n  r a t e  dependencies f o r  r a d i a l  

pa ths  through p o i n t s  a long the  y i e l d  locus  o t h e r  than  p o i n t s  D ,  P,  and B 
a r e  v i r t u a l l y  unknown. [The t e s t  r e s u l t s  f o r  loading  pa th  No. 7 (pas s ing  

through B) were r epor t ed  i n  t h e  l a s t  progress  r e p ~ r t . ~ ]  

deformation behavior  d a t a  corresponding t o  o t h e r  d i r e c t i o n s  a r e  t o  be 

obta ined  by explor ing  loading  pa ths  Nos. 6 and 8 ,  which were s e l e c t e d  t o  

g ive  cDverage a t  45 deg i n t e r v a l s .  

Hence, p l a s t i c  

The f i r s t  of t h e  two room temperature  t e s t s  w a s  programmed t o  s tudy 

y i e l d  sur face  behavior  as w e l l  as s t r e s s - s t r a i n  response along loading  pa th  

No. 6 .  D e t a i l s  of t h e  loading  program used i n  t h i s  t e s t  a r e  shown i n  F ig .  

2 .2 .  Af t e r  an  i n i t i a l  p r e s t r a i n i n g  t o  po in t  P ,  t h e  specimen w a s  p a r t i a l l y  

unloaded and t h e  subsequent y i e l d  su r face  w a s  i n v e s t i g a t e d .  The dashed- 

l i n e  c i r c l e  i n  t h e  diagram i n d i c a t e s  t h e  conf igu ra t ion  based on t h e  c l a s s -  

i c a l  kinematic hardening r u l e .  The second major segment of t h e  loading  

pa th  w a s  a long i~ s t r a i g h t  l i n e  running from near t h e  c e n t e r  of  t h e  su r face  

through t h e  p o i n t  P t o  t h e  p o i n t  Q.  Again, a subsequent y i e l d  su r face  w a s  

i nves t rga t ed  fo l lowing  p a r t i a l  unloading from po in t  Q. Since t h e  p o s i t i o n  

of t h e  subsequent y i e l d  su r face  determined from experiment and t h a t  ca l -  

cu la t ed  from theory  were not t h e  same, t h e  t h i r d  and f o u r t h  segments of 

t h e  loading  pa th  were chosen t o  i n i t i a t e  from po in t  T and from p o i n t  U ,  

r e s p e c t i v e l y .  

determined subsequent y i e l d  sur face  conf igu ra t ions .  I n  every c a s e ,  t h e  

d i r e c t i o n  of t h e  loading  pa th  w a s  r o t a t e d  45 deg clockwise wi th  r e spec t  t o  

the  immediate p r i o r  d i r e c t i o n ,  as shown i n  F ig .  2 .2 .  The t e s t  d a t a  obta ined  

These p o i n t s  were c l o s e  t o  t h e  c e n t e r s  of t h e  exper imenta l ly  
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F i g .  2.2. Loading pa th  diagram. 
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provide additional information on surface translation and change in shape 

as functions of plastic deformation history. Because of the complexities 

of the inelastic stress-strain responses, a significant amount of work re- 

mains j.n processing and digesting the information obtained. 

In the last progress report we gave the results for nonradial biaxial 
stress testsg along paths corresponding to Nos. 3 and 7 in Fig. 2.1. 
stress-strain responses obtained from these tests were also subjected to 

analytt-cal studies, which were discussed in Section 4.1.2 (Ref. 10) in 

the last progress report. This study indicated discrepancies between the 

expeririental data and results obtained from kinematic hardening theory. 

Therefore, the second of the two yield surface experiments carried out was 

programed to investigate the stress-strain relation along loading path No. 

4 (Fig. 2.1), which bisects the angle between paths No. 3 and No. 5 ,  and 
to determine subsequent yield surfaces relative to this type of loading. 

Portions of the data taken along path No. 4 as well as along subsequent 
loading paths were not very satisfactory due to unstable instrument control. 

Therefore, detailed discussion of the test results must be deferred until 

data pi;ocessing is completed. 

The 

In connection with high-temperature testing, we have initiated design, 

fabrication, and testing work on a high-temperature biaxial capacitive 

transducer which will give strain measuring precision at elevated tempera- 

ture a:; required by our yield surface tests. This is an important project 

because the presently used extensometer devices for high-temperature tests 

do not measure strain directly from a specimen. Of course, the use of such 

devices is acceptable for investigations of yield surfaces, but greater 

accuracy is required for the necessarily detailed examinations of inelastic 

stress-strain responses associated with elastic-plastic deformation and with 

plasticity and creep deformation interactions at elevated temperatures. 

Therefore, the development of a new high-temperature extensometer which can 

provide direct measurement of biaxial strains at elevated temperature is 

required, and the preliminary design of such an extensometer is being 

pr epar (3 d . 
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2.1.2. Theoretical studies 

The study of bilinear cyclic stress-strain relations discussed in the 

last progress report is continuing. In order to achieve a smooth transi- 

tion from K O  to K1 for structural analysis use, a set of bilinear stress- 

strain relations, which were determined in accordance with the rule discussed 

in Ref. 10, was given in the last progress report and used in beam analyses. 

That particular set of curves (shown in Fig. 2.3) was constructed from the 
results of an ORNL cyclic test at llOO'F with a constant cyclic strain range 

of 0.6% strain, obtained by R. W. Swindeman. Two more bilinear stress-strain 

curves shown in Figs. 2.4a and 2.4~ were constructed from later cyclic test 

data for 0.4% and 1% total strain range by the same method. 
K is a function of cyclic strain range and other variables. 

9 

It is seen that 

In order to include hardening behaviors, as shown in Fig. 2.4, in in- 

elastic structural analyses, an analytical expression for K in terms of re- 

lated variables that will give a single quasi continuous-type function has 

been actively sought. Because the elements of real structures are often sub- 

jected to a variety of time varying loading and temperature loadings in ser- 

vice applications the function derived must be applicable for any range of 

expected condition. An attempt to formulate a useful mathematical expression 

to represent the bilinear curves of Fig. 2.4 is described here. 

Since suitable available data at the time of this study were limited to 

those obtained at room temperature and llOO°F, the temperature variable was 

no; included in this first formulation. 

derived for l l O O ° F  cyclic loadings. 

The expression given below was 

in which 

(2.2) 
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TYPE 304 S/S. ANNEALED ( 9 T 2 7 9 6 )  
TEMPERATURE l l O O ° F  
STRAIN RATE O . O O S / m i n  
UNIAXIAL TEST 

ORNL-DWG-73- 5961 

Fig.  2.3.  Nonlinear and b i l i n e a r  s t r e s s - s t r a i n  r e l a t i o n s .  
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and o the r  11's are def ined  analogously.  Here, t h e  s u b s c r i p t s  "i" denotes 

t h e  l as t  previous po in t  of loading  r e v e r s a l .  All p o i n t s  of loading  r e v e r s a l  

are s e q u e n t i a l l y  numbered, with i = 0  being t h e  v i r g i n  s ta te .  The terms A,  B ,  

D ,  E ,  and G a r e  cons t an t s ,  while  t h e  o t h e r  symbols a r e  def ined  i n  F i g .  2.5. 

Equation ( 2 . 1 )  i s  intended t o  r ep resen t  c y c l i c  hardening behavior  of 

t h e  m a t e r i a l  over t h r e e  cons tan t  s t r a i n  ranges from 0.4% t o  1% s t r a i n .  

However, due t o  d i s c r e t e  changes of  t h e  r e fe rence  v a r i a b l e s  i n  t h e  c y c l i c  

loading  p rocess ,  as shown i n  F ig .  2 . 5 ,  t h e  equat ion i s  capable  of r ep resen t -  

ing  sa . l ien t  features of random c y c l i c  l oad ing  behavior as w e l l  as t h a t  of  

cons tan t  range c y c l i c  loading .  

of c y c l i c  b i l i n e a r  s t r e s s - s t r a i n  curves  c a l c u l a t e d  f r o m  Eq .  ( 2 . 1 ) .  S i g n i f i -  

can t  reduct ion  m a t e r i a l  hardening f o r  decreases  i n  p l a s t i c  s t r a i n  range 

during a t e s t  i s  a t y p i c a l  phenomenon f o r  t h i s  type  of c y c l i c  loading  t e s t .  

(2.1), t h e  express ion  f o r  func t ion  C 

This  i s  i l l u s t r a t e d  i n  F ig .  2.6 by a s e t  

When K t akes  t h e  form of  Eq.  

which r e l a t e s  t h e  t e n s o r  desc r ib ing  t h e  t r a n s l a t i o n  of t h e  y i e l d  su r face ,  

a and t h e  p l a s t i c  s t r a i n  t e n s o r ,  E' by 
i j '  i j '  

i s  deri.ved as fo l lows  for b i l i n e a r  s t r e s s - s t r a i n  r e p r e s e n t a t i o n .  

where 

and 

( 2 . 3 )  

(2.4) 

( 2 . 5 )  

( 2 . 6 )  

and 0 :  i s  t h e  d e v i a t o r i c  s t r e s s  t e n s o r .  
l j  
The express ion  ( 2 . 1 )  i s  not  a f i n a l  form and i s  only  f o r  cu r ren t  use  i n  

performing ana lyses  of simple s t r u c t u r e s ,  such as beams, being t e s t e d  i n  o t h e r  

p a r t s  of t h i s  program. Development work a s soc ia t ed  wi th  t h e  d e r i v a t i o n  of a 

s u i t a b l e  gene ra l  func t ion  form i s  being cont inued.  



Fig. 2.5. Schematic of bilinear stress-strain curves. 
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BASED ON UNIAXIAL TEST DATA FOR 
TYPE 304 S/S ,  ANNEALED ( 9 T 2 7 9 6 )  
TEMPERATURE I100 O F  

ORNL-DWG-73-10359 

25 T 

Fig. 2.6. Random c y c l i c  s t r e s s - s t r a i n  curves.  
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2.2. Time-Dependent Behavior 

C. E. Pugh 

2.2.1. 
of materials 

Representation of nonlinear hereditary behavior 

The knowledge of thermomechanical behavior of structural materials and 

the mathematical representation of this knowledge are of fundamental impor- 

tance in the analysis and design of LMFBR components. A final proposal has 

been received from Yale University to provide contributions to the develop- 

ment of applicable theories as a part of ORNL's overall efforts in this 

area. The principal investigator is Professor E. T. Onat, and an initiation 
of a subcontract in early FY-1974 is being sought. 

Available experimental and theoretical knowledge will be reviewed, in- 

cluding constitutive equations that are being recommended and candidate 

equations for design use. 

these constitutive equations capable of representing, with sufficient accu- 

racy, the essential and significant features of the observed behavior? How 

can these equations be modified so that their accuracy is increased and 

their ability to represent significant features is enhanced? The examina- 

tion of these questions will embrace the ideas in Ref. 11 and involve ex- 

tensions to the work reported in Ref. 11 in the areas of multiaxial stress- 

ing, thermodynamic aspects, and microscopic studies. As the theoretical 

work progresses, test recommendations will be provided to ORNL on a continu- 

ing basis for possible incorporation into experimental activities of the 

overall program. 

The following questions will be examined: Are 

2.2.2. Multiaxial creep studies (Professor W. N. Findley, Brown 
University) 

1. Test No. 7 using Specimen 4-304-16 was performed with the same stress 
ratio, ( S I T ,  as Test No. 2 but with a Mises stress of 1 5  ksi instead of 
the 15.170 ksi used in Test No. 2. 

psi, T = 3,369 psi and were held fixed for 1006.9 hours. 
removed, and the creep strain recovery was recorded for 319.4 hr. 
average temperature was 1 ~ 7 . 2 ~ ~ .  

The initial stresses were 0 = 13,819 
The load was 

The 
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Resu l t s  f o r  t h i s  t e s t  a r e  given i n  F igs .  2.7 through 2.10, and 

some l i m i t e d  comparisons with Tes t  No. 2 a r e  shown i n  Table 2.1. Com- 

pa r i sons  wi th  Tes t  No. 2 ( s e e  Ref. 1 2 )  show t h a t  both t h e  t e n s i o n  and 

t o r s i o n a l  c reep  r a t e s  were s i g n i f i c a n t l y  l e s s  i n  Test  No. 7 t han  i n  

Test  No. 2. I n i t i a l  and one-hour s t r a i n  readings  were l a r g e r  i n  t ens ion  

anc, smal le r  i n  t o r s i o n  f o r  Tes t  No. 7 than  Tes t  No. 2. The d i r e c t i o n  

of t h e  s t r a i n  r a t e  vec to r  f o r  Tes t  No. 7 (shown i n  F ig .  2 .11 and 2.12)  

moved somewhat f a r t h e r  away from t h e  Mises equiva len t  than  Tes t  No. 2 .  

The c reep  r a t e  a t  120 h r  i n  Tes t  No. 7 w a s  about 1 / 1 0  t h a t  i n  Tes t  No. 

2. 

It  appears  from Fig .  2.12 t h a t  t h e r e  i s ,  f o r  s t r e s s  s t a t e s  on t h e  

Mises s u r f a c e ,  a t r e n d  f o r  t h e  s t r a i n  r a t e  vec tor  t o  decrease i n  

magnitude as t h e  s t r e s s  s t a t e  moves from pure t o r s i o n  toward pure 

t ens ion .  This  observa t ion  i s  i n  agreement with t h e  d i r e c t i o n  of t h e  

s t r a i n  ra te  vec to r s .  Both suggest  t h a t  t h e  creep su r face  e l l i p s e  may 

have a somewhat s h o r t e r  shear  a x i s  t han  t h e  Mises e l l i p s e .  

Af t e r  t h e  s t r e s s e s  were removed i n  Tes t  No. 7 ,  t h e  specimen exhib- 

i t e d  an e l a s t i c  response followed by a s l i g h t  time-dependent recovery 

a s  shown i n  F igs .  2 .8  and 2.10. The only  known d i f f e r e n c e s  between 

Tes t  No. 7 and T e s t  No. 2 a r e  t h e  fo l lowing:  ( a )  t h e  e f f e c t i v e  s t r e s s  

w a s  s l i g h t l y  lower i n  Tes t  No. 7 than  i n  Tes t  N o .  2 ,  and ( b )  t h e  speci-  

m e n  i n  T e s t  Xo. 2 w a s  f i n i s h e d  by machining, whereas t h e  specimen i n  

Tes t  No. 7 w a s  f i n i s h e d  by honing t h e  bore  and gr inding  t h e  o u t s i d e  

diameter .  

Ci rcumferent ia l  s t r a i n s  observed dur ing  Tes t  No. 7 a r e  shown i n  

Figs. 2 .9  and 2.10. S t r a i n s  during t h e  e a r l y  p a r t  of t h e  t e s t  a r e  not  

ava:tlable due t o  a c i r c u i t r y  e r r o r ,  which a l s o  a f f e c t e d  t h e  zero read- 

i n g ,  Thus t h e  s t r a i n s  shown a r e  approximations which were computed by 

s e l e c t i n g  a zero reading  which would y i e l d  t h e  same r a t i o  of a x i a l  t o  

circ!umferential  s t r a i n  a t  300 h r  i n  Tes t  No. 7 as observed i n  t h e  pure 

t e n s i o n  c reep  t e s t  a t  300 h r  i n  Tes t  No. 6.  
Two a d d i t i o n a l  specimens have been f i n i s h e d  by honing and g r ind ing ,  

sperimens Nos. 8 and 11, and two o t h e r s  have been f i n i s h e d  by machining, 

specimens Nos. 7 and 1 0 .  The honed and ground specimens w i l l  be used 

f o r  a s e r i e s  of c reep  t e s t s  a t  an e f f e c t i v e  s t r e s s  of  1 0  k s i ,  whi le  t h e  

two f i n i s h e d  by machining w i l l  be used f o r  a pure t o r s i o n  and a pure 

t ens ion  c reep  t e s t  a t  15 k s i  e f f e c t i v e  s t r e s s .  

2. 
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Table 2.1. Comparison o f  r e s u l t s  from t e s t s  Nos. 2 and 7 ,  
type  304 s t a i n l e s s  s t e e l  specimens 

S t r e s s  s t a t e  ( 0 , ~ )  ( p s i )  

T e s t  2 T e s t  7 

(13975 3407) (13819,3369) 

1 5  000 E f f e c t i v e  s t ress  ( p s i )  15,170 

~ 1 1 ,  a x i a l  s t r a i n s  ( % )  

I n i t i a l  0.6248 (50 s e c s )  0.8254 (50 s e c s )  

1 hour 0.8786 0.9669 

120 hours 2.9140 1.4206 

~ 1 2 ,  shea r  s t r a i n s  ( % )  

I n i  t i a1 

1 hour 

120 hours 

S t r a i n  r a t e s  a t  120 h r  
( % h r  ) 

, a x i a l  

t 1 2 ,  shear  

0.3381 (42  s e c s )  0.2964 (30  s e c s )  

0.4332 0.3512 

1.1730 0.5454 

0.0167 

0.0051 

0.0015 

0.0007 
- 
E, e f f e c t i v e  0.0126 0.0013 
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Fig, 2.7. Short-time and long-time creep strains versus time for 
test No. 7 conducted with the same stress-ratio as test No. 2. 
stainless steel (heat 9T2796) specimen from nominal 2-in. bar stock. 
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Test No. 7 
Specimen No. 4-304-16 
a - 13,819 p s i  
T = 3 ,369  p s i  
T = 1,117OF 

ORNL-DWG-73-10363 

Fig. 2.10. Circumferential strain versus time during unloaded, or 
recovery, interval of test No. 7. 
specimen from nominal 2-in. bar stock. 

Type 304 stainless steel (heat 9T2796) 
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Fig .  2.11. Shear s t r a i n - a x i a l  s t r a i n  t r a j e c t o r i e s  f o r  t e s t s  Nos. 5 
and 7.  Type 304 s t a i n l e s s  s t e e l  ( h e a t  9T2796) specimen from nominal 2-in,  
ba r  s tock .  



ORNL-DWG-73-10365 

'Test 4 

/ Mlses ellipse 
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20 16 
0 1  

0 4 8 12 

Axial Stress, ksi 

Fig.  2 .12 .  E f fec t ive  s t r a i n  r a t e  v e c t o r s  i n  tens ion- tors ion  s t r e s s  
space a t  120  hours and llOO'F f o r  t e s t s  Nos. 1 through 7.  
l ess  s t e e l  (heat 9T2796) specimens from nominal 2-in. ba r  s tock .  

Type 304 s t a in -  
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3. Specimen No. 11, Test No. 8, is ready for test in pure torsion at a 
stress of 5,772 psi and a temperature of llOO°F. This is an effective 

stress of 10 ksi. 

4. Specimen No. 8, Test No. 9, is ready for test in pure tension at a 
stress of 10,000 psi and a temperature of llOO°F. 

5. S i x  additional high temperature lamps have been received. 

6. The possibility of shortening the compression specimen system to minimize 

the chance of buckling is being explored. A short (8-13/16 in.) heat- 
ing lamp was obtained. This was mounted in an old specimen with suit- 

able end fittings, end heaters, thermocouples and heat reflector and 

a test was made to determine whether it would be possible to use this 

lamp in tests at llOO°F. Results indicate that the lamp has sufficient 

wattage. So this method appears possible. Some preparations have been 

made toward performing a compression load test at temperature to deter- 

mine whether buckling is likely at stresses up to 15 ksi. 
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3. FAILURE STUDIES 

3 - 1 - 

3.1. Study of t h e  Ef fec t  of B i a x i a l i t y  i n  Creep-Fatigue 
a t  Elevated TemDeratures 

Professor  S .  Y .  Zamrik 
Pennsylvania S t a t e  Univers i ty  

1. Fat igue t e s t s  

B iax ia l  s t r a i n s  are imposed on type  304 s t a i n l e s s  s t e e l  t u b u l a r  speci-  

mens as a r e s u l t  of simultaneous push-pull  and t o r s i o n a l  loadings .  B i a x i a l  

t e s t s  were conducted at 1200°F, 1000°F, and room temperatures .  The loading 

system i s  s i n u s o i d a l  a t  a frequency of 25 cpm. 

3.1.2.  Experimental r e s u l t s  

Twenty-one b i a x i a l  specimens have been t e s t e d  at 1200°F and s i x  a t  

1000°F. 

axial  s t r a i n  range, A E ~ ,  v a r i ed  from 112 t o  5 .  
sen ted  i n  Table 3.1,  which a l s o  shows t h e  appl ied  b i a x i a l  s t r a i n  range i n  

terms of maximum p r i n c i p a l  s t r a i n  range,  A E ~ ,  e f f e c t i v e  s t r a i n  range ,  A E ~ ,  

and oc tahedra l  shear  s t r a i n  range,  Ayoct, 

t h e  form o f :  

The b i a x i a l  s t r a i n  r a t i o  of t o r s i o n a l  shear  s t r a i n  range,  Ayxe, t o  

Experimental  d a t a  a r e  pre- 

- 

The t h r e e  a r e  i n t e r r e l a t e d  i n  

- -  
e Ayoct = J2 AE 

or  

- 2 ’  LIE 1 
AE = - e fl 10.5 + J2.25 + X’! 

c 

( 3 . 1 )  

( 3 . 2 )  

where @ = A&:2/AEl  and R = AyXe/lkx. 

I n  der iv ing  t h e  preceeding equat ions ,  it i s  assumed t h a t  t h e  volume 

remains cons tan t  and Poisson’s  r a t i o  i s  112. A s  a r e s u l t  of t h i s  assumption, 

t h e  d a t a  can be presented  i n  terms of any of t h e s e  t h r e e  measures s ince  

they  dev ia t e  by a cons tan t .  This can be observed i n  examining Table 3.2 
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T a b l e  3.1. B i a x i a l  fatigue t e s t  r esu l t s  fo r  304 s t a i n l e s s  s t e e l  ( h e a t  9T2796) 

Specimen Axia l  T o r s i o n a l  Ayxe Temp. P r i n c i p a l  S t r a i n  Ranges T o t a l  E f f e c t i v e  O c t a h e d r a l  !4 of  Cycles  
( O F )  S h e a r  To F a i l u r e  No. S t r a i n  S h e a r  - A E ~  A E ~  S t r a i n  S t r a i n  

Range S t r a i n  AEX Range Range S t r a i n  (N) 
A E X  

( % I  'YXe ( R )  ( % )  ( % )  Ayoc t  

Range Range 

( % I  ( % I  
G 14  
G 17  
G 18  
G 15  
G 20 
H 1  
H 2  
H 3  
H 4  
G 16 
H 6  
H 7  
I 6  
H 1 8  
H 16  
I 3  
I 2  
I 4  
I 5  
I 15  
I 16 
H 8  
H 9  
H 11 
H 13 
H 14 

H 19 
H 17  
I 7  
I 8  
I 1 3  
I 14 
I 9  
I 10 
I 11 
I 1 2  

n 1 5  

2.00 
1 .50  
0 .50  
2 .00  
0 . 8 0  
1 . 0 0  
0 . 7 5  
0 .60  
0 . 5 0  
1 . 0 0  
0.50 
1.50 
0 .80  
1 . 2 0  
0 .60  
0 .72  
0 .60  
0 . 9 0  
0 .40  
0 .40  
0 .70  
0 .60  
0 .75  
0 . 5 0  
0 .30  
0 . 4 0  
0 .60  
0 . 2 8  
0 . 2 5  
0 . 2  
0 . 6  
1 . 2  
1 . 6  
0 . 8  
0 . 6  
1 . 2  
1 . 0  

1 .00  
0 . 7 5  
0 .25  
2 .00  
0 .80  
2.00 
1 . 5 0  
1 .20  
1 .00  
5 .00  
0 . 2 5  
0 .75  
0 .40  
0 .60  
0 . 3 0  
0 .72  
0 .60  
0 .90  
0 .40  
0 .40  
0 .70  
1 .20  
1 .50  
1.00 
0 .60  
0 .80  
1 .20  
0 .56  
0 .50  
1.00 
3 .00  
0 .60  
0 .80  
0 .80  
0 .60  
1 .20  
1 . 0 0  

0 . 5  
0 . 5  
0 . 5  
1 . 0  
1 . 0  
2 . 0  
2 . 0  
2 .0  
2 .0  
5 . 0  
0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 5  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
2 .0  
2 .0  
2 . 0  
2 .0  
2 .0  
2 .0  
2 .0  
2 .0  
5 . 0  
5 .0  
0 . 5  
0 . 5  
1 . 0  
1 . 0  
1 .o  
1 . 0  

Room 
Room 
Room 
Room 
Room 
Room 
Room 
Room 
Room 
Room 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1000 
1000 
1000 
1000 
1000 
1000 

2 .08  
1 .56  
0 .52  
2.30 
0 .921  
1 .50  
1 . 1 2 5  
0 . 9 0  
0 .75  
2 .86  
0 . 5 2  
1 . 5 6  
0 .832  
1 . 2 4 8  
0 .62  
0 . 8 3  
0 . 6 9  
1 . 0 4  
0 .46  
0 .46  
0 . 8 1  
0 .90  
1 .125  
0 .75  
0 . 4 5  
0 .60  
0 .90  
0 . 4 2  
0 .375  
0 .572  
1 . 7 1 6  
1 .248  
1 .664  
0 . 9 2 1  
0 . 6 9 1  
1 .381  
1 . 1 5 1  

-1.08 -1 .00  
-0 .81  - 0 . 7 5  
-0 .27  - 0 . 2 5  
-1 .30  - 1 . 0 0  
-0.521 -0 .40  
-1 .00  -0 .50  
-0 .75  -0 .375  
-0 .60  -0 .30  
-0 .50  -0 .25  
-2 .36  -0.50 
- 0 . 2 7  -0 .25  
- 0 . 8 1  -0 .75  
-0 .432  -0 .40  
-0 .648  -0 .60  
-0 .32  -0 .30  
-0 .47  -0 .36  
-0 .39  -0 .30  
-0 .59  - 0 . 4 5  
-0 .26  -0 .20  
-0 .26  -0 .20  
-0 .46  -0 .35  
-0 .60  - 0 . 3 0  
-0 .75  -0 .375  
-0 .50  -0 .25  
-0 .30  -0 .15  
-0 .40  -0 .20  
-0 .60  -0 .30  
-0 .28  -0 .14  
-0 .25  -0 .125  
-0 .472  -0 .10  

-0 .648  -0 .60  

- 0 . 5 2 1  -0 .40  

-0 .781  -0 .60  

-1 .416  -0 .30  

-0 .864  -0 .80  

-0 .391  - 0 . 3 0  

-0 .651  -0 .50  

2 .55  
1 .91  
C.64 
2 .82  
1 . 1 3  
1 . 8 7  
1 . 4 0  
1 . 1 2  
0 . 9 4  
3.74 
0 .64  
1 . 9 1  
1 .02  
1 . 5 3  
1 . 1 2  
1 . 0 2  
0 .847  
1 . 1 3 3  
0 .565  
0 .565  
0 .995  
1 . 1 2  
1 .40  
0 . 9 4  
0 . 5 6  
0 . 7 5  
1 . 1 2  
0 . 5 2  
0 . 4 7  
0 .748  
2 .24  
1 .529  
2 .039  
1.131 
0 . 8 4 8  
1 .697  
1 .414  

2 .08  
1 . 5 6  
0 . 5 2  
2 .30  
0 . 9 2  
1 . 5 3  
1 .14  
0 . 9 1  
0 .77  
3 .05  
0 .52  
1 . 5 6  
0 . 8 3  
1 . 2 5  
0 . 6 2  
0 . 8 3  
0 . 6 9  
1 .04  
0 .46  
0 . 4 6  
0 . 8 1  
0 . 9 1  
1 . 1 4  
0 .77  
0 .46  
0 . 6 1  
0 . 9 1  
0 . 4 3  
0 .39  
0 .61  
1 . 8 3  
1 .248  
1 .664  
0 .923  
0 .692  
1 .385  
1 .154  

2 .94  
2 . 2 1  
0 . 7 4  
3 .26  
1 . 3 0  
2 .16  
1 . 6 2  
1 . 3 0  
1 . 0 8  
4 .32  
0 .74  
2 .21  
1 .17  
1 .77  
0 . 8 8  
1 . 1 8  
0 . 9 8  
1 . 4 7  
0 . 6 5  
0 . 6 5  
1 . 1 5  
1 .30  
1 . 6 3  
1 . 0 8  
0 . 6 5  
0 .86  
1 .30  
0 . 6 0  
0 . 5 5  
0 . 8 6  
2 .59  
1 .764  
2 .353  
1.31 
0 .978  
1 .958  
1 .632  

1075 
1700 

11550 
1160 
4 00 

4300 
6000 
6900 
1100 
2452 

150 
164 
110 

1074 
100 
700 
152 

1121 
2390 

865 
693 
400 
8 30 

4045 
2612 

800 
7800 

12800 
6200 

215 
1187 

6 80 
1698 
3178 

8 35 
955 

2180 
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Table 3.2. S t r a i n  range measures expressed i n  terms 
of t h e  maximum p r i n c i p a l  s t r a i n  range f o r  va r ious  s t r a i n  r a t i o s  

~ 

E f f e c t i v e  s t r a i n  T o t a l  s t r a i n  Octahedral shear  
range range s t r a i n  range 

a 
2 

R = -  *YXf3 + = - -  - A& 1 

“e *&T Ayoct 

o ( u n i a x i a l )  

0.5 
1 . 0  

2 

3 
4 
5 
6 
7 
8 
9 
10 

(pure  t o r s i o n )  

-0.500 

-0.5194 
-0.5657 
-0.6666 
-0. 74053 
-0. 7904 
4.8252 
-0.8504 
-0.8694 
-0.8842 
4.8961 
-0.9057 
-1.0000 

1.0000 A&l 

1.0002 A&, 
1.0028 A E ~  
1.0181 A E ~  
1.0378 A E ~  

1.0547 A E ~  
1.0681 AE 

1.0787 A E ~  
1.0871 A E ~  
1.0940 A E ~  

1.0996 A E ~  

1.1043 A E ~  
1.1547 A E ~  

1.2247 A E ~  
1.2251 A E ~  

1.2283 A E ~  
1.2469 A E ~  
1.2710 A E ~  

1.2917 A&l 
1.3082 A E ~  

1.3211 A&l 
1.3314 A E ~  
1.3399 Acl 
1.3467 A E ~  
1.3525 AEl 
1.4142 A E ~  
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- 
where, f o r  example, t h e  dev ia t ion  of A& 
n e g l i g i b l e .  

from k l  f o r  R = 0 t o  R = 4 i s  e 

To s impl i fy  t h e  eva lua t ion  of d a t a  obta ined  thus  f a r  f o r  room, 1000°F, 

and 1 2 C O O F  temperatures  under a x i a l ,  t o r s i o n a l  and b i a x i a l  t e s t s ,  t h e  

oc t ahedra l  shear  s t r a i n  theory  w i l l  be used as a r e fe rence .  Thus, t h e  con- 

ve r t ed  d a t a  of a l l  t es t s  a r e  shown i n  F igs .  3 .1  through 3.3. 

I n  F ig .  3 .1 ,  t h e  upper bound f o r  t h e  room temperature  d a t a  i s  repre-  

sented by t h e  pure t o r s i o n a l  d a t a  and t h e  lower bound by t h e  a x i a l  da t a .  

The biE.xia1 d a t a  v a r i e s  between t h e  two bounds, f o r  example, t h e  b i a x i a l  

t e s t  dE.ta for a s t r a i n  r a t i o  of 0 . 5 ,  low shear  s t r a i n  component, f a l l  near  

t h e  a x i a l  d a t a ,  and d a t a  approach t h e  upper bound of pure t o r s i o n a l  d a t a  

as t h e  shear  s t r a i n  inc reases .  The lower bound can be considered as a 

conserva t ive  design base  l i n e  i f  t h e  c l a s s i c a l  oc t ahedra l  shear  s t r a i n  

theory  i s  used as an i n t e r p r e t a t i v e  method t o  b i a x i a l  room temperature  

da t a .  It i s  r e l a t e d  t o  t h e  number of cyc le s  t o  f a i l u r e  i n  a power l a w  

r e l a t i o n s h i p  i n  t h e  form o f :  

A y O C t  Na = C (3.4) 

However, t h i s  approach i s  not v a l i d  i f  one examines F ig .  3 .2  where 

t h e  temperature  i s  12OO0P. The d a t a  do not fo l low t h e  room temperature  

observa t ion  d e s p i t e  t h e  f a c t  t h a t  an upper bound i s  s t i l l  t h e  t o r s i o n a l  

data. The 1200°F environment shows a cons iderable  de t r imen ta l  f a c t o r  on 

t h e  l i f e  of  t h e  m a t e r i a l  under b i a x i a l  l oad ing ,  s i n c e  t h e  b i a x i a l  t e s t  

da t a  f a l l  below t h e  a x i a l  d a t a  ( a  lower bound a t  room tempera tu re ) .  

most c r i t i c a l  s c a t t e r  and d e t e r i o r a t i o n  i n  l i f e  t akes  p l ace  a t  N 5 l o 3  
cyc le s .  This  behavior  i s  not  no t i ceab le  i n  t h e  1000°F d a t a  shown i n  Fig.  

3.3. 

a f a c t o r  of 1 0 .  It i s  suspected t h a t  a t  1200°F, a d r a s t i c  drop i n  t h e  

mechanf-cal p r o p e r t i e s  of type  304 s t a i n l e s s  s t e e l  t a k e s  p l ace .  

The 

?he l i f e  a t  1000°F w a s  reduced by a f a c t o r  of 4 whi le  a t  1200°F by 

11; i s  a l s o  observed t h a t  two l i f e  reg ions  have developed a t  1200°F 

Although no d e f i n i t e  explana t ion  wi th  l o 3  cyc le s  as a t r a n s i t i o n  mode. 

can be forwarded f o r  t h i s  t r a n s i t i o n  a t  t h i s  t ime,  a t t e n t i o n  should be 

drawn -LO t h e  l e f t  s i d e  reg ion  where t o  some ex ten t  t h e  s lope  of t h e  l i n e  

i s  t h e  same as t h a t  drawn f o r  room and 1000°F d a t a  l i n e s .  A l so  t h e  re -  

ductioii  i n  l i f e  i s  severe  when compared t o  room temperature .  T o  check 
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Fig. 3.2.  Comparison o f  a x i a l  t o  b i a x i a l  f a t i g u e  da ta  from 1200OF 
t e s t s .  Type 304 s t a i n l e s s  s t e e l  (hea t  9T2796). 
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t h i s  observed t r a n s i t i o n  reg ion  and t o  determine t h e  e f f e c t  of temperature  

range on t h e  mechanical p r o p e r t i e s  of t h e  m a t e r i a l  t e s t e d  i n  b i a x i a l  f a t i g u e ,  

monotonic t ens ion  t e s t s  a t  1000°F, llOO°F, and 1200°F a r e  i n  progress .  

The specimen c h a r t  shown i n  Table 3 .3  i d e n t i f i e s  each t e s t  specimen 

taken  from b a r  No. 35 of t h e  ORNL r e fe rence  hea t  (9T2796) of t ype  304 

s ta in] -ess  s t e e l ,  along with specimen dimensions. 

3 .2 .  I n v e s t i g a t i o n s  of Creep F a i l u r e  Under 
Uniaxial  and Multiaxial Conditions 

C .  C .  Schul tz  
Babcock and Wilcox 

The s ta tus  as of June 30 of t h e  cons tan t  l o a d ,  s t e p  l o a d ,  and i n t e r -  

rupted u n i a x i a l  t es t s  a r e  shown i n  Tables 3 .4 ,  3 .5 ,  and 3 .6 ,  r e s p e c t i v e l y .  

T h e  f i r s t  t h r e e  specimens f o r  t h e  i n t e r r u p t e d  u n i a x i a l  t es t s  (19.5 k s i )  

have been loaded. These t e s t s  are i d e n t i f i e d  as BWI-1, BWI-2, and BWI-3. 

The progress  of t h e s e  t e s t s  i s  shown i n  F ig .  3 .4 .  Tes t s  BWI-1 and BWI-3 

both experienced unexplained s t e p s  between t h e  f i n a l  l oad  increment and 

t h e  in : . t i a l  creep d a t a  po in t  ( t ime ,  2 h o u r s ) .  The d a t a  as shown i n  F ig .  

3 .4 ,  have been a d j u s t e d  so  t h a t  t h e  c reep  s t r a i n  a t  a t i m e  of 2 hours i s  

zero.  

The i n i t i a l  t u b u l a r  r u p t u r e  specimen w a s  loaded i n  simple t e n s i o n .  

During load ing  an o i l  seal  i n  t h e  a x i a l  l oad  system f a i l e d .  

have been made and t h e  specimen w i l l  be re loaded as t h e  specimen should not 

have incu r red  damage. 

Repairs  

The progress  of t e s t  BWC-gB (20 k s i )  i s  shown i n  F ig .  3 .5 .  This  

specimen, which w a s  o r i g i n a l l y  a n t i c i p a t e d  t o  rup tu re  i n  2,000 t o  4 ,000  

hours ,  has f i n a l l y  begun t e r t i a r y  c reep .  Considerat ion of more r e c e n t  d a t a  

l e d  t o  5n e s t ima te  of 7,500 hours f o r  rup tu re  a t  20 k s i .  

A B&W sponsored program w a s  i n i t i a t e d  t o  r e c t i f y  t h e  apparent  d i f -  

fe rence  i n  c reep  s t r a i n  d a t a  as obta ined  from t h e  two types  of  t e s t i n g  

machines being used. A threaded rup tu re  machine specimen (9E-2A) i s  being 

t e s t e d  wi th  four D C D T ' s  over t h e  2-in. gage l eng th  and a s i n g l e  DCDT and 

d i a l  gage over t h e  f u l l  l oad  t r a i n .  

measured by a l l  s i x  t r ansduce r s .  It can be concluded t h a t  t h e  s t r a i n  

F igure  3 .6  shows t h e  c reep  s t r a i n  as 
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Table 3.3. Chart giving numbers and dimensions of specimens 
taken from 1-in. diam bar type 304 stainless steel (heat 9T2796) 

Specimen Inside Out side 
diameter diameter number a 

I 1  

I 2  

I 3  
I 4  
I 5  
1 6  
1 7  
1 8  
1 9  
I 10 
I 11 
I 12 

I 13 
I 14 
I 15 
I 16 

I 18 
I 17 

I 19 
I 20 
I 21 

0.337 in. 
0.336 in. 
0.339 in. 
0.340 in. 
0.344 in. 
0.340 in. 
0.342 in. 
0.342 in. 
0.342 in. 
0.340 in. 
0.345 in. 
0.346 in. 
0.347 in. 
0.346 in. 
0.348 in. 
0.347 in. 
0.343 in. 
0.349 in. 
0.344 in. 
0.342 in. 
0.347 in. 

0.457 in. 
0.456 in. 
0.459 in. 
0.460 in. 
0.464 in. 
0.460 in. 
0.462 in. 
0.462 in. 
0.462 in. 
0.460 in. 
0.465 in. 
0.466 in. 
0.467 in. 
0.466 in. 
0.468 in. 
0.467 in. 
0.463 in. 
0.469 in. 
0.464 in. 
0.462 in. 
0.467 in. 

~~ 

The letter I refers to a 
specimens taken from bar No. 35. 



Table 3.4. Sta tus  of u n i a x i a l  rup ture  t e s t s  - type  304 s t a i n l e s s  s t e e l  (hea t  9T2796) llOO'F 

T i m e  t o  Minimum T i m e  t o  I n t e r c e p t  
T e s t  Specimen S t r e s s  secondary creep t e r t i a r y  creep 

creep r a t e  creep s t r a i n  No. 
Tota l  s t r a i n  Test  Frac ture  Reduction 

No, (ksi) on loading' timed elongatione i n  a rea  
( % )  ( % )  ( h r s  ) 

( h r s )  ( % / h r )  (hrs) ( X )  ( % )  

BWC-1 
BWR-1 
BWC-2 
BWR- 2 
BWR-13 
BWC-9 
BWC-3h 
BWR-3 

BWC-4 
BWR-4 
BWC- 5f 
BWC-5B 
BWR- 5" 
BWR-6 
BWR-9 
BWR-119 
BWR-11 
BWR-7 

7-15 
7-1 
2-22 
2-1 
7-13 
7-25 
7-28 
7-8 
2-28 
7 -7 
2-15 
2-16 
2-14 

7-14 

7-11 
2-12 
2-10 

2-4 

30 
30 

28 
28 
28 
28 

25 
25 
22 
22 

20 
20 
20 

19 
18 

17 
17 
16 

40 
40 
60 
85 
80 
100 

175 
160 

0.016 
0.022 
0.023 
0.021 

0.0065 
0.0079 

0.0014 
0.0030 

195 0.50 
230 0.65 
215 0.88 

1.16 
500 0.45 
585 0.71 

1,400 0.60 
1,170 0.72 

187 R 
138 R 

368 R 
276 R 
415 R 
667 R 
948 R 

2,130 R 
2,026 R 

D 

4,842 D 

227 R 

--- 
8,800 I 

9,000 I 
8,000 I 

94 D 
8,200 I 

8,700 I 

19.0 
21.5 

13.0 
16.5 
16.5 
18.3 

12.7 
17.0 

10.7 
12.5 

30.5 
32.9 

20.4 
29.0 
18.9 
25.2 

12.0 
23.2 

13.7 
16.6 

Ln 
0 

~ 

a A l l  specimens were step-loaded a t  1.87 k s i  increments, except t e s t  BWC-5B, 
which w a s  step-loaded a t  1.49 k s i  increments. 
load t r a i n  displacements, thus not reported.  

Loading curves on BWR s e r i e s  include 

bTime t o  t e r t i a r y  creep based on t h e  0.2% o f f s e t  from t h e  minimum r a t e  l i n e .  

'Intercept creep s t r a i n  does not  include t h e  e l a s t i c  and i n i t i a l  p l a s t i c  

d R  = rupture ;  D = discont inued;  I = i n  t es t .  

eElongation over 3 inches i n  BWC s e r i e s ;  over 2 inches i n  BWR s e r i e s .  

fTemperature excursion t o  1300'F p r i o r  t o  loading.  

gTemperature excursion at  1300°F at 94 hours.  

hFai lure  occurred near  end of gage length .  
i 

components. 

Replaced by Test  No. BWC-5B. 

Replaced by Test  No. BWR-11B. 

Temperature excursion t o  1380'F at 4,842 hours. Terminated. 

t 
. I 



Table  3.5. S t a t u s  of u n i a x i a l  s t e p  load r u p t u r e  t e s t s  - t y p e  304 s t a i n l e s s  s tee l  ( h e a t  9T2796) llOO'F 

F r a c t u r e  Reduct ion  Time t o  Minimum Time t o  I n t e r c e p t  Time at 

c reep  
load' e l o n g a t i o n  d i n  area 

( h r s )  (%I (%I 
Total strain secondary c reep  t e r t i a r y  c reep  

c reepa  s t r a i n b  rate on load ing  T e s t  Specimen S t r e s s  
No. No. ( k s i )  

( % )  ( h r s )  ( % / h r )  ( h r s  ) ( % )  

BWC-6 

BWR-10 

BWC-7 

BWR-8 

BWLF- 5 

BWC-8 

BWR-12 

2-17 16 
25 
20 

2-11 16 
25 
20 

2-18 1 7  
25 
20 

2-5 1 7  
25 
20 

2-25 20 
25 
20 

7-16 18 
25 
20 

7-12 18 
25 
20 

3,871 

4,660 1 

3,871 

4,660 1 

136 

136 

3,699 
136 

136 

4,660 1 

3,703 

4,660 1 

503 
198 

4,050 I 

5,071 
136 

2,800 I 

136 
2,800 I 

5,071 

Time t o  t e r t i a r y  c reep  based on t h e  0.2% o f f s e t  from t h e  minimum r a t e  l i n e .  a 

b I n t e r c e p t  c reep  s t r a i n  does not  i n c l u d e  t h e  e l a s t i c  and i n i t i a l  p l a s t i c  components. 

% l o n g a t i o n  over  3 inches  i n  BWC series; over  2 inches  i n  BWR series.  

c R = r u p t u r e ;  D = d i scon t inued ;  I = i n  t es t .  
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Table 3.6. S t a t u s  of  u n i a x i a l  i n t e r r u p t e d  t e s t s  - 
type  304 s t a i n l e s s  s t e e l  (hea t  9T2796) l l O O O F  

Test  Specimen 
No. No. 

S t r e s s  Time a t  

( k s i )  l oad  
( h r s  ) 

RWI-1 4-6 

BWI-2 5-6 

BWI-3 6- 6 

19.5 1,780 

19.5 1,780 

19.5 1,780 
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occurri.ng outside of the gage length is not sufficient to explain the 

differences seen thus far between the two types of machines. No con- 

clusion can be reached with respect to specimen bending, which will be the 

next area of consideration. Figure 3.7 compares the four tests that have 
been started at 20 ksi, one of which is specimen gR-2A. Tests BWC-5B 

and BWLF-5 are being conducted in a creep machine while test BWR-5 is being 

conducted in a rupture machine. 
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4. DEVELOPMENT, EVALUATION, AND DISTRIBUTION 
OF STRUCTURAL ANALYSIS METHODS AND TOOLS 

J. M. C o r m  

4.1. Two-Dimensional Elastic-Plastic-Creep Finite-Element 
Computer Program CREEP-PLAST 

4.1.1. Program development (J. A. Clinard) 

Further improvements have been made to the ORNL in-house version of 

CREEP-PLAST. These improvements are user-oriented operational modifications 

which C.0 not significantly alter the overall scope of the program or the 
computing strategy. The modifications are aimed primarily at improving the 

versatility of the program, lowering the cost of computation, and over- 

coming minor limitations known to exist in the earlier versions of the pro- 

gram. The following is a swnmary of the improvements which have been imple- 

mented in the ORNL version of CREEP-PLAST during the last two quarters and 

which are currently being employed for in-house applications. Some of these 

improvements will become available for general distribution by ORNL as soon 

as they are verified completely and the adequacy of the modifications is 

determined. The modifications which produce severe machine dependency are 

not likely to be made available for general distribution since it is hoped 

that thi ORNL distributed version of CREEP-PLAST can be maintained as a 

virtually machine-independent program. 

1. The program has been modified for solution of a limited constrained 

degree of freedom structural problem. The displacement history of a maximum 

of 100 nodes can be specified by the user through a single displacement mul- 

tiplier array similar to the pressure multiplier arrays which are available 

to vary the pressure and concentrated nodal loads. 

2. Vector storage of data has been implemented so that the core re- 

quirements can be easily varied by the user on a problem-to-problem basis. 

The dimensions of two arrays control the storage requirements for a problem. 

One array is the storage area of the system equations, both during the formu- 

lation in the STIFF link and during the solution procedure in the SOLVE link. 

This area also serves as the temporary storage area for plotting information 

in the CREEP link. The other array is the storage area for element and nodal 
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information, some of which previously appeared in the BLANK and CREEP1 com- 
mon blocks. With vector storage, small problems have been run on the ORNL 

IBM 360 computer system in less than 200K bytes (including buffers). Pre- 

viously, all problems required about 500-540K bytes. It should be further 

noted that if the dimension of the array for storage of the system equations 

is large enough to accommodate the entire system, the equations are main- 

tained in memory during formulation and solution, and no 1/0 is required. 

This completely eliminates the use of scratch storage units 21 and 22. 

Coupled with other improvements to the program this has lowered the 1/0 

ratio for "core-maintained" problems below 2:l on the ORNL computer. 

3. The 1/0 procedures have been improved by implementation of KBSAM 

IBM/360 buffering for units 17, 18, 21, and 22. Both the CPU and wall- 

clock times for execution have been significantly reduced so that the 1/0 

ratio of about 3 : l  for moderate size problems has remained unchanged. The 

reduction in execution time has reduced the cost of computation by about 

40% compared to the version of CREEP-PLAST currently available for general 

distribution. 

maximum utilization of core through vector storage and through an improved 

overlay. There are secondary benefits from KBSAM I/O. No system 1 /0  buf- 

fers are allocated for direct access devices under KBSAM control. There- 

fore, memory which was previously allocated as buffers for standard FGRTMN 

1/0 on units 17, 18, 21, and 22 (64-150K bytes, depending on the DCB parame- 
ters) is now employed to increase the work space available to the solution 

routines, thus increasing the efficiency of the solution technique. Also, 

the NOTE and POINT facilities of KBSAM have reduced execution time by elimi- 
nating the back spacing of unit 21 during back-substitution. 

This reduction is due in part to KBSAM 1/0 and in part to 

4. Program logic has been changed so that element calculations in the 

STIFF and CREEP links are looped in 100-element blocks instead of 50-element 

blocks as in the previous version. 

scratch storage units for element information, must be accessed only one- 

half as many times during program operations, thus providing a savings in 

wall-clock time with a minimal (12K byte) increase in storage requirements. 

Also, the logic has been modified so that if the number of elements for the 

problem is less than 100, element information is maintained in core and 

units 1-7 and 18 are completely eliminated. This requires no increase in 

storage requirements. 

This means that units 17 and 18, the 
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5. A routine has been added to calculate and print the maximum effec- 
tive incremental strain and stress for equation-of-state creep problems, so 

that -the user can quickly check the adequacy of his time-step selection. 

Automatic stops can easily be included if maximum allowable incremental 

changes are exceeded. 

In addition to the above user-oriented modifications, several errors 

pertaining to nonisothermal problems have been identified and corrections 

have been made. These corrections are available in the new version of CREEP- 

PLAST that is being made available to the public as described in the next 

subsection. 

4.1.2. Program distribution (J. M. Corum and J. S. Crowell) 

As described in the previous progress report,13 work was completed at 

General Electric, under ORNL subcontract, to develop a heat conduction 

analysis capability for CREEP-PLAST. The new subroutines and modifications 

were received by ORNL in April. Several errors in the new program were 

discovered during implementation. 

(or operating-system-dependent) and would not have been apparent in the 

UNIVAC version at General Electric. Enough corrections have been made to 

enable us to run the small sample problem sent by General Electric and we 

have obtained good agreement with the results from the UNIVAC version. We 

are making additional corrections and plan to incorporate the thermal analy- 

sis capability rully into the ORNL version of CREEP-PLAST in the immediate 

future. 

Some of the errors were machine-dependent 

Since the heat conduction analysis capability is essentially ready for 

use and since numerous other modifications and corrections have been made 

to the basic CREEP-PLAST program that was initially distributed, a new ver- 

sion is now being offered to the public and can be obtained by using the 

order forms included in this report. 

analysis capability incorporated into the basic structural analysis program. 

Those prior recipients of the structural analysis portion of CREEP-PLAST who 

have adapted the program to their own machine may want to implement the 

thermal analysis capability as a separate program. 

calculat.ed by the thermal analysis program could then be used as input to 

the user’s CREEP-PLAST program. 

The new version will have the thermal 

The temperature history 

In this case, the entire program should 
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still be ordered. Instructions will be included for using the thermal anal- 

ysis protions of the new ORNL version and creating a temperature history 

tape for later use. 

As was previously done, the new program is being released with the 
agreement and understanding that any changes and modifications will be 

coordinated with ORNL. In this way everyone will benefit from any correc- 

tions, modifications, or extensions made to the program, and a current up- 

dated version will always be available. 

A formal request form and agreement document are provided on the fol- 
lowing two pages for the reader's convenience. If you desire a copy of the 

new version of CREEP-PLAST, which includes thermal analysis capability, re- 

move the forms, fill them out, and send both to the ORNL Computer Librarian: 

Computer Librarian 
Room ~228, Building 4500-N 
Oak Ridge National Laboratory 
P. 0. Box x 
Oak Ridge, Tennessee 37830 

The agreement document must be signed by a person in your organization with 

appropriate authority. Since AEC regulations require that we recover the 

costs of disseminating computer software, we are charging approximately 

$25.00 for materials, handling, and mailing. The signed agreement document 

serves as our authority to bill your organization. 

4.1.3. 
problem calculations (J. A. Clinard and J. M. Corum) 

Verification and qualification of CREEP-PLAST by benchmark 

One type of benchmark problem being used to verify and qualify the 

CREEP-PUST program consists of thin-walled tubular specimens subjected to 

nonproportional tension-torsion loadings at room temperature. Experimental 

data of this type have been obtained by Liu,' and some elastic-plastic anal- 

ysis results were reported in the previous progress report. '' 
problems previously examined is depicted again in Fig. 4.1. Additional 

elastic-plastic analyses have been carried out for this particular case, 

and the results are summarized here. 

One of the 

Two analyses of the problem in Fig. 4.1 were previously reported. 
First, a nonlinear analysis, which used a piecewise linear representation 

of the monotonic stress-strain curve, was performed, and second, a bilinear 
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REQUEST FORM FOR CREEP-PLAST THERMAL AND 
STRUCTURAL ANALYSIS COMPUTER PROGRAM 

Return form t o :  Computer Librarian 
Room A228, Building 4500-N 
Oak Ridge National Laboratory 
P. 0. Box X 
Oak Ridge, Tennessee 37830 

The source program, i n  card image form, w i l l  be sent t o  you on a magnetic 
tape. The tape w i l l  be a 600 f t  mini-tape which you may keep. 

Please check the  option below which comes c loses t  t o  meeting your system's 
requirements as t o  tape format. Tapes w i l l  be prepared i n  advance i n  these 
two standard formats. Your request f o r  the  program can be met more quickly 
i f  you can accept one of these standard formats. 

Option 1: 7-track tape 
BCD card code 
556 bpi density 
Unblocked records (84 characters per physical  

record, with l as t  four characters blank) 

Option 2 :  9-track tape 
EBCDIC card code 
800 bpi density 
Blocked records (800 characters ,  o r  ten  cards,  per 
physical  record) 

I f  you require modifications t o  the option checked above, please indicate  
them below. 

character code BCD EBCDIC 

density 200 556 800 

physical record s i ze  

Note: Our 9-track tape dr ives  a re  a l l  800 bpi density.  

What type of computer w i l l  be used t o  read the  tape? 

On what type of computer w i l l  the program be executed? 

Name and address o f  requester:  

Phone number o f  requester:  

Signed: Date: 
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AGREEMENT FOR 
USE OF THERMAL AND STRUCTURAL ANALYSIS 

COMPUTER PROGRAM CREEP-PUST 

WHEREAS, Union Carbide Corporation, acting under its Prime Contract W-7405-eng-26 
with the United States of America (Government) as represented by the United 
States Atomic Energy Commission (Commission), in operating and managing the 
Government-owned facility identified as the Oak Ridge National Laboratory 
entered into Subcontract No. 3511 with the General Electric Company for the 
development of a special elastic-plastic-creep structural analysis computer 
program identified as CREEP-PLAST; and 

WHEREAS, it is one of the objectives of the Commission to provide the liquid- 
metal fast-breeder reactor component manufacturers and other interested Com- 
mission approved parties with a well-documented, non-proprietary structural 
analysis computer program to be used by said recipients on their own com- 
puters; and 

WHEREAS, it is a further objective that all corrections, changes, and modifi- 
cations should be incorporated in an up-to-date master computer program to 
be majie available by the Oak Ridge National Laboratory to all interested 
aforeinentioned manufacturers and other Commission approved parties; 

NOW, ICHEREFORE, in consideration of Union Carbide Corporation making the Com- 
(Recipient ) puter Program CREEP-PLAST available to 

on a non-exclusive, royalty-free basis, the recipient agrees to furnish the 
Oak RI-dge National Laboratory with any changes, corrections, modifications 
or updating the recipient makes to the Computer Program, for incorporation 
in a current master computer program to be made available by the Oak Ridge 
National Laboratory to all Commission approved parties. 

The recipient further agrees not to withhold or classify as proprietary any 
of said corrections, changes, modifications and alterations to the Computer 
Program and hereby grants to the Government an irrevocable, non-exclusive, 
royalty-free license to use the same for any purpose whatsoever. 

It is understood the recipient will be billed for a handling and mailing 
charge of approximately Twenty Five Dollars ($25.00) due Union Carbide 
Corporation for the account of the Government. The exact cost will be 
determined by Commission cost recovery guidelines applicable at the time of 
the request. 

Date- Name 

Title 

Repre sent ing 

Addre s s 
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ORNL-DWG 73-7135 

-0 AXIAL  LOAD 

W ’ TORSIONAL 
(SHEAR) LOAD 

( D ) TEN SI ON -TORSION SPEC1 MEN 

I I 
INCREMENTAL LOADING 
POINTS USED IN 1 

I 

0 5 10 15 20 25 
AXIAL STRESS (1000 psi)/fl 

(6) LOADING PATH 

LYSES 

Fig. 4.1. Loading path for tension-torsion test of thin-walled 
tubular specimen. 
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a n a l y s i s  w a s  c a r r i e d  o u t .  I n  both  c a s e s ,  r e p r e s e n t a t i o n s  of t h e  t en th -  

cyc le  c y c l i c  s t r e s s - s t r a i n  curve were used f o r  reversed  loading .*  

port ic lnal  l i m i t  f o r  t h e  b i l i n e a r  s t r e s s - s t r a i n  curve w a s  27,000 p s i ,  whi le  

l5,OOO p s i  w a s  used f o r  t h e  nonl inear  curve.** The b i l i n e a r  analysi-s pre- 

d i c t i c n s  agreed reasonably w e l l  wi th  t h e  measured response.  The nonl inear  

a n a l y s i s  p r e d i c t i o n s  agreed we l l  wi th  t h e  measured response f o r  t h e  propor- 

t i o n a l  loading  t o  po in t  A ( s e e  F ig .  4 . 1 )  bu t  not  f o r  t h e  nonproport ional  

loading  pa th  from A t o  C .  The l a t t e r  disagreement i s  be l i eved  a t t r i b u t a b l e  

t o  t h e  kinematics  of t h e  nonl inear  kinematic  hardening theory  of CREEP- 

PLAST and not t o  t h e  nonl inear  r e p r e s e n t a t i o n  of t h e  s t r e s s - s t r a i n  curve 

employed f o r  t h e  problem. This  observa t ion  seems v a l i d  s i n c e  between A 

and C t h e  e f f e c t i v e  s t r e s s  l e v e l  always f a l l s  wi th in  t h e  bounds of  t h e  f i n a l  

segment of t h e  piecewise l i n e a r  curve.  This  segment has t h e  same s lope  as 

t h e  p l a s t i c  p o r t i o n  of t h e  b i l i n e a r  curve employed i n  t h e  p rev ious ly  repor ted  

companion a n a l y s i s .  

The pro- 

To f u r t h e r  i n v e s t i g a t e  t h e  sources  of t h e  disagreement ,  t h r e e  a d d i t i o n a l  

nonl inear  ana lyses  of t h e  problem have been performed. Each used t h e  same 

piecewise l i n e a r  s t ress  s t r a i n  curve ,  which w a s  shown i n  t h e  prev ious  r e p o r t ,  

and c y z l i c  hardening w a s  neglec ted  i n  a l l  t h r e e .  A s  be fo re ,  t h e  f i n i t e -  

element model cons i s t ed  simply of two p lane - s t r e s s  t r i a n g u l a r  elements form- 

ing a square,  and t h e  loading  s t e p s  dep ic t ed  i n  F ig .  4 . 1  were used.  The 

only d i f f e r e n c e  i n  t h e  t h r e e  ana lyses  w a s  t h e  va lue  used f o r  t h e  p ropor t iona l  

l i m i t ,  and consequent ly  t h e  s i z e  of t h e  y i e l d  su r face .  The t h r e e  cases  were: 

10 

-- Case 1. Propor t iona l  l i m i t  o f  21,500 p s i .  This  i s  t h e  apparent  va lue  

of t h e  p ropor t iona l  l i m i t  for t h e  r e p r e s e n t a t i v e  monotonic s t r e s s - s t r a i n  

curve used i n  t h e  ana lyses .  

*In t h e  nonl inear  a n a l y s i s ,  t h e  shape of t h e  ten th-cyc le  curve w a s  
assumed t o  be adequate ly  descr ibed  by t h e  shape of t h e  i n i t i a l  monotonic 
curve wi th  an appropr i a t e  i nc rease  i n  t h e  p ropor t iona l  l i m i t  t o  account f o r  
hardening. 

**'The 15,000 p s i  va lue  agrees  reasonably we l l  wi th  t h e  i n i t i a l  depa r tu re  
from l i n e a r i t y  which has been very  p r e c i s e l y  measured by Liu.9 
r e p r e s e n t a t i v e  curve used i n  t h e  nonl inear  a n a l y s i s  would appear ,  by v i s u a l  
inspec tmion ,  t o  have a p ropor t iona l  l i m i t  of  about 21,500 p s i .  

However, t h e  
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Case 2. Proportional limit of 15,000 psi. This is the value used 

in the previous nonlinear analysis, and it agrees reasonably well with the 

initial small departure from linearity precisely measured by Liu. 9 

Case 3. Proportional limit of 10,000 psi. This fictitiously low 

value was used as an extreme case. 

It should be emphasized that all three analyses used exactly the same stress- 

strain curve. The different proportional limit values determined only the 

size of the yield surface as used in the mathematical formulation. 

The results are typified in Fig. 4.2, where the plastic strain trajec- 

tories predicted by the three analyses are compared with the measured tra- 

jectory. 

predict the shear strain. 

the predictions. Case 1, which used the observed proportional limit of 

21,500 psi, still does not agree as well with experiment as did the bilinear 

predictions which were presented in the previous progress report'' and which 

utilized a proportional limit of 27,000 psi. 

In all cases the analyses over predict the axial strain and under 

The larger the yield surface, the more realistic 

The influence of the size of the yield surface is further illustrated 

by the plots shown in Figs. 4.3 to 4 . 5 .  Here, the calculated stress points 

along the loading path are shown together with the corresponding centers of 

the yield surface and the outlines of the surface in the tension-torsion 

space for each analysis. 

magnitude of the plastic strain increment associated with each stress point 

on the loading path are also shown." 

analyses were included in the previous progress report. 

The yield surface movement exhibited in Figs. 4.3 to 4.5 is markedly 

Vectors representing the direction and relative 

Analogous plots for the two earlier 
10 

different, depending on the size of the surface. Careful comparison of the 

yield surfaces and associated plastic strain increments with the measured 

and predicted plastic strain trajectories in Fig. 4.2 helps to explain why, 
in this particular problem, the larger yield surfaces result in more realis- 

tic predictions. 

*The plastic strain increment at each point is that associated with 
the subsequent load step. 
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Fig. 4.2. Comparison of measured and predicted plastic strain trajec- 
tories for tension-torsion test. The shear strain shown in this figure is 
the Lagrangian strain ( E 1 2  = 1 y12 ,  where y12 is engineering shear strain). 
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- 4.2. General Three-Dimensional Thick Shell Elastic-Plastic- 
Creep Finite-Element Computer Program EPACA 

4.2.1. Program development, verification, and qualification 
(S. K. Iskander and J. S. Crowell) 

In this quarter several additional errors in the EPACA computer program 
causing inaccurate results have been identified and corrected. 

these errors will be discussed briefly here, and some results of the elastic 

analysi-s of a practical elbow problem and the comparison of the results with 

experimental data will be presented. Progress in other areas will also be 

summarfi zed. 

Several of 

Ffigure 4.18 on p.  105 of the previous progress report14 showed the 

deterioration of stresses along the top fibers of a small thick-walled tube 

subjected to a bending moment as compared with beam theory. This seems to 

have been the culmination of several causes. 

The EPACA code uses a dynamic vector storage scheme. Accordingly, the 

location of each element of the stiffness matrix has to be assigned within 

this vsctor. Moreover, limitations of available core storage during both the 

formation of the stiffness array as well as later during the solution of the 

system necessitate the external storage of the stiffness array as "blocks." 

During the formation of the stiffness of each element, tests are carried 

out to determine whether enough core is available for the system formation 

in progress, as well as verifying that enough core will be available to solve 

the resulting block of equations when it is later read back into core from 

external storage. Should either test fail, the stiffnesses that were already 

fully formed are written out on external storage. 

Curing this phase, for certain combinations of the amount of storage 

alloca.ted and nodal numbering schemes, these tests have proved to be in- 

adequa.te. One manifestation of this was that, although the program wrote 

out a block of equations onto external storage and freed the space they 

originally occupied, the available space at this stage was still not suf- 

ficient, and the program did not recognize this situation. As a result, 

the st,iffnesses of the structure were summed incorrectly. The first few 

blocks of the stiffness formation were formed correctly. It is during the 

later stages of formation and solution that this situation came into play. 

Hence the results for the first portions of the structure to be handled by 
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the program appeared to be correct, while the latter solution progressively 

deteriorated. This problem necessitated the complete revision of the por- 

tions of the code that were involved in these operations. 

Another source that contributed to erroneous results arises in cases 

where flat elements are used to model structures and there exists some angle 

between the element meeting at a single node. During coordinate transforma- 

tion of the stiffness of the element from a system of axes normal to the 

element to a system with one axis whose direction is the average of the 

normals of all the elements meeting at this node, there is generally a small 

resultant component of rotational "stiffness" about the common normal, and 

consequently some decision has to be made regarding whether or not to include 

it in the total stiffness matrix. In cases in which all the elements at a 

node are in a single plane, this rotational stiffness would theoretically 

be zero but in practice could be some small number arising from general com- 

putational errors. Hence the resulting matrix might be either singular or 

ill-conditioned, and consequently the rotational stiffness should not be 

included for such locations. Also, in cases where there is an angle between 

flat elements meeting at a node, the rotational stiffness is insignificant. 

Hence some judgment is necessary during the preparation of the input as to 

whether or not to take this rotational stiffness into account at an individ- 

ual node. 

The small thick-walled tube problem previously mentioned above was 

reanalyzed after all the above corrections and considerations were taken 

into account. 

local perturbations due to the introduction of the end forces are neglected. 

As a further check on this and other problems (for which no theoretical 

The new results are within 2% of simple beam theory if the 

solution exists) a capability of calculating the reactions has been imple-. 

mented instead of the old "residue" calculations. These reactions facilitate 

an equilibrium check. This is now functional and has been used successfully 

in the above problem as well as in the example described below. 

The elastic analysis of a piping elbow that was described in the pre- 
14 

vious progress report has been redone, and the predictions now agree 

reasonably well with experimental data. The problem analyzed is depicted 

in Fig. 4.6 and consisted of a 10-in. sched-40, long-radius, 90" elbow 
with 12-in. and 18-in. straight pipe extensions. The material was carbon 
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Fig. 4.6. Finite-element idealization of elbow assembly analyzed. 
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steel, and the experimental model was strain gaged and tested at room tem- 

perature. 

case reported here. 

An in-plane bending moment of 33,030 in.-lb was applied in the 

The finite-element idealization that was used is shown for one-half 

of the assembly in Fig. 4.6. 
analysis. 

in the total representation. 

pared with strain-gage data in Figs. 4.7 through 4.9.* 
show the variation of circumferential and longitudinal stresses along the 

length of the assembly for the circumferential angles, 0, of 90 and 180°, 
respectively (see Fig. 4.6). 
tial and longitudinal stresses around the circumference of the elbow at the 

center of the bend. 

Actually the full model was represented in the 

A total of 456 flat quadrilateral elements (NK@D=6)  were used 

Representative results are presented and com- 

Figures 4.7 and 4.8 

Figure 4.9 shows the variation of circumferen- 

Although these results are presented only as an indication of the present 

state of the program, the reasonably good agreement between theory and ex- 

periment indicates that the program gives elastic results within tolerable 

accuracy. Moreover, the accuracy may be improved by refining the mesh, 

particularly within areas of steep stress gradients. 

A small improvement to facilitate input preparation for users of EPACA 

has also been made. The format fields have all been tentatively standardized 

to five and ten. Furthermore, the plotting capability of the program for 

both the undeformed and deformed mesh is now operational, although the plot- 

ting capability for the deformed mesh needs some modification to improve 

the interpretation of the results. 

plotting capability. 

Figure 4.6 was produced using this 

4.2.2. Program distribution (J. M. Corum and J. S. Crowell) 

The following minimal amount of basic verification work has now been 

completed on EPACA: 

1. The two flat quadrilateral elements have been used in very simple 

inelastic analyses and in realistic elastic analyses. They appear to be 

*The experimental model was tested as a part of the ORNL Piping 
Program - Design Criteria for Piping, Pumps, and Valves. Acknowledgment 
is due W. G. Dodge for providing the experimental data as well as the plots 
presented here. 
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adequately formulated and working correctly. 

not yet adequate, in a practical sense, because of inconvenient coordinate 

systems used for each element. 

debugged and verified. 

The triangular elements are 

The isoparametric elements are not adequately 

2. The program has been used for large elastic problems, and does 

appear to give good results, as evidenced by the elbow results given in the 

previous subsection. 

3 .  Simple uniaxial elastic-plastic and elastic-creep analyses indicate 

that the basic features of inelastic constitutive equations are correctly 

formulated and handled. 

Much additional debugging and verification work remains before all of 

the major features of the program and the eight available elements can be 

adequately checked out. Nonetheless, the decision has been made to offer 

the current version of the program to the public with the anticipation that 

it can now serve as a useful design analysis tool and that feedback from 

users will hasten the remaining debugging and verification process. 

The program is being released under the same arrangement as that for the 

two-dimensional program CREEP-PLAST. That is, the recipient must agree that 

any changes and modifications will be coordinated with ORNL, so that every- 

one will benefit from corrections, modifications, or extensions made to 

the program, and a current updated version will always be available. 

A formal request form and agreement document are provided on the fol- 
lowing two pages. Both forms should be filled out and sent to the ORNL 

Computer Librarian: 

Computer Librarian 
Room A228, Building 4500-N 
Oak Ridge National Laboratory 
P. 0. Box x 
Oak Ridge, Tennessee 37830 

Note that a cost of approximatelz $40.00 will be charged to recover the 

costs of materials, handling, and mailing. The signed agreement document 

serves as our authority to bill your organization. This will be done after 

the program is mailed to you. 
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REQUEST FORM FOR EPACA COMPUTER PROGRAM 

Return form t o :  Computer L ib ra r i an  
Room ~ 2 2 8 ,  Bui lding 4500-N 
Oak Ridge Nat ional  Laboratory 
P. 0.  Box x 
Oak Ridge, Tennessee 37830 

The source program, i n  card image form, w i l l  be s e n t  t o  you on a magnetic 
t ape .  

P lease  check t h e  opt ion  below which comes c l o s e s t  t o  meeting your system's  
requirements as t o  t ape  format .  Tapes w i l l  be prepared i n  advance i n  t h e s e  
two s tandard  formats .  Your r eques t  f o r  t h e  program can be met more quick ly  
i f  you can accept  one of  t h e s e  s tandard formats .  

Option 1: '(-track t ape  
BCD card  code 
556 bpi  dens i ty  
Unblocked records  (84 c h a r a c t e r s  pe r  phys i ca l  

r eco rd ,  with l a s t  four  cha rac t e r s  b lank)  

Option 2: + t r ack  tape  
EBCDIC card code 
800 bpi  dens i ty  
Blocked records  (800 c h a r a c t e r s ,  or t e n  c a r d s ,  pe r  

phys i ca l  r eco rd )  

I f  you r e q u i r e  modi f ica t ions  t o  t h e  opt ion  checked above, p l ease  i n d i c a t e  
them below. 

cha rac t e r  code BCD EBCDIC 

dens it y 200 556 800 

phys ica l  record  s i z e  

Note: Our + t r ack  t ape  d r i v e s  a r e  a l l  800 bpi  dens i ty .  

What type  of computer w i l l  be used t o  read  t h e  t ape?  

On what type  of  computer w i l l  t h e  program be executed? 

Name and address  of r eques t e r :  

Phone number of r eques t e r :  

Signed: Date : 
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AGREEMENT FOR 
USE OF STRUCTURAL ANALYSIS 

COMPUTER PROGRAM EPACA 

WHEREAS, Union Carbide Corporation, acting under its Prime Contract-W-7405-eng-26 - 
with the United States of America (Government) as represented by the United 
States Atomic Energy Commission (Commission), in operating and managing the 
Government-owned facility identified as the Oak Ridge National Laboratory 
entered into Subcontract No. 3535 with The Franklin Institute for the develop- 
ment of' a special elastic-plastic-creep structural analysis computer program 
identified as EPACA; and 

WHEREAS, it is one of the objectives of the Commission to provide the liquid- 
metal fast-breeder reactor component manufacturers and other interested Com- 
mission approved parties with a well-documented, non-proprietary structural 
analysis computer program to be used by said recipients on their own com- 
puters; and 

WHEREAS, it is a further objective that all corrections, changes, and modifi- 
cations should be incorporated in an up-to-date master computer program to 
be made available by the Oak Ridge National Laboratory to all interested 
aforementioned manufacturers and other Commission approved parties; 

NOW, THEREFORE, in consideration of Union Carbide Corporation making the 
Computer Program EPACA available to 
on a non-exclusive, royalty-free basis, the recipient agrees to furnish the 
Oak Ridge National Laboratory with any changes, corrections, modifications 
or updating the recipient makes to the Computer Program, for incorporation 
in a current master computer program to be made available by the Oak Ridge 
National Laboratory to all Commission approved parties. 

(Recipient) 

The recipient further agrees not to withhold or classify as proprietary any 
of said corrections, changes, modifications and alterations to the Computer 
Program and hereby grants to the Government an irrevocable, non-exclusive, 
royalty-free license to use the same for any purpose whatsoever. 

It is understood that the recipient will be billed for a handling and mail- 
ing chairge of approximately Forth Dollars ($40.00) due Union Carbide Corpora- 
tion for the account of the Government. The exact cost will be determined 
by Commfission cost recovery guidelines applicable at the time of the request. 

Date- Name 

Title 

Representing 

Address 
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4.3. Simplified Inelastic Piping System Analysis 
Computer Program PIRAX 

G. H. Workman 
E. C. Rodabaugh 

Battelle-Columbus Laboratories 

A specialized computer program to be known as PIRAX is being developed 
to perform inelastic flexibility analyses of piping systems. A primary 
objective of this effort is to develop a method which is simple enough to 

be used in routine design work on critical high-temperature piping systems. 

The program is to be based on simplified, but understood, descriptions of 

the elastic-plastic and creep behavior of the material and on somewhat less 

than a completely rigorous inelastic analysis treatment of critical piping 

components such as elbows and tees. The program will permit a quantitative, 

but approximate, assessment of piping deflections and reactions to be made 

on an economical basis. As a part of the development program, a simple 

piping system is to be tested at elevated temperatures to provide data for 

comparison with predictions of the computer program. 

During this reporting period, the form of the mathematical representa- 

tion of the isochronous stress-strain behavior has been tentatively fixed. 

This representation is: 

where 

E = strain 

0 = stress 

E = elastic modulus 

k = nominal plasticity strain 

U = nominal plasticity strength 

m = plasticity exponent. 

P 
OP 

The present plan is for the form of the creep/relaxation behavior to remain 

as described previously. That is, only secondary creep will be explicitly 

represented. 



Thfis assumed behavior allows most of the development for the creep/ 

relaxation solution to be transferred directly to a psuedo elastic-plastic 

type analysis by using isochronous stress-strain curves. Also, this repre- 

sentation is similar to that given by the well-known Ramberg-Osgood 

formula-;ion : 

15 

where 

E = strain 

a = stress 

E 0 , r = material and temperature dependent coefficients. 
Y!' Y 

Equations (4.1) and (4.2) are directly related through the following re- 
lationships : 

k = E  
P Y 

a = a  
OP Y 

m = r ,  

An example of the application of Eq. (4.1) along with the creep/relaxa- 
tion sol.ution already formulated for a cantilever beam with a constant end 

displacement (relaxation) and a constant end force (creep) is given to 

demonstrate the techniques to be followed for the completion of this phase. 

First assume the material is type 304 stainless steel at a temperature of 

1100OF. Figure 4.10, a reproduction of Fig. "A-7 from Code Case 1331-7, 
Interpretations of ASME Boiler and Pressure Vessel Code, contains the 

pertinent isochronous stress-strain relationships. If it is assumed that 
the application of the load/displacement will require 100 hours, then the 

proper curve can be approximated. The resulting elasto-plastic equation 

is also given in Fig. 4.10, along with its plot to show its approximation to 

the actL.al curve. The secondary creep parameters for the creep/relaxation 

behavior were taken from data given by U.S. Steel Corporation. 

16 

17 
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Utilizing small deflection-beam bending assumptions, a solution can be 

formulated. These solutions are illustrated in Fig. 4.11 for the relaxation 

analysis and Fig, 4.12 for the creep analysis. Within each analysis, two 

cases were evaluated. One corresponded to an end displacement/end force 

ratio f o r  a maximum elastic stress of 10,000 psi, while the other was for 

a maximum elastic stress of 20,000 psi. The cantilever beam was assumed to 

be 4-in., sched-40, pipe with a length of 100 in. 

The elasto-plastic portion is plotted as a fraction of the applied end 

displacement for the relaxation analysis and as a fraction of the applied 

end force for the creep analysis. Note that the time-dependent portion of 

the plct really begins at 100 hours in these cases. 

The incorporation of the elasto-plastic behavior into the basic spatially 

three-dimensional digital computer program will begin next month and it is 

estimated that it will require the rest of this calendar year to complete. 

It is anticipated that within a month the mathematical formulation will have 

progressed to the point where strain accumulations are predicted within the 

formula t i on. 

In the experimental phase, definite progress has been made within the 

last month. 

have been completed and are now being carefully measured before final anneal- 

ing and welding. The annealing will be performed by ORNL. 

All of the parts of the test specimen (including the elbow) 
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Fig. 4.11. Cantilever-beam relaxation analysis resu l t s .  
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5.  INELASTIC STRUCTURAL TESTS 

J.  M. Corum 

Elevated-temperature i n e l a s t i c  s t r u c t u r a l  t e s t s ,  or prepa ra t ions  f o r  

t e s t s ,  a r e  c u r r e n t l y  underway f o r  s i x  d i f f e r e n t  types  of simp1.e s t r u c t u r e s :  

simply supported beams, simply supported c i r c u l a r  p l a t e s ,  capped 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 ,  f i n i t e -wid th  p l a t e s  wi th  a c i r c u l a r  ho le ,  s t i f f e n e d  

shear- lag pane l s ,  and s t r a i g h t  p ipes  subjec ted  t o  thermal  r a t c h e t t i n g  con- 

d i t i o n s .  Resul t s  and/or progress  on each of t hese  s i x  types  of t e s t s  a r e  

r epor t ed  i n  t h e  fol lowing sec t ions .  Inc luded ,  i n  some c a s e s ,  a r e  d i s -  

cuss ions  of i n e l a s t i c  ana lyses  of t h e  s t r u c t u r e s  and comparisons of pre- 

d i c t e d  behavior with t e s t  r e s u l t s .  

5.1.  E las t ic -P las t ic -Creep  Tes t s  and Analyses 
of Simply Supported Beams 

5.1.1. S t a t u s  of t e s t  work (J .  M .  Corum, M.  Richardson) 

Two beam t e s t s ,  B7 and B 8 ,  which were d e f l e c t i o n  c o n t r o l l e d ,  have been 

completed. These t e s t s  were conducted a t  a temperature  of l lOO°F and 

they  used beams from t h e  re ference  hea t  (9T2796) of type 304 s t a i n l e s s  

s t e e l .  The beams were each 1 i n .  t h i c k ,  2 i n .  h igh ,  and 26 i n .  long.  They 

were simply supported on 24 i n .  cen te r s  and loaded a t  t h e  midpoint.  

t e s t  r e s u l t s  a r e  given i n  t h e  fol lowing subsec t ion .  

Typical  

Prepara t ions  f o r  t h e  next two t e s t s ,  B9 and B10, a r e  c u r r e n t l y  under- 

way. These t e s t s  w i l l  be load  con t ro l l ed  and w i l l  be exac t  dup l i ca t e s  of 

t e s t s  B5 and B6.  

t h e  r e p r o d u c i b i l i t y  of t h e  s t r u c t u r a l  t e s t  da t a .  The two load  c o n t r o l l e d  

t e s t s ,  B9 and B10 (or B5 and B6), and t h e  two d e f l e c t i o n  c o n t r o l l e d  t e s t s ,  

B7 and B8, w i l l  provide a use fu l  package of  t e s t  r e s u l t s  with which t h e  

design ana lys t  can eva lua te  h i s  i n e l a s t i c  a n a l y s i s  techniques.  Complete 

r e s u l t s  from t h e s e  four  t e s t s  w i l l  be presented  i n  a t o p i c a l  r e p o r t .  

The purpose of t hese  two d u p l i c a t e  t e s t s  i s  t o  examine 

I n  our load-cont ro l led  t e s t s ,  t h e  load  i s  maintained during t h e  c reep  

po r t ion  of t h e  t e s t  using dead weights .  Mechanical f r i c t i o n  b u i l d  up and 

random sudden r e l e a s e  has been a source of d i f f i c u l t y  during t h e s e  extended 



t e s t  pe r iods .  Consequently, a load  trimming device has been added t o  t h e  

contro:l system. The trimmer senses  a change i n  t h e  output  from t h e  load  

c e l l  and, by means of a cu r ren t - to -a i r  conve r t e r ,  a d j u s t s  t o  t h e  c o r r e c t  

l oad  us ing  a s m a l l  pneumatic ram. With t h i s  device ,  t h e  load  can be main- 

t a i n e d  t o  +lo l b .  

Some e f f o r t  has been made t o  determine t h e  r e l i a b i l i t y  of t h e  sheathed 

chrome:--alumel thermocouples which have been used i n  a l l  of our beam and 

p l a t e  t e s t s .  New, c a l i b r a t e d  couples used f o r  each t e s t  produce t h e  most 

r e l i a b l e  da t a .  It  w a s  found t h a t  t h e  inhe ren t  inhomogeneity of t h e  thermo- 

couple l e a d s  prec ludes  reuse  of t h e  couples once they  have been a t  l l O O ° F  

f o r  extended pe r iods  of t ime and then  removed. To d a t e ,  reannea l ing  of t h e  

used thermocouples has  not produced s a t i s f a c t o r y  r e s u l t s .  Curren t ly  we a r e  

inves t i -ga t ing  t h e  p o s s i b i l i t y  of  us ing  platinum-rhodium thermocouples as 

a more economical means of measuring temperature .  

5 .1 .2 .  
wi th  a n a l y t i c a l  p r e d i c t i o n s  (J .  M. Corum, M. Richardson, and J .  A.  C l ina rd )  

Resul t s  of beam t e s t s  B7 and B 8  and comparison 

The loading  h i s t o r i e s  f o r  beams B 7  and B8 a r e  shown i n  F ig .  5 .1 .  Both 

beams were subjec ted  t o  an imposed c e n t e r  d e f l e c t i o n  of 0 .10  i n .  during t h e  

i n i t i a l  c reep ,  o r  r e l a x a t i o n ,  pe r iod ;  t h i s  w a s  followed by a s t e p  decrease 

i n  cen te r  d e f l e c t i o n  t o  -0.10 i n .  f o r  t h e  second creep pe r iod .  Both beams 

were subjec ted  t o  a short- t ime c y c l i c  l oad ing ,  between f i x e d  d e f l e c t i o n  

l i m i t s ,  a t  t h e  end of t h e  creep t e s t .  The s i g n i f i c a n t  d i f f e rence  i n  t h e  two 

t e s t s  w a s  t h a t  beam B 8  w a s  subjec ted  t o  t e n  short-t ime c y c l e s ,  between f i x e d  

d e f l e c t i o n  l i m i t s  p r i o r  t o  t h e  i n i t i a l  creep pe r iod  while  beam B7 w a s  no t .  

A saw-tooth d e f l e c t i o n  p a t t e r n  with a pe r iod  of 2 min. w a s  used f o r  t h e  

short- t ime c y c l i c  l oad ings .  A l l  of  t h e  remaining d e f l e c t i o n  changes were 

app l i ed  i n  30 sec  p e r  q u a r t e r  cyc le  and followed a ramp p a t t e r n .  

Ins t rumenta t ion  f o r  beams B7 and B 8  cons i s t ed  of seven D C D T ' s  and seven 

d i a l  gages f o r  t r a n s v e r s e  d e f l e c t i o n  measurements, t e n  thermocouples,  and 

fou r  A i l t e c h  (Microdot)  SG425 s t r a i n  gages.  

This measured temperature  ranges ,  over  t h e  middle 1 6  i n .  of t h e  beam 

l e n g t h ,  a r e  shown i n  F igs .  5 .2  and 5 . 3  f o r  va r ious  t imes during beam t e s t s  

B7 and 38, r e s p e c t i v e l y .  The temperatures  during t e s t  B7 very nea r ly  met our  
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Fig. 5.1. Loading histories for elevated-temperature beam tests 
B7 and B8. 
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Fig. 5.3. Measured temperature range over middle 16 in. of beam B8 
during llOO'F test. 
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u l t ima te  goa l  f o r  temperature  c o n t r o l .  We are s t r i v i n g  f o r  temperature  

v a r i a t i o n s  i n  our  s t r u c t u r a l  t e s t s  of l e s s  t han  55'F both s p a t i a l l y  and 

wi th  t ime. 

The r e s u l t s  of t e s t  B7 a r e  t y p i f i e d  by t h e  p l o t s  of measured cen te r  

l oad  ve r sus  c e n t e r  d e f l e c t i o n  shown i n  F igs .  5 . 4 ,  5 . 5 ,  and 5 .6  f o r  t h e  

va r ious  po r t ions  of t h e  loading  h i s t o r y .  Each f i g u r e  a l s o  c o n t a i n s ,  f o r  

compari-son, t h e  p r e d i c t i o n s  of an e l a s t i c - p l a s t i c - c r e e p  f i n i t e  element 

a n a l y s i s  us ing  t h e  CREEP-PLAST computer program. The f i n i t e  element mesh 

used wits  t h e  same as i n  prev ious  beam analyses  t h a t  have been r epor t ed  

( s e e ,  f o r  example, Ref. 1 8 ) .  
s t r a i n  curve f o r  a s t r a i n  range of 0.4% w a s  used,  and f o r  a l l  p l a s t i c  load- 

ings  sLbsequent t o  t h e  f i r s t ,  t h e  t e n t h  cyc le  r e p r e s e n t a t i o n  w a s  used. The 

m a t e r i a l  p r o p e r t i e s  used were i d e n t i c a l  t o  those  used f o r  t h e  b i l i n e a r  

a n a l y s i s  of p l a t e  CP1, as descr ibed  i n  Refs.  19 and 20. 

A b i l i n e a r  r e p r e s e n t a t i o n  of t h e  c y c l i c  s t r e s s -  

The measured c e n t e r  l oad  i s  shown as a func t ion  of d e f l e c t i o n  i n  Fig.  

5 . 4  f o r  t h e  i n i t i a l  loading  t o  a c e n t e r  d e f l e c t i o n  of 0.10 i n .  ( p o i n t s  1 t o  

2 ) ,  f o r  t h e  hold pe r iod  a t  cons tan t  d e f l e c t i o n  ( p o i n t s  2 t o  3 ) ,  f o r  t h e  

reversed  loading  t o  -0.10 i n .  ( p o i n t s  3 t o  4), f o r  t h e  subsequent hold 

per iod  a t  cons tan t  d e f l e c t i o n  ( p o i n t s  4 t o  5 ) ,  and f i n a l l y  for t h e  load-  

ing  bacjc t o  zero d e f l e c t i o n  ( p o i n t s  5 t o  6 ) .  I n  t h i s  d e f l e c t i o n  c o n t r o l l e d  

s i t u a t i o n ,  t h e  agreement between measured r e s u l t s  and p r e d i c t i o n s  i s  good. 

Figure 5 . 5  shows t h e  load  r e l a x a t i o n  as a func t ion  of  t ime during t h e  

hold pe r iods  a t  cons tan t  cen te r  d e f l e c t i o n .  Here t h e  t o t a l  l oad  r e l a x a t i o n  

i s  reasonably we l l  p r e d i c t e d  by t h e  a n a l y s i s ,  a l though t h e  p red ic t ed  drop 

i n  load  i s  not i n i t i a l l y  as l a r g e  as t h e  measured drop. 

i s  due i n  p a r t  t o  t h e  f a c t  t h a t  t h e  u n i a x i a l  creep l a w  unde rp red ic t s  t h e  

very s t e e p  i n i t i a l  p o r t i o n s  of t h e  a c t u a l  measured u n i a x i a l  creep response 

of t h e  m a t e r i a l  ( s e e ,  f o r  example, F ig .  4 . 1 5  of Ref. 19). 

This  disagreement 

F igure  5 . 6  shows t h e  r e s u l t s  of t he  t e n  post-creep cyc le s  between t h e  

The a n a l y s i s  r e s u l t s  shown a r e  f ixed  c e n t e r  d e f l e c t i o n  l i m i t s  of tO.1 i n .  

f o r  one p a r t i a l  post-creep cyc le .  

da t a  reasonably we l l .  

The p r e d i c t i o n  r e p r e s e n t s  t h e  measured 

The agreement between t h e  measured r e s u l t s  and the  p r e d i c t i o n s  shown 

i n  F igs .  5 . 4 ,  5 . 5 ,  and 5.6 i s  no t i ceab ly  b e t t e r  than  i n  prev ious  load-  

c o n t r o l l e d  t e s t s .  This w a s  not  unexpected, and it i s  s i g n i f i c a n t  because 



Fig. 5.4. Comparison of measured and predicted load-deflection 
behaviors for deflection changes associated with relaxation portions of 
beam B7 test. Numbered points correspond to points numbered on loading 
history diagram (Fig. 5.la). 
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most i n e l a s t i c  loadings  i n  a c t u a l  s t r u c t u r a l  s i t u a t i o n s  are l a r g e l y  defor- 

mation con t ro l l ed .  Note t h a t  t h e  a n a l y t i c a l  p r e d i c t i o n s  were based e x a c t l y  

on t h e  methods recommended i n  Appendix A of RDT Standard F9-lT. 
21 

“he t e s t  r e s u l t s  f o r  beam B8 a r e  t y p i f i e d  by t h e  load-center  d e f l e c t i o n  

p l o t s  i n  F igs .  5 .7  through 5.10. F igure  5 .7  shows t h e  r e s u l t s  f o r  t h e  t e n  

pre-creep cyc le s  between t h e  f i x e d  c e n t e r  d e f l e c t i o n  l i m i t s  o f  k O . 1  i n .  

Note t h e  s i g n i f i c a n t  c y c l i c  hardening t h a t  occurs .  F igures  5 . 8 ,  5 .9 ,  and 

5.10 f o r  beam B8 a r e  analogous t o  F igs .  5 . 4 ,  5 .5 ,  and 5 .6  f o r  beam B7. Com- 

p a r i s c n  of t h e  corresponding f i g u r e s  i n  t h e  two s e t s  shows t h e  e f f e c t s  of 

t h e  p r i o r  c y c l i c  hardening i n  beam B8 .  

5.1.3.  Cycl ic  hardening b i l i n e a r  a n a l y s i s  of 
beam B6 - ( W .  K.  S a r t o r y )  

22 

havior  of t h e  c y c l i c l y  loaded beam B6, which was t e s t e d  a t  llOO°F, w a s  com- 

pared -with t h e  r e s u l t s  of a number of e l a s t i c - p l a s t i c  ana lyses .  An addi- 

t i o n a l  a n a l y s i s  of beam B6 has now been c a r r i e d  out  us ing  a new c y c l i c  hard- 

ening b i l i n e a r  r e p r e s e n t a t i o n  of t h e  p l a s t i c  behavior  which was descr ibed  i n  

Sec t ion  2 . 1  o f  t h i s  r e p o r t .  A t y p i c a l  u n i a x i a l  c y c l i c  curve obta ined  us ing  

t h i s  r e p r e s e n t a t i o n  i s  shown i n  F ig .  5 .11.  The behavior p r e d i c t e d  f o r  beam 

B6 f o r  t h e  f i r s t  and second cyc le s  of loading  between f2000 l b  i s  shown i n  

F igs .  5i.12 and 5.13. The beam appears  t o  be harder  than  p red ic t ed  f o r  t h e  

f i r s t  r eve r se  load ing ,  bu t  otherwise t h e  agreement i s  reasonably good. 

I n  t h e  preceding progress  r e p o r t  t h e  exper imenta l ly  determined be- 

5.2.  E las t ic -P las t ic -Creep  Tes t s  
of Simply Supported C i rcu la r  P l a t e s  

J .  M. Corm 
M. Richardson 

Two d e f l e c t i o n  c o n t r o l l e d  elevated-temperature  e l a s t i c - p l a s t i c - c r e e p  

c i r c u l a r  p l a t e  t e s t s  CP3 and CP4, have been completed. 

very similar t o  beam t e s t s  B7 and B8 descr ibed  i n  t h e  prev ious  s e c t i o n .  

They we:?e conducted a t  a temperature of llOO°F and they  used p l a t e s  from t h e  

r e fe rence  hea t  (9112796) of type 304 s t a i n l e s s  s t e e l .  

These two t e s t s  were 

The p l a t e s  were each 
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Fig. 5.9. Measured load relaxation versus time for beam B8. Numbered 
points correspond to points numbered on loading history diagram (Fig. 5.lb). 
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Fig. 5.11. Typical uniaxial cyclic stress-strain curve bilinear 

plasticity representation. 
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20.75 i n .  i n  o u t s i d e  diameter and 0.50 i n .  t h i c k .  They were loaded a t  t h e  

c e n t e r  through a b a s s ,  and they  were simply supported on a 20.0 i n .  diameter 

c i r c l e .  The geometry of  t h e  p l a t e s  and t h e  ins t rumenta t ion  used i s  i d e n t i -  

c a l  t o  t h a t  shown i n  F ig .  5.12 of Ref. 23. 
The loading  h i s t o r i e s  f o r  p l a t e s  CP3 and CP4 are shown i n  F ig .  5 .14 .  

Both p l a t e s  were sub jec t ed  t o  an imposed c e n t e r  d e f l e c t i o n  of 0.11 i n .  during 

t h e  i n i t i a l  c r eep ,  o r  r e l a x a t i o n ,  p e r i o d ;  t h i s  w a s  followed by a s t e p  de- 

c rease  i n  c e n t e r  d e f l e c t i o n  t o  Q.ll i n .  f o r  t h e  second creep pe r iod .  Both 

p l a t e s  were sub jec t ed  t o  a short- t ime c y c l i c  loading ,  between f i x e d  def lec-  

t i o n  l i m i t s ,  a t  t h e  end of t h e  creep t e s t .  The s i g n i f i c a n t  d i f f e rence  i n  

t h e  two t e s t s  w a s  t h a t  p l a t e  CP3 w a s  sub jec t ed  t o  t e n  short-t ime c y c l e s ,  be- 

tween f i x e d  d e f l e c t i o n  l i m i t s ,  p r i o r  t o  t h e  i n i t i a l  creep pe r iod  while  p l a t e  

CP4 w a s  no t .  

used f o r  t h e  short- t ime c y c l i c  l oad ings .  A l l  o f  t h e  remaining d e f l e c t i o n  

changes were app l i ed  i n  30 sec  p e r  q u a r t e r  cyc le  and followed a ramp p a t t e r n .  

The measured temperature  ranges over t h e  middle 13.5 i n .  o f  a s i n g l e  

A saw-tooth d e f l e c t i o n  p a t t e r n  with a pe r iod  of 2 min. w a s  

diamet2r a r e  shown i n  F igs .  5.15 and 5.16 f o r  va r ious  t i m e s  dur ing  p l a t e  

t e s t s  IF3 and CP4, r e s p e c t i v e l y .  The temperatures  i n  t e s t  CP3 were we l l  

wi th in  our  goa l  of 1100 5 5OF, while t h e  temperature  i n  t e s t  CP4 occasion- 

a l l y  became l o c a l l y  h o t t e r  t han  1105OF by 2 or 3OF. 

The r e s u l t s  of t e s t s  CP3 and CP4 a r e  t y p i f i e d  by p l o t s  of t h e  measured 

c e n t e r  l o a d  versus  c e n t e r  d e f l e c t i o n  analogous t o  those  presented  i n  t h e  

previous s e c t i o n  for beams B7 and B8.  The r e s u l t s  f o r  CP3 a r e  shown i n  

F ig .  5.17 through 5.20. Figure  5.17 shows t h e  r e s u l t s  f o r  t h e  t e n  pre-creep 

cyc le s  between t h e  f i x e d  c e n t e r  d e f l e c t i o n  l i m i t s  of  k O . 1 1  i n .  The measured 

c e n t e r  l oad  i s  shown as a func t ion  of d e f l e c t i o n  i n  F ig .  5.18 f o r  t h e  i n i t i a l  

loading  t o  a c e n t e r  d e f l e c t i o n  of 0 . 1 1  i n .  ( p o i n t s  2 t o  3), f o r  t h e  hold 

pe r iod  a t  cons tan t  d e f l e c t i o n  ( p o i n t s  3 t o  b ) ,  f o r  t h e  reversed  loading  t o  

-0.11 i n .  ( p o i n t s  4 t o  5 ) ,  f o r  t h e  subsequent hold pe r iod  a t  cons tan t  de- 

f l e c t i o n  ( p o i n t s  5 t o  6), and f i n a l l y  t o  t h e  loading  back t o  zero d e f l e c t i o n  

( p o i n t s  6 t o  7). 

Fig .  5.19 shows t h e  load  r e l a x a t i o n  as a func t ion  of  time dur ing  t h e  

hold pei5.ods a t  cons t an t  c e n t e r  d e f l e c t i o n .  

measured r e s u l t s  f o r  t h e  t e n  post-creep cyc le s  between t h e  f i x e d  c e n t e r  

def lec t i -on  l i m i t s  of  0.11 i n .  

F i n a l l y  F ig .  5 .20 shows t h e  
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( 2  min each) 

- .  ( 2  min each) 
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(b) PLATE TEST CP4 
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6,. 

-3.11 in. 

Fig. 5.14. Loading histories for elevated-temperature circular plates 
tests CP3 and CP4. 

0.11 in .  

:: Time _--------- 

r l l l r  L 1 -0.11 in. 
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Fig. 5.15. Measured temperature range over middle 13.5 in. of a single 
diameter of p l a t e  CP3 during llOO°F test. 
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Fig .  5 .16 .  Measured temperature  range over middle 13 .5  i n .  of a 
s i n g l e  diameter of  p l a t e  CP4 dur ing  llOO°F t e s t .  
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Fig. 5.17. Measured load-deflection behavior during ten short-time 
pre-relaxation cyclic loadings of plate CP3. 
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5.23, which are analogous to Figs. 5.18, 5.19, and 5.20 for plate CP3. Com- 

parison of the corresponding figures in the two sets shows the effects of 

the prior cyclic hardening in plate CP3. 

Inelastic analysis results for plates CP3 and CP4 will be presented 

and compared to test data in the next progress report. Those readers wish- 

ing to make their own analytical comparisons with the experimental results 

should use the material properties data for the reference heat discussed in 

connection with beams B7 and B8 in the previous section of this chapter. 

5.3. Weldment Creep-Rupture Studies 

W. J. McAfee 
M. Richardson 
W. K. Sartory 

5.3.1. Experimental program 

Testing and inspection of the tubular WCR specimens is continuing on 
I 

schedule. During this reporting period two specimens were inspected after 

reaching a total test time of 2000 hrs. The deformation measurements obtained 

were used to calculate comparative time dependent strains for selected 

points of interest in each specimen. These results are shown in Table 5.1 
24 and in Fig. 5.24. 

The base metal of each specimen continues to accumulate significant creep 

strain. The general deformation trends, as established by previous inspec- 

tion data, are being continued with one exception. This exception is that 

cylindrical segment of Spec. 3-M2 that is made of bar material. Preliminary 

calculations indicate that approximately 0.1% maximum circumferential creep 

strain was accumulated in this cylindrical portion of Spec. 3-M2 during the 

time interval 1000-2000 hrs. The cylindrical segment of this specimen made 

of pipe material, during this same time interval, accumulated approximately 

0.5% maximum circumferential creep strain. This difference in creep behavior 

is shown graphically in Fig. 5.24. 

Both the table and the figure include previous data. 

I 

In comparison to the base metal, the weld material of both the specimens 

inspected has accumulated very small circumferential strains. No definite 

trends in weld deformation behavior have been established as yet. 
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Fig. 5.23. Measured load-deflection behavior during ten short-time 
post-relaxation cyclic loadings of plate CP4. 
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Table 5 .1 .  WCR c reep  deformation 

To ta l  t e s t  t ime ( h r )  

a 
Specimen 500 1000 1500 2000 S t r e s s  

No. ( k s i )  
Ma te r i a l  

Average c i r cumfe ren t i a l  s t r a i n  
( % )  

1 - M 2  Base meta l  ( p i p e )  

2-M2 Base meta l  ( p i p e )  

Base metal ( b a r )  

Weld 

3-M2 Base metal  ( p i p e )  

Base metal  ( b a r )  

Weld 

4-M2 Base meta l  ( p i p e )  

Weld 

Weld 

1 . 6 9 3  

1 .036  

1 .508  2.069 

1.477 

0.205 

0.952 1 .759  
-0.225 0.216 

1 .939  2.563 
0.285 0.270 

0.315 0.230 

2.013 

1 .427  
0.060 

7. 9 n b  
b 2.302 

2 .  464b 

1 7 . 0  

2.433 17.0 

1 .687  17.0 
0.185 17.0 
2.580 1 7 . 0  
1 .870  1 7 . 0  

-0.005 17.0 

1 9 . 8  
19 .8  
1 9 . 8  

a 
b 

Von Mises 

S t r a i n  a f t e r  temperature  inc rease .  
F a i l u r e  t ime = 1136 h r s .  
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One specimen f a i l e d  dur ing  t h i s  pe r iod ;  t h i s  w a s  Spec. 4-M2. The 

design l i f e  of t h i s  specimen w a s  1000 h r s .  

t e s t  when f a i l u r e  occurred during a pe r iod  of increased  furnace  temperature .  

It  i s  es t imated  t h a t  t h e  specimen reached 1400'F before  f a i l u r e  occurred.  

Thus tlne f a i l u r e  d a t a  shown i n  Table 5 . 1  p re sen t  d i f f i c u l t i e s  i n  i n t e r p r e -  

t a t i o n  s ince  s i g n i f i c a n t  c reep  s t r a i n  could have accumulated i n  a very  s h o r t  

t ime a t  t h e  h igher  temperatures .  The r u p t u r e s  i n  t h i s  specimen were i n  t h e  

weld rl3gion and were small f i s s u r e s .  This  i s  un l ike  prev ious  specimens t h a t  

rup tu red  i n  t h e  base meta l .  A complete dimensional i n s p e c t i o n  i s  t o  be 

performed a f t e r  which t h e  specimen w i l l  be sec t ioned  f o r  v i s u a l  and metal lo-  

graphic  in spec t ion .  

It had accumulated 1136 h r s  i n  

5.3.2.  Tes t  d a t a  reduct ion  

Data r educ t ion  f o r  t h e  weldment creep-rupture  specimens has  been de- 

Fur the r  work has now been c a r r i e d  out  i n  sc r ibed  i n  an e a r l i e r  r e p o r t .  25 

f i t t i n g  equat ions  t o  t h e  cy l inde r  and cap deformations t o  determine t h e  

s t r a i n .  

Ma te r i a l  p a r t i c l e s  a r e  i d e n t i f i e d  by cons ider ing  t h e  specimen t o  be 

i n  a hypo the t i ca l  r e fe rence  s t a t e  i n  which i t s  geometry i s  a p e r f e c t  cy l in -  

de r .  A c y l i n d r i c a l  coord ina te  system i s  then  s e t  up and each p a r t i c l e  i s  

i d e n t i f i e d  by t h e  r e fe rence  coord ina tes  (r, e ,  z ) .  
The deformed l o c a t i o n  of a p a r t i c l e  i s  given by i t s  Car t e s i an  coordi-  

na t e s  (x, y, z), and t h e  undeformed l o c a t i o n  i s  given by t h e  Car t e s i an  co- 

o r d i n z t e s  (2 ,  ?, s ) .  To i n t e r p o l a t e  between measured p o i n t s ,  t h e  s e r i e s  

where P1,--,P6 a r e  polynomial s p l i n e  f u n c t i o n s ,  i s  used. The s p l i n e  func- 

t i o n s  a r e  cont inuous and have two continuous d e r i v a t i v e s  ac ross  t h e  s c r i b e  

r i n g s ,  I n t e r p o l a t i o n  equat ions  of t h e  same form a r e  used f o r  y ,  z ,  2 ,  9 ,  z. A 

For a hemispherical  cap t h e  r e fe rence  s t a t e  i s  a p e r f e c t  hemisphere, 

and t h e  i n t e r p o l a t i o n  equat ion  is 
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- -  - - 
x ( e ,  + )  = Pl(cos $ )  + s i n  + ~z(cos $ ) c o s  e + s i n  $ pS(cos i ) s i n  ij t 

- - - - 
s i n 2  + ~s(cos + ) c o s  28 + s i n 2  $ pS(cos @ ) s i n  2i + 

s i n 3  pS(cos $ ) c o s  38 , 
- 

- 
where 4 i s  t h e  re ference  angle  measured from t h e  pole .  

For  a d i s c  cap,  t h e  re ference  s t a t e  i s  a p e r f e c t  d i s c ,  and t h e  i n t e r -  

p o l a t i o n  func t ion  i s  

The form of t h e  cap equat ions  i s  chosen so as t o  f o r c e  t h e  deformation t o  

be a n a l y t i c  a t  t h e  cen te r  p o i n t .  

Using index n o t a t i o n ,  t h e  s t r a i n  t enso r  i s  def ined  as 

where x1 = x xz = y x3 = z 

21 = 2 , 2 2 = Y y 2 3 = E  - -  - - - - 
x1 = r , xz = 8 x3 = z f o r  a cy l inde r  o r  d i s c  

XI = r , x2 = 8 x3 = + f o r  a hemisphere 
- - - - - -  

Because it fol lows t h e  conventions of t e n s o r  a n a l y s i s  which emphasize 

s i m p l i c i t y  of t ransformat ion ,  t h e  s t r a i n  t e n s o r  e does not reduce t o  

engineer ing s t r a i n  i n  t h e  i n f i n i t e s i m a l  l i m i t .  The a l t e r n a t i v e  s t r a i n  
mn 

measure 

/ax. ax .  a2 as.\ Jan, a?, a;; R R  a2 11-A.1 / ---- 
\ 

1 e = -  
mn 2 axm azn ax a x n \  ar; ax ax art 

m m m n n  

(no summation on m ,  n )  

sometimes r e f e r r e d  t o  as t h e  "phys ica l  components" of t h e  t e n s o r ,  i s  not 

i t s e l f  a t enso r  but  does reduce t o  engineer ing  s t r a i n  (except  f o r  a f a c t o r  

of 2 i n  s h e a r )  and i s  t h e r e f o r e  e a s i e r  i n  i n t e r p r e t .  

Figure 5.25 shows t h e  r a d i a l  and hoop phys ica l  s t r a i n  components f o r  

a d i s c  cap. 

wi th  two welds. 

Figure 5 .26  shows t h e  a x i a l  and hoop s t r a i n  f o r  a cy l inde r  
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F1.g. 5 .25.  I n e l a s t i c  s t r a i n  ( p l a s t i c  p l u s  c reep )  a t  o u t e r  su r f ace  
of f l a t  cap ve r sus  r a d i a l  p o s i t i o n  i n  cap f o r  Spec. 1-M1 ( s e e  Ref. 2 5 ) .  
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of cy l inde r  versus  a x i a l  p o s i t i o n  along cy l inde r  f o r  Spec. b-M2. 
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5 . 4 .  High-Temperature Moire S t r a i n  Analysis  
3f an  In-Plane Loaded Finite-Width P l a t e  wi th  a C i rcu la r  Hole 

A.  J .  D u r e l l i  
The Cathol ic  Un ive r s i ty  of America 

The o b j e c t  of t h e  r e sea rch  r epor t ed  he re  i s  t o  s t r a i n  analyze a f i n i t e -  

width s t a i n l e s s  s t e e l  p l a t e  wi th  a c i r c u l a r  ho le  when it i s  sub jec t ed ,  a t  

llOO°F, t o  an in-plane,  unidimensional ,  r eve r se  loading  t h a t  produces 

e l a s t i = - p l a s t i c  and creep  deformations.  I n  t h e  i n v e s t i g a t i o n  an at tempt  

w i l l  b?  made t o  provide high temperature  s t r u c t u r a l  t e s t  d a t a  for compari- 

son wi th  independent ly  obta ined  t h e o r e t i c a l  p r e d i c t i o n s  and a l s o  t o  demon- 

s t r a t e  t h e  a p p l i c a b i l i t y  of moire t o  ana lyze ,  a t  e l eva ted  tempera tures ,  

s t r u c t . i r e s  e x h i b i t i n g  e l a s t i c - p l a s t i c - c r e e p  behavior .  

To conduct t h e  t e s t ,  a s p e c i a l  loading  frame, a s p e c i a l  fu rnace ,  and 

s p e c i a l  measuring equipment a r e  requi red .  

a )  I n  t h e  f i r s t  t h r e e  months, p re l iminary  work w a s  conducted t o  b u i l d  

t h e  equipment and prepare  t h e  p l a t e  f o r  a p p l i c a t i o n  of t h e  measuring tech-  

n i  que. 

b )  I n  t h e  second q u a r t e r  pe r iod  t h e  bu i ld ing  of t h e  loading  frame w a s  

s t a r t e d ,  t h e  design of t h e  furnace  w a s  we l l  advanced and a new temperature  

r eco rde r  w a s  ob ta ined .  

c )  I n  t h e  t h i r d  q u a r t e r  pe r iod  t h e  loading  frame components were 

assemb-Led and a p l a t e  t e s t e d  i n  t h e  frame, under t e n s i o n  and compression, 

f o r  proper  a p p l i c a t i o n  of loading .  The furnace w a s  b u i l t  and t h e  d e s i r e d  

temperature  a t t a i n e d .  

d) I n  t h e  f o u r t h  q u a r t e r  per iod  t h e  techniques  t o  apply g r a t i n g s  t o  t h e  

su r face  of t h e  p l a t e  were developed. Appreciable  t ime has been spent  t o  

o b t a i n  s u f f i c i e n t  c o n t r a s t  between l i n e s  and i n t e r l i n e s  of t h e  g r a t i n g ,  when 

t h e  photograph i s  obta ined  a t  llOO°F. 

e )  I n  t h e  f i f t h  q u a r t e r ,  which i s  r epor t ed  he re ,  a pre l iminary  s t a i n -  

l e s s  s t e e l  t e s t  specimen, provided by O R N L ,  w a s  t e s t e d  i n  t h e  furnace  f o l -  

lowing t h e  s p e c i f i e d  loading  c y c l e ,  a t  t h e  s p e c i f i e d  temperature .  Photo- 

graphs were taken  a t  pe r iod ic  i n t e r v a l s .  These pre l iminary  r e s u l t s  w i l l  

be eva lua ted  i n  t h e  next q u a r t e r .  
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Efforts are still underway to improve the contrast in photographs of 

To minimize oxidation effects, the 500-lines-per-inch grating at llOO°F. 

etc., the furnace has been made almost leak proof and nitrogen and later 

argon, were fed in continuously during the test of the preliminary specimen. 

Argon seems to give better results. Experiments are being conducted to fill 

the interlines with temperature resistance materials that will increase the 

contrast. Several fillers have been tried: graphite, calcium carbonate, 

manganese dioxide and titanium dioxide, some of them mixed with sodium sili- 

cate. So far none of them seem to be completely satisfactory. The use of 

sodium silicate had to be discarded. 

These studies are being continued. A small asbestos box with infrared 
lamps and quartz tubes has been built to test gratings, etching procedures, 

and photography techniques on small specimens. The specimens, to be sup- 

plied by ORNL, will come from the same heat of type 304 stainless steel 

(9T2796) as the actual structural test specimen. 

5.5. Elevated-Temperature Test of Stiffened 
Shear-Lag Panel 

R. L. Egger 
D. R. Harting 

Boeing Aerospace Company 

This effort is in progress at the Boeing Aerospace Company in Kent, 

Washington. The program, consisting of a series of tests that are based on 

the use of a stiffened shear-lag panel specimen design, has two purposes: 

first, to provide elevated temperature structural test data for comparison 

with elastic-plastic-creep structural analysis predictions, and second, to 

further develop and demonstrate the applicability and potential of the 

Boeing high temperature capacitive strain gage as an accurate, long-term 

stable measuring device for liquid-metal fast-breeder reactor structural 

applications. 

This is the third quarterly progress report. Accomplishments during 

this period are summarized below and elaborated upon in the remainder of 

this section. 
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*Machining, straightening, and annealing of shear-lag specimen No. 2 

was completed. Tensile specimens were made and tests performed to 

determine the yield stress of specimen No. 2 and the grain sizes 

of both specimens No. 1 and No. 2. 

'Specimen No. 1 was instrumented for the thermal survey testing. 

'Thermal survey testing was completed. During the survey, the heat- 

ing system was modified to reduce specimen temperature gradients. 

*The loading system was proof-tested and the guide bearing support 

structure was modified to improve the alignment of the specimen 

buckling restraints. 

'Shear-lag specimen No. 1 was instrumented for the room temperature, 
500°F and l lOO°F load tests. Signal conditioning and control equip- 

ment was set up and is ready for these tests. 

One temperature cycle to 2000°F (with slow cooling) was used to both 

anneal znd straighten shear-lag specimen No. 2 (as reported in the last 

quarterly report, the panel sections of specimen No. 2 distorted when the 

picture frames were removed). Based on the tests of four tensile coupons, 

the roon temperature 0.2% yield strength of specimen No. 2 was found to be 

27,000 psi. The ASTM grain size of specimen No. 1, which was subjected 

to thre? annealing/straightening cycles to 2000°F, was between 0 and +1. 

The ASTM grain size of specimen No. 2, which was subjected to only one 
annealing/straightening cycle, was between +2 and +3. 

26 

Ths primary purpose of the thermal survey tests was to verify that 

the temperature of the shear-lag specimen could be held uniform at l l O O ° F .  

Included as part of the thermal survey tests were functional tests of the 

oven, heating equipment, temperature measuring instrumentation, and fail- 

safe systems. Load cell environmental effects were also monitored. Shear- 

lag specimen No. 1 was instrumented with nineteen response thermocouples 

(plus control and fail-safe thermocouples) for the survey tests. 

The thermal survey testing began with the heating oven divided into 

two temperature control zones; this configuration, however, could not con- 

trol the specimen temperature gradients within the desired tolerances. The 

oven was subsequently modified so as to be divided into six control zones, 

after which another thermal survey test was performed. The specimen was 

maintained at l l O O ' F  2 5.5OF for over twenty-four hours. 
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Functional tests of the fail-safe and redundant heat control systems 

demonstrated that the redundant systems would switch on automatically and 

control the specimen temperature to within the same tolerance as the primary 

systems. Transient perturbations during the transition were less than 40°F. 
No load cell environmental effects were observed. 

Using a bar to simulate a shear-lag specimen, the load control system 

was proof-tested to demonstrate that tension and compression loads of up 

to 16,000 lb could be applied at rates of up to 600 lb per second. 

guide bearing support structure was modified so that it would be self- 

aligning, thus eliminating the necessity for precision shimming each time 

a specimen was installed in the load fixture. 

The 

The thermocouples installed on specimen No. 1 for the thermal survey 

tests were removed. Twenty-five bonded resistance strain gages, one 

capacitive strain gage, and ten response thermocouples were installed in 

preparation for the preliminary room temperature, 500°F, and 1000°F load 

tests of specimen No. 1. The bonded resistance strain gages were selected 

and installed for operation at 500°F. 

strain gages have 1-in. gage lengths (to simulate the capacitive strain 

gages to be used on specimen No. 2); the other six bonded resistance 

strain gages have 1/8-in. gage lengths and will be used to correct for the 

high transverse sensitivity of the 1-in. gage length gages. 

and 5.28 are photographs of the front and back sides (respectively) of 
specimen No. 1. 

stalled at the mid-section of the specimen in Fig. 5.24. 
tive strain gage, with a cover, is shown installed at the far edge of the 

specimen in Fig. 5.27. This gage was installed earlier to establish that 

there were no oven power supply effects on the capacitive gage and its lead 

wires. 

Nineteen of the bonded resistance 

Figures 5.27 

The capacitive strain gage (without a cover) is shown in- 

A second capaci- 

Load testing of specimen No. 1 is scheduled to begin the week of July 

The room temperature and T O O O F  loads will be limited to the elastic range 16. 
of the specimen. 

the l l O O ° F  load tests and only the capacitive gage at the center of the speci- 

men will monitor strain. 

The bonded resistance strain gages will be removed for 

Specimen No. 2 will be instrumented for the 850 hr test at llOO°F, which 
is scheduled to begin the second week in September. 





. . 
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5.6.  Pipe Thermal Ratche t t ing  Tes ts  

A t  t h e  beginning of t h i s  r epor t  pe r iod  t h e  dummy t e s t  s e c t i o n ,  which 

w a s  used f o r  shakedown t e s t i n g  of t h e  Thermal Trans ien t  Test  F a c i l i t y  (TTTF), 

had been removed, and t h e  f i r s t  f u l l y  instrumented 8-in.-diam x 0.375 i n .  

w a l l  p ipe  t e s t  s e c t i o n ,  which w a s  designated as t e s t  s ec t ion  3B and con- 

s t r u c t e d  of type  304 s t a i n l e s s  s t e e l ,  had been i n s t a l l e d .  

temperature c a l i b r a t i o n  of t h e  high-temperature s t r a i n  gages a t  t h e  T O O  p s i  

ope ra t ing  p res su re ,  t h e  f a c i l i t y  w a s  heated and t h e  t e s t  s e c t i o n  w a s  sub- 

j e c t e d  t o  one i so thermal  sodium flow t r a n s i e n t  ( i so thermal  t r a n s i e n t )  a t  

8 0 0 ~ ~ ~  which proved t h a t  t h e  modi f ica t ion  t o  t h e  p ipe  supports  had reduced 

the  bending s t r e s s e s  t o  wi th in  an acceptab le  range and t h e  a d d i t i o n  of v ibra-  

t i o n  dampers had reduced t h e  v i b r a t i o n  t o  an acceptab le  l e v e l .  

Af t e r  a room 

Test  s e c t i o n  3% w a s  t hen  subjec ted  t o  1 0  t e s t  cyc le s ,  each c o n s i s t i n g  

of a thermal downshock i n  t h e  sodium temperature from llOO'F t o  8 0 0 ' ~  i n  

1 0  sec followed by a 160-hr pe r iod  of sus t a ined  ope ra t ion  under i n t e r n a l  

p re s su re  a t  llOO'F t o  o b t a i n  a 7-day r a t c h e t t i n g  cyc le .  

end of t h e  cu r ren t  r e p o r t i n g  pe r iod ,  t h e  t e s t  s e c t i o n  w a s  subjec ted  t o  

four  a d d i t i o n a l  r a t c h e t t i n g  cyc le s .  S t r a i n  d a t a  were obta ined  for t h e  

f i r s t  t h r e e  of t hese  and consequently r e s u l t s  f o r  13 r a t c h e t t i n g  cyc le s  

(13 weeks of ope ra t ion )  w i l l  be presented  l a t e r  i n  t h i s  s e c t i o n .  

Shor t ly  a f t e r  t h e  

The t e s t i n g  of t h e  f i r s t  specimen (3B) i s  descr ibed  i n  t h e  fol lowing 

subsec t ion  toge the r  wi th  a b r i e f  summary of t he  t e s t  p l ans  and condi t ions  

f o r  t h e  second tes t  specimen (3C). Operat ion and modi f ica t ion  of t h e  TTT 

F a c i l i t y  i s  then  d iscussed  i n  t h e  next  subsec t ion .  F i n a l l y ,  t h e  i n e l a s t i c  

r a t c h e t t i n g  ana lyses  t h a t  were performed a r e  summarized i n  t h e  l as t  sub- 

s e c t i o n  and t h e  t e s t  r e s u l t s  a r e  presented  and comparisons a r e  made wi th  

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

5.6.1.  Pipe thermal r a t c h e t t i n g  t e s t i n g  
and t e s t  p l ans  (J .  M. Corm,  A. G.  Gr inde l l ,  J .  E .  Smith, and H .  C .  Young) 

5 .6 .1 .1 .  Test  s e r i e s  1 (specimen 3B). The i n s t a l l a t i o n  of t e s t  

s e c t i o n  3B f o r  t h e  f i r s t  pipe thermal r a t c h e t t i n g  t e s t  s e r i e s  w a s  nea r ly  

completed a t  t h e  beginning of t h i s  r epor t  per iod .  The t e s t  s e c t i o n  w a s  

supported by t h e  redesigned and s t rengthened p ipe  anchor and p ipe  guide.  27 
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Automotive snock absorbers were installed at each of two locations, one near 

the inlet to the test section and the other at the midpoint in the orifice 

run. Three absorbers were placed orthogonally in the X, Y, and Z planes at 
each location. A number of room temperature strain gages were installed, 
and the test section and system piping were pressurized with argon to TOO 

psig at room temperature to calibrate the three Boeing capacitive strain 

gages, six Ailtech (Idicrodot) weldable strain gages, and two strain-gage- 

based, air-cooled, extensometers (the instrumentation for test section 3B 
was described in Ref. 37). 

The system was then filled with sodium, and the test section was sub- 

jected to one isothermal flow transient with 800'~ sodium during which the 

recorded outputs of three accelerometers mounted on the test section and the 

recorded rectilinear plots of the capacitive strain gage outputs were ob- 

served. These outputs indicated khat the shock absorbers and the redesigned 

test section supports had been effective in satisfactorily reducing the vibra- 

tion reported previ~usly.~~ 

sodium system were being prepared for the first thermal transient, the 

capacitive strain gages indicated that the maximum stress induced in the 

test section by the thermal expansion of the interconnecting sodium piping 

system was less than 200 p s i ,  a value which is acceptable. 

As the temperatures of the test section and the 

The test section was then subjected to the first thermal transient, in 

which the sodium temperature in the test section was reduced from 1100 to 

800'F in approximately 10 sec with a programmed flow of temperature graded 

sodium. During the transient the sodium static pressure was maintained 

within the range of T O O  psig t25 psi. Initially, we had planned t o  operate 

the test section at the creep test conditions of l l O O ' F  and 700 psig t5 psi 

for a duration of approximately 21 days to achieve a ratchetting cycle of 

3 weeks; however, at the request of AEC-RRD, the duration of the creep test 
was reduced to approximately 160 hr to provide a ratchetting cycle of 1 week. 
The test section subsequently was subjected to ten l-week ratchetting cycles 

as indicated in Table 5.2. 

For ready reference, the nominal sodium temperature and pressure his- 
tories for the first test are depicted in Fig. 5.29. During the thermal 

transient (from points a to b in Fig. 5 . 2 9 ) ,  temperature and strain data 

were recorded every 0.2 sec by a high-speed data acquisition system. During 



Table 5.2. Ratchetting cycle operation test series 1 (test section 3B) 

-~ - 

Thermal transient 
llOO°F to 800'F 
~29,5'F/sec (max) 

7-day creep test 
llOO'F and 700 psig 

steady state 

Cycle 
Date 11 No. 

Cyc1e Tirne 
No. 

1 13:lO 4/24/73 

2 11:54 5/1/73 
3 11~48 5/8/73 
4 11 : 27 5/15/73 
5 12 : 03 5/22/73 

6 11 : 26 5/29/73 

7 10:46 6/5/73 
8 10: 45 6/12/73 

9 10: 53 6/19/73 

10 10 : 48 6/26/73 

1 22:hO on 4/24/73 to 11:54 on 5/1/73 156.3 
2 21:lO on 5/1/73 to 11:48 on 5/8/73 158.5 
3 22:31 on 5/8/73 to 11:27 on 5/15/73 157.0 

4 20:15 on 5/15/73 to 12:03 on 5/22/73 159.8 
5 21:25 on 5/22/73 to 11:26 on 5/29/73 158.0 

6 20:55 on 5/29/73 to 10:46 on 6/5/73 157.8 
7 19:50 on 6/5/73 to 10:45 on 6/12/73 158.9 
8 20:20 on 6/12/73 to 10:53 on 6/19/73 158.5 
9 20:15 on 6/19/73 to 10:48 on 6/26/73 158.5 

1 0  2O:oO on 6/26/73 to 10:30 on 7/2/73 158.5 

. 
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Fig. 5.29. Nominal test conditions for first pipe thermal ratchetting 
test. 



t h e  heat-up pe r iod  ( p o i n t s  d t o  e )  and the  160 h r  hold pe r iod  ( p o i n t s  e t o  

f ) ,  d a t a  were recorded every 15 minutes.  

A f t e r  d r a in ing  t h e  sodium from t h e  system, we p lan  t o  remove t h e  t e s t  

s e c t i o n  oven t o  measure t h e  abso lu te  s t r a i n  va lues  on t h e  c i r c u m f e r e n t i a l l y  

and a x i a l l y  o r i e n t e d  Demec gages.  We then  p l an  t o  r e f i l l  t h e  system wi th  

sodium :and conduct f i v e  a d d i t i o n a l  1-week r a t c h e t t i n g  cyc le s  wi th  t h i s  t e s t  

s ec t ion .% 

For t h e  next  t e s t ,  Tes t  S e r i e s  2 ,  t o  be performed wi th  t e s t  s e c t i o n  3 C ,  

we p l a n  t o  change t h e  r a t c h e t t i n g  t e s t  cond i t ions  t o  400 p s i g  wi th  a thermal 

downshook o f  approximately 23'F p e r  sec  and t o  inc rease  t h e  du ra t ion  of t h e  

creep tes t  p o r t i o n  of t h e  cyc le  t o  2 weeks. Therefore ,  a t  t h e  completion 

of t h e  15 scheduled r a t c h e t t i n g  cyc le s  wi th  t e s t  s ec t ion  3R and before  re-  

moval of t h i s  t e s t  s e c t i o n ,  we p l an  t o  ope ra t e  a t  t h e s e  new cond i t ions  

through seve ra l  i so thermal  flow t r a n s i e n t s  and one or more thermal  t r a n s i e n t s  

t o  prove t h e  f a c i l i t y  c a p a b i l i t y  for t h e  lower sodium flow and thermal  down- 

shock r a t e s  as we l l  as demonstrate t h e  ope ra t ion  of t he  high-pressure gas  

con t ro l  system a t  t h e  r ev i sed  cond i t ions .  

- 5.6.1.2. Plans  For t e s t  s e r i e s  2 (specimen 3C). The second 8- in . -  

d i m  by  30-in.-long t e s t  p i ece  (des igna ted  t e s t  s e c t i o n  3 C )  w a s  f a b r i c a t e d ,  

and it i s  ready f o r  f i n a l  p re s su re  and l e a k  t e s t i n g .  The i n l e t  end of t h e  

bladder. i n  t h e  t e s t  s e c t i o n  w a s  modified t o  provide b e t t e r  f low guidance 

i n  an a t tempt  t o  reduce temperature  f l u c t u a t i o n s  i n  t h e  flowing sodium t h a t  

were observed dur ing  t h e  thermal  t r a n s i e n t  ope ra t ions  with t e s t  s e c t i o n  3B.  

The b u t t  weld end cap on t h e  i n l e t  end of t h e  b ladder  w a s  rep laced  wi th  a 

6-in. by 2 1 / 2 - i n . ,  schedule-10 reducer  and 2 1 /2- in .  b u t t  weld cap as 

shown on F ig .  5 .30.  A l s o ,  t h e  t e s t  s e c t i o n  design w a s  modified t o  provide 

a gas vent  and a sodium d r a i n .  The conf igu ra t ion  of  t h e  sodium p ip ing  

causes  gas  t o  be t rapped  i n  t h e  t e s t  s e c t i o n  dur ing  sodium f i l l i n g ;  t h e  

gas  vent  l i n e  w i l l  e l i m i n a t e  t h i s  o p e r a t i o n a l  problem. The sodium d r a i n  

w i l l  permi t  removal of a small sodium h e e l  a t  one end of t h e  t e s t  p i ece  

and w i l l  ease  t h e  t a s k  o f  c leaning  t h e  i n t e r i o r  of t e s t  s e c t i o n s  i n  t h e  

event of e i t h e r  subsequent use or extens ive  m e t a l l u r g i c a l  examination. 

%3ubsequent t o  t h e  cu r ren t  r e p o r t i n g  pe r iod ,  four  a d d i t i o n a l  r a t c h e t -  
t i n g  cyc le s  were conducted. A temporary malfunct ion i n  t h e  c a p a c i t i v e  gage 
system precluded t h e  ob ta in ing  of r e l i a b l e  s t r a i n  d a t a  during the  l a s t  of  
t hese .  
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Fig. 5.30. Cross section of test section 3C, LMFBR-TTTF. Shows 
redesigned bladder to provide more f l o w  guidance at inlet to test section. 
Original bladder termination shown with dotted lines. 
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The cond i t ions  f o r  t h e  f i r s t  p ipe  thermal  r a t c h e t t i n g  t e s t  ( t e s t  s e r i e s  

1, specimen 3 B )  were extreme i n  t h a t  t h e  combination of primary ( p r e s s u r e )  

and secondary ( the rma l )  s t r e s s e s  w a s  i n  a reg ion  o u t s i d e  t h e  range of normal 

LMFBR des ign ,  and t h e  r a t c h e t t i n g  phenomenon w a s  dominated, a t  l e a s t -  i n i t i a l l y ,  

by p l a s t i c  r a t c h e t t i n g  r e l a t i v e  t o  creep r a t c h e t t i n g .  

w e  p l an  t o  r e l a x  t h e  condi t ions  s u f f i c i e n t l y  t o  put  t h e  t es t  i n s i d e  t h e  

normal des ign  reg ion .  

For t h e  second t e s t ,  

The r eg ions  commonly i d e n t i f i e d  i n  r a t c h e t t i n g  eva lua t ions  a r e  shown 

i n  F ig .  5.31. Regions R 1  and R 2  are  dominated by p l a s t i c  r a t c h e t t i n g ,  and 

a r e  avoided i n  normal ope ra t ion .  A s  can be seen i n  t h e  f i g u r e ,  o u r  f i r s t  

t e s t  w a s  i n  t h e  R 2  reg ion .  The dashed l i n e  i n  F ig .  5 .31 shows t h e  approxi- 

mate combinations of e l a s t i c a l l y  c a l c u l a t e d  primary and secondary s t r e s s e s  

which can c u r r e n t l y  be obta ined  i n  t h e  TTTF without s i g n i f i c a n t  hardware 

modi f ica t ions .  The second t e s t  (specimen 3 C )  has been chosen t o  l i e  on t h i s  

l i n e ,  snd i s  shown i n  t h e  P reg ion  of Fig.  5.31. 

The s p e c i f i c  t e s t  cond i t ions  for t e s t  s e r i e s  2 a r e :  

Thermal downshock from l l O O ' F  t o  8 0 0 ~ ~  23OF/sec 

I n t e r n a l  p re s su re  400 p s i  

Hold t ime (based  on 2 week c y c l e )  328 h r  

To ta l  number of cyc le s  10-15 
The sequence of events  and procedures  w i l l  be e x a c t l y  t h e  same as i n  t h e  

f i rs t  t e s t ,  and t h e  nominal temperature  and p res su re  his tograms are the  

same except f o r  t h e  above changes. 

The p red ic t ed  o u t s i d e  c i r c u m f e r e n t i a l  s t r a i n  versus  t i m e  based on t h e  

above nominal cond i t ions  i s  shown i n  F ig .  5 .32.  Note t h a t  1 5  cyc le s  extend 

j u s t  p a s t  t h e  knee of t h e  curve.  Beyond 15 cyc le s  t h e  p red ic t ed  deformation 

i n  e s s e n t i a l l y  time-dependent c reep  only.  Note a l s o  t h a t  t h e  t o t a l  circum- 

f e r e n t i a l  s t r a i n  a t  t h e  end of 15 cyc le s  i s  p red ic t ed  t o  be about 0.09%. 

This  :is approximately one- th i rd  of t h e  s t r a i n  i n  t e s t  s e r i e s  1. 

The t e s t  s e c t i o n  ins t rumenta t ion  f o r  t e s t  s e r i e s  2 ,  as i n d i c a t e d  below, 

i s  t o  be i d e n t i c a l  t o  t h a t  used f o r  t e s t  series 1 with t h e  except ion  of  

t h e  a d d i t i o n  of f o u r  more a c t i v e  Boeing c a p a c i t i v e  s t r a i n  gages:  
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Fig. 5.31. Stress regimes for ratchetting evaluations using elastic 
The dashed line represents the combinations of primary and calculations. 

secondary (thermal) stresses that can be currently obtained in the TTTF. 
The points show the conditions for test series 1 (specimen 3B) and for 
test series 2 (specimen 3 ~ ) .  
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p ipe  thermal  r a t c h e t t i n g  t e s t  ( t e s t  s e r i e s  2 ,  specimen 3 C ) .  
cyc le s  a r e  shown, 10-15 cyc le s  a r e  planned for t h e  a c t u a l  t e s t .  

Although 50 



Sodium thermocouples 
Through-the-wall thermocouples (including the 

associated outside surface thermocouple) 
Outside surface thermocouples 
Microdot gages 
Strain-gage-based extensometers 
Boeing capacitive strain gages 
Thermocouples associated with Boeing gages 
Source tank pressure 
Source tank sodium level 

Tot a1 

5 
6 

12 
6 
2 
6 
14% 
1 
1 

53 
- 

Three capacitive gages will be located in the circumferential direction, 

goo apart at the middle of the test section; two capacitive gages will be 
located axially, 180° apart at the middle; and one will be located cir- 

cumferentially on a weld at the end of the test section. The thermocouple 

locations will be unchanged. The mechanical extensometers and Prewitt 

scratch gages that were installed on test section 3B will not be installed 

on test section 3C. The Demec tabs will still be used. 

The ANSCAN fast speed data acquisition system (FSDAS) that was used 

during the first four thermal transients in test series 1 is no longer 

available to the Thermal Transient Test Facility. The technical feasi- 

bility of using the FSDAS recently installed in the LMFBR-Fuel Failure 

Mockup (in the same building as the TTTF) was investigated. 

conductor shielded cables were installed to connect the TTT Facility to the 
FFM-FSDAS. The cable routing, approximately 350 ft long over a double 
crane-bay area, was selected to minimize the pickup of 60 Hz noise. Tests 

made with various signals from the TTTF indicated that the basic intercon- 

nection was feasible and a total of 60 of the two-conductor cables will be 
installed between the two facilities. The programmatic feasibility of 

coordinating and correlating thermal transient data, taken with a shared 

FSDAS, and creep test data taken locally remains to be proven. 

Two two- 

*Both the rod connecting the two ends of each capacitive strain gage 
and the specimen surface directly underneath are instrumented with thermo- 
couples to provide data for computing corrections required by any tempera- 
ture differences between the two. On one of the gages to be used in test 
series 2, the gage rod will be instrumented with three thermocouples (one 
in the middle and one on each end) to provide information regarding the 
uniformity of the gage temperature. 
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5.6.2.  Tes t  f a c i l i t y  ope ra t ion  and modi f ica t ion  
( A .  G .  Gr inde l l  and H. C .  Young) 

Melting of t h e  sodium i n  t h e  sump tank w a s  i n i t i a t e d  December 1 5 ,  1972, 
and t h e  system p ip ing  w a s  f i l l e d  wi th  sodium on December 2 8 ,  1972. 

end of t h i s  r e p o r t  pe r iod  t h e  t e s t  f a c i l i t y  had sus t a ined  11 iso thermal  

sodium flow t r a n s i e n t s  ( i so the rma l  t r a n s i e n t )  and f i v e  thermal  t r a n s i e n t s  

wi th  t h e  dwnmy t e s t  s e c t i o n  and a n  a d d i t i o n a l  i so thermal  t r a n s i e n t  and t e n  

complete r a t c h e t t i n g  cyc le s  wi th  t e s t  s e c t i o n  3B. The sodium system has 

been opera ted  a t  700 p s i g  and a t  tempera tures  from 800 t o  l l O O ° F  f o r  

approximately 2000 h r .  

By t h e  

The high-pressure argon c o n t r o l  system maintained t h e  gas  p re s su re  i n  

t h e  sodium source tank  during t h e  creep t e s t  ope ra t ion  a t  700 p s i g  +2 p s i  

(a l lowable  i s  ?5 p s i )  and dur ing  t h e  thermal  t r a n s i e n t  a t  700 p s i g  +15, 

-20 p s i  (a l lowable  i s  k25 p s i ) .  

The t e s t  s e c t i o n  oven c o n t r o l l e r  governs t h e  output  o f  a s a t u r a b l e  

r e a c t o r  t o  four v a r i a b l e  t ransformers  t h a t  d i r e c t l y  supply t h e  oven h e a t e r s .  

This  arrangement provides  a nea r ly  i n f i n i t e l y  v a r i a b l e  c o n t r o l  of t h e  oven 

power supply.  The c o n t r o l l e r  has c o n s i s t e n t l y  he ld  t h e  t e s t  s e c t i o n  tem- 

pe ra tu re  w i t h i n  +l°F of t h e  s e t  po in t  during t h e  c reep  t e s t  pe r iod  ( r e q u i r e d  

temperature  i s  l l O O ° F  k5OF) .  The t e s t  s e c t i o n  temperatures  are monitored on 

a panel  mounted temperature  i n d i c a t o r  and a r e  recorded by t h e  Dext i r  d a t a  

a c q u i s i t i o n  system. A g0F d i f f e r e n c e ,  noted a t  one t ime,  between t h e  t e m -  

peratL;.re i n d i c a t o r  and t h e  Dext i r  reading  w a s  t r a c e d  t o  an e r r o r  i n  t h e  

s tandard  m i l l i v o l t  i npu t  s i g n a l  used t o  c a l i b r a t e  t h e  temperature  i n d i c a t o r .  

Although t h e  c a l i b r a t i o n  of t h e  s tandard  w a s  w i th in  t h e  s p e c i f i e d  r e c a l i b r a -  

t i o n  E.ate, t h e  vo l t age  of  t h e  s tandard  c e l l  had dropped and t h e  technique 

f o r  r eze ro ing  d i d  not  uncover t h e  e r r o r .  It i s  be l ieved  p a r t  of t h e  e r r o r  

( a s  much as 7OF) w a s  caused by use  of an i n c o r r e c t  i c e  b a t h  technique f o r  

t h e  r e fe rence  junc t ion .  Because t h e  temperature  i n d i c a t o r  i s  c r i t i c a l  t o  

a c c u r a t e l y  s e t t i n g  up t h e  p ipe  n e s t  temperature  g rad ien t  f o r  t h e  thermal  

t r a n s i e n t ,  i t s  c a l i b r a t i o n  has s i n c e  been r o u t i n e l y  rechecked each week. 

The technique used for performing c a l i b r a t i o n  checks was reviewed and 

improved. 

“he temperature  a t  t h e  i n l e t  thermal  s leeve  on t h e  thermal  capac i tance  

tank was monitored wi th  a high-speed recorder  during a thermal  t r a n s i e n t .  



The r e s u l t s  were superimposed i n  Fig.  5.33(a) on a p r e d i c t i o n  of tempera- 

t u r e  vs  time used i n  an i n e l a s t i c  a n a l y s i s  r epor t ed  previous ly .  

per ienced thermal  t r a n s i e n t  appears t o  be l e s s  severe  than  t h a t  used i n  t h e  

a n a l y s i s .  The sodium shutoff  valve has cont inued t o  ope ra t e  s a t i s f a c t o r i l y .  

The thermal  capaci tance tank e f f e c t i v e l y  i s o l a t e s  t h e  sodium va lve  during 

t h e  thermal  t r a n s i e n t  downshock. The va lve  body temperature changes only 

about 25OF i n  60 sec .  

The ex- 
28 

A number of alarms and c o n t r o l s  a r e  provided f o r  monitoring t h e  t e s t  

f a c i l i t y  during unattended opera t ion .  Any one of  about 50 f a u l t  cond i t ions ,  

a l l  o f  which sound an alarm l o c a l l y ,  w i l l  sound an  alarm during unattended 

ope ra t ion  i n  t h e  P lan t  S h i f t  Super in tendent ’s  o f f i c e  (PSS). 

t he  designated respons ib le  t e s t  f a c i l i t y  ope ra t ing  personnel  whenever t h e r e  

i s  an  a l a r m  during unat tended ope ra t ion .  Some of t h e  f a u l t  condi t ions  sound 

an alarm only ,  while o t h e r s  provide f o r  au tomat ica l ly  s h u t t i n g  o f f  e l e c t r i -  

c a l  power t o  a l l  t r a c e  h e a t e r s  and vent ing  t h e  high argon p res su re  i n  t h e  

sodium source tank. A l i m i t e d  number of f a u l t  condi t ions  w i l l  d r a in  t h e  

system. I t  i s  important t h a t  spur ious  s i g n a l s  or f a l s e  alarms do not cause 

unwanted thermal  t r a n s i e n t s  or otherwise abor t  t h e  t e s t  program. Since t h e  

system w a s  f i r s t  f i l l e d  with sodium, the  PSS has n o t i f i e d  t h e  ope ra t ing  per- 

sonnel of  alarm condi t ions  on 34 occasions.  None of t hese  r e s u l t e d  i n  a 

change i n  p re s su re  or temperature on t h e  t e s t  s e c t i o n .  Nine  or t e n  alarms 

rece ived  on one high-temperature alarm t h a t  shu t s  o f f  t h e  system h e a t e r s  

occurred during shakedown p r i o r  t o  ope ra t ion  wi th  t e s t  s e c t i o n  3B. This  

f a u l t  w a s  t r a c e d  t o  a de fec t ive  temperature monitor.  The p res su re  i n  t h e  

instrument a i r  supply t o  t h e  bu i ld ing  twice f e l l  below normal va lue  f o r  

s h o r t  pe r iods ;  however, t h e  f a c i l i t y  continued t o  ope ra t e  on a n i t rogen  bot- 

t l e  system t h a t  i s  piped i n  p a r a l l e l  with t h e  instrument  a i r  supply but  i so-  

l a t e d  from it by a check va lve .  Most of t h e  o t h e r  alarms occurred on tem- 

p e r a t u r e  r eco rde r s  t h a t  g ive  an a l a r m  on high temperature only f o r  which t h e  

c o r r e c t i v e  a c t i o n  i s  performed manually. Although a few of t h e  alarms could 

be t r a c e d  t o  malfunction i n  temperature r eco rde r s ,  most were caused by a 

gradual  i nc rease  i n  a temperature  t h a t  had been s e t  very c lose  t o  t h e  alarm 

p o i n t .  A small vo l tage  inc rease  (-1%) i n  t h e  bu i ld ing  e l e c t r i c a l  supply 

w a s  enough t o  cause an alarm. There were no alarms during unattended opera- 

t i o n s  f o r  t h e  f i n a l  f i v e  of t h e  t e n  p ipe  r a t c h e t t i n g  cyc le s  with t e s t  s e c t i o n  

3B. 

The PSS n o t i f i e s  
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-c C A P A C I T A N C E  

Fig .  5.33. Thermal t r a n s i e n t  temperature  vs  t ime f o r  thermal  

a .  Note comparison of thermal  t r a n s i e n t  of  t h e  thermal  s l eeves  a t  
capac i tance  tank  i n  t h e  LMFBR-TTTF. 

tank  i n l e t  as measured wi th  TE-242 on high-speed r eco rde r  t o  
t h e  more severe t r a n s i e n t  used i n  t h e  i n e l a s t i c  a n a l y s i s  of t h e  
s l eeve .  
Note l o c a t i o n s  of  thermocouples on tank .  
i n  ( a ) .  TE-243 i n i t i a l l y  a t  800°F reached a new equi l ibr ium of 
8 5 0 ' ~  i n  67 see .  
equ i l ib r ium of 773OF i n  60 see .  

b .  TE-242 i s  p l o t t e d  above 

TE-248 i n i t i a l l y  a t  750'F reached a new 

\ 



An unused cold trap and economizer, designed and fabricated for the 

Aircraft Nuclear Propulsion Project, was installed on the sump tank after 

upgrading to quality level I1 by appropriate tests and inspections. Initial 

operation using steam for heating and cooling the cold trap was not satis- 

factory. Building instrument air was substituted for steam and trace heaters 

were installed on the helically wrapped cooling coil mounted on the cold 

trap external surface. The cold trap, cooling coil, and heaters were then 

covered with thermal insulation. Although temperature control was improved 

greatly, some difficulty was experienced in establishing flow through either 

the cold trap or the parallel sample station. The sodium flow indication 

from an electromagnetic flow meter would respond to an increase in electro- 

magnetic pump voltage only to decrease gradually to zero, suggesting that 

the system was gas bound rather than plugged. The sump tank was evacuated, 

the cold trap degassed, and satisfactory sodium flow was established. The 

cold trap had since operated at 290°F outlet temperature which is equivalent 

to an oxygen level of approximately 2 ppm. Earlier analysis of the sodium 

samples by the mercury amalgamation method indicated about 13 ppm. Results 

of the most recent sample analysis are not yet available. 

The test facility design was modified by connecting a nozzle, installed 

at the bottom of the pipe nest during original facility construction, to the 

sump tank to provide a drain for the sodium trapped at the bottom of the 

pipe nest. After the initial sodium filling operation, the trapped sodium 

presented an operational problem during all subsequent refillings. It 

required the use of separate lines to evacuate the sodium system both up- 

stream and downstream of the trap. The evacuation was further complicated 

because the only ingress into the downstream portion was through a syphon 

break line installed into the sump tank side of the sodium shutoff valve 

which separates the sodium system from the sump tank. This in turn required 

evacuation of the sump tank to avoid raising sodium into the system until 

the evacuation operation was completed. The trapped sodium also required 

protection against the intrusion of air and moisture during test section 

replacement or any maintenance or modification that required opening the 

sodium system. 
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5.6.3. Results from first pipe thermal ratchetting test 
and comparisons with analytical predictions (J. €4. Corum and W. K. Sartory) 

- 5.6.3.1. Inelastic analysis. The ratchetting analysis was carried 

out using the PLACRE computer program, which was developed primarily as a 

research tool at the Oak Ridge National Laboratory. PLACRE is a two- 

dimensional finite-element program for elastic-plastic-creep analysis of 

plane and axisymmetric structures. For plasticity analyses, it uses the 

modified stiffness method, with iterations within each load increment. 

For creep, the usual time-increment, initial strain approach is employed. 

For general two-dimensional analyses, three-node triangular elements 

are used in PLACRE. However, since the ratchetting problem in a long, 

straight pipe can be considered one-dimensional, in the sense that tempera- 

ture, stress, and strain are each dependent only on the radius, a special 

pipe-wall bending element was added to PLACRE to more efficiently perform 

pipe ratchetting analyses. 29 This element , which is shown in Fig. 5.34(a) , 
is a three-node constant-strain axisymmetric rectangle. Nodes 1 and 2 have 

only a radial displacement degree of freedom. Node 3, which is common to 

all elements [see Fig. 5.34(b)], has two degrees of freedom, corresponding to 

rotation and axial displacement. Each element in the representation is 

connected by a roller to a rigid bar which, in turn, is attached to node 3. 
The associated heat transfer calculations are performed using a finite- 

difference procedure with a mesh point located at the center of each finite 

element. Sixteen elements across the wall were used for the ratchetting 

analysis reported here.* 

The inelastic analysis required cyclic stress-strain data over the 800 

to llOO°F temperature range and creep data at llOO°F. These data were ob- 

tained using uniaxial specimens from plate material of the same heat (9T2796) 

of type 304 stainless steel as the pipe ratchetting specimen. 
that the data would be applicable, the material test specimens and the pipe 

specimen were given identical pretest heat treatments, consisting of a full 

anneal at 2000°F for 30 min followed by rapid cooling. 

To assure 

*It should be emphasized that the special finite element was employed 
only to improve the efficiency of the calculations. Comparative analysis 
have shown that a grid of 64 conventional triangles with constraints yields 
essentially identical results to those obtained with the 16 special elements. 
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( a )  SCHEMATIC DIAGRAM OF SINGLE ELEMENT 
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(6) SIMULATION O F A  PIPE W A L L  WITH BENDING 

Fig. 5.34. Special pipe-wall bending element for one-dimensional 
ratchetting analysis. 
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The c y c l i c  s t r e s s - s t r a i n  curves  used i n  t h e  a n a l y s i s  a r e  shown i n  

F ig .  5.35. These curves ,  one f o r  8 0 0 ~ ~  and one f o r  llOO°F, are  each f o r  

t e n  cyc:les of loading  between f i x e d  s t r a i n  l i m i t s  of *0.3%. 

va lue  corresponds approximately t o  t h e  maximum e l a s t i c - p l a s t i c  s t r a i n s  accu- 

mulated i n  t h e  r a t c h e t t i n g  t e s t  specimen i n  t h e  1 3  t e s t  cyc le s .  Both curves 

were obtained a t  a s t r a i n  r a t e  of 0.005/min, which i s  of t h e  same o rde r  as 

t h e  maxfimum s t r a i n  r a t e  i n  t h e  r a t c h e t t i n g  specimen during t h e  t r a n s i e n t s .  

In s t ead  of t h e  a c t u a l  nonl inear  s t r e s s - s t r a i n  curves ,  t h e  p r i n c i p a l  a n a l y s i s ,  

which wfL11, i n  t h e  fo l lowing ,  be r e f e r r e d  t o  as t h e  " r e fe rence  a n a l y s i s , "  

u t i l i z e d  b i l i n e a r  equiva len t  curves ,  which were cons t ruc ted  by the  procedure 

recommended i n  Ref. 21. The b i l i n e a r  equ iva len t s  a r e  depic ted  i n  F ig .  5.35 

f o r  each h a l f  cyc le .  

The l a t t e r  

Uniaxia l ,  constant- load c reep  curves have been obta ined  f o r  hea t  

9T2796 a t  l l O O ° F  f o r  a v a r i e t y  of s t r e s s  l e v e l s  down t o ,  and inc lud ing ,  

7 . 5  k s i .  T e s t  t i m e s  were gene ra l ly  t o  5000 h r .  On t h e  b a s i s  of t h e s e  d a t a ,  

t h e  fell-owing creep  l a w  w a s  developed t o  de f ine  t h e  c reep  response a t  

1 1 0 0 0 ~ ~ ~ )  : 

where 

r (0)  = 5.929 X exp (0.20290) , 
and 

K(a) = 6.73 x lo-' [ s i n h  ( 0 . 1 4 7 9 a ) 1 3 ' 0  . 
Here, t k e  c reep  s t r a i n  E: i s  i n  i n . / i n . ,  O i s  stress measured i n  k s i ,  and 

t i s  t ime measured i n  hours .  

C 

The p r e d i c t i o n s  of t h e  c reep  l a w  are  compared t o  t y p i c a l  measured uni-  

a x i a l  c reep  curves i n  F ig .  5.36. 
based on all t h e  d a t a ,  g e n e r a l l y  underpredic t s  t h e  measured response f o r  

r e l a t i v e l y  s h o r t  t i m e s .  Consequently, a second l a w ,  of t h e  same form, w a s  

developed on t h e  b a s i s  of d a t a  only  t o  1000 h r .30  The p r e d i c t i o n s  of t h i s  

l a w  a r e  a l s o  shown i n  F ig .  5.36. 

which used t h e  c reep  l a w  developed on t h e  b a s i s  of a l l  t h e  d a t a ,  an a n a l y s i s  

using t h e  1000 h r  c reep  l a w  w a s  a l s o  performed. 

A s  can be seen ,  t h e  above l a w ,  which w a s  

I n  a d d i t i o n  t o  t h e  r e fe rence  a n a l y s i s ,  
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T Y P E  304 S T A I N L E S S  S T E E L ,  A N N E A L E D  
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Fig. 5.36. Comparison of creep laws used in analyses with measured 
uniaxial creep curves for type 304 stainless steel (heat 9T2796) at llOO°F. 



Other m a t e r i a l  p r o p e r t i e s  were represented  by f i t t i n g  polynomials t o  

t h e  d a t a  i n  Table 5.3.  Po i s son ' s  r a t i o  w a s  taken as 0.30 a t  a l l  temperatures .  

The hea t  t r a n s f e r  c o e f f i c i e n t  during the  thermal t r a n s i e n t s  w a s  taken t o  be 

43.9 Btu/hr-in.  2-0F.* 

Table 5.3.  P r o p e r t i e s  of  type 304 s t a i n l e s s  s t e e l  

~ 

Temperature (OF) 

800 900 1000 1100 

Modulus of e l a s t i c i t y  24.1 23.3 22.5 21.7 

Instantaneous c o e f f i c i e n t  10.90 11.09 11.28 11 .47  
( l o 6  p s i )  

of thermal expansion 
( i n .  / i n .  /OF) 

(Btu/hr-in.-OF) 
Thermal conduct iv i ty  0.9625 0.9917 1.0350 1.0750 

Spec i f i c  hea t  
(Btu/lb-OF) 

0.132 0.134 0.137 0.139 

Density ( l b / i n .  3, 0.284 0.283 0.282 0.281 

I n  a d d i t i o n  t o  t h e  r e fe rence  a n a l y s i s ,  which adhered t o  t h e  recommenda- 

t i o n s  of Appendix A of RDT Standard F9-lT21 and u t i l i z e d  b e l i n e a r  represen- 

t a t i o n s  of t h e  i n i t i a l  monotonic and ten th-cyc le  s t r e s s - s t r a i n  curves ,  

seven a d d i t i o n a l  ana lyses  w e r e  performed t o  s tudy  t h e  s e n s i t i v i t y  of t h e  

a n a l y s i s  p r e d i c t i o n s  t o  v a r i a t i o n s  i n  t h e  m a t e r i a l  behavior  r ep resen ta t ions .  

A l so ,  an a n a l y s i s  w a s  performed without creep t o  i l l u s t r a t e  t h e  inf luence  

of c reep  on r a t c h e t t i n g .  

The e i g h t  r a t c h e t t i n g  ana lyses  t h a t  were performed a r e  very b r i e f l y  

summarized below. Each i s  i d e n t i c a l  t o  t h e  r e fe rence  a n a l y s i s  except as 

noted. 

*The sodium v e l o c i t y  through the  annulus i n  t h e  t e s t  p iece  w a s  
3 .1  f t / s e c .  
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1. Reference a n a l y s i s  us ing  c l a s s i c a l  kinematic hardening and t h e  b i -  

l i n e a r  r e p r e s e n t a t i o n  of  t h e  i n i t i a l  monotonic curve a t  each temperature  f o r  

t h e  i n i t i a l  p l a s t i c  loading  of  each element and t h e  b i l i n e a r  r e p r e s e n t a t i o n  

of t h e  tenth-cycle  curve a t  each temperature  f o r  t h e  f i r s t  reversed  p l a s t i c  

loading  and a l l  subsequent p l a s t i c  l oad ings .  The K values  f o r  t h e  i n i t i a l  

monotonic curves  and t h e  ten th-cyc le  curves  a r e  denoted by Ka(T) and K~(T), 
r e s p e c t i v e l y .  The creep l a w  used w a s  based on a l l  of t h e  da t a .  

2. Analysis  based on t h e  1000 h r  creep l a w .  

3. Analysis  neg lec t ing  c reep .  

4. Analysis  wi th  no c y c l i c  hardening ( K ~ / K O  = 1). 

5 .  B i l i n e a r  a n a l y s i s  i n  which K w a s  taken as a func t ion  of accumulated 

effect:-ve p l a s t i c  s t r a i n  (and tempera ture)  and w a s  changed f o r  each element 

a t  each p l a s t i c  loading  r e v e r s a l .  The K func t ions  a t  800 and l l O O ' F  were 

obta ined  by p l o t t i n g  t h e  ha l f -cyc le  va lues  from Fig .  5.35 as func t ions  of 

accumulated p l a s t i c  s t r a i n .  

6. B i l i n e a r  a n a l y s i s  i n  which K w a s  v a r i e d  according t o  t h e  i s o t r o p i c  

hardening model. u n t i l  t h e  va lue  corresponding t o  t h e  ten th-cyc le  w a s  reached;  

kinematic hardening was used t h e r e a f t e r .  

7 .  Nonlinear a n a l y s i s  us ing  t h e  i n i t i a l  nonl inear  monotonic curves  f o r  

t h e  i n i t i a l  p l a s t i c  loading  of each element and t h e  nonl inear  ten th-cyc le  

curves  f o r  a l l  subsequent p l a s t i c  l oad ings .  

8. Nonlinear a n a l y s i s  i n  which K w a s  t aken  as a func t ion  of  accumulated 

e f f e c t i v e  p l a s t i c  s t r a i n  as i n  case  5 above. Here, t h e  pos t -y ie ld  po r t ion  

of t h e  , ion l inear  ten th-cyc le  curve w a s  used t o  r ep resen t  t h e  e l a s t i c -  

p l a s t i c  response f o r  a l l  p l a s t i c  l oad ings  a f t e r  t h e  f i r s t ,  which w a s  

represented  by t h e  i n i t i a l  monotonic curve.  

I t  should be emphasized t h a t  each of t h e  above methods of r ep resen t ing  

e l a s t i c - - p l a s t i c  behavior  i s  very  approximate,  even f o r  t h e  u n i a x i a l  ca se .  

For example, t h e  ten th-cyc le  curves  used i n  t h e  nonl inear  ana lyses  p rope r ly  

descr ibe  t h e  behavior  on ly  of specimens cycled e x a c t l y  as those  r ep resen ted  

i n  F ig .  5 .35 .  To proper ly  d e s c r i b e ,  a n a l y t i c a l l y ,  t h e  nonl inear  response of 

an a r b i t r a r i l y  cycled specimen r e q u i r e s  t h a t  t h e  e n t i r e  p a s t  h i s t o r y  be 

accounted f o r .  This  has not  y e t  been accomplished for gene ra l  temperature  



and load changes,* and it is one of the reasons that the simpler bilinear 

representations of the uniaxial curves are currently recommended for analyses. 

5.6.3.2. Test results and comparisons with analytical predictions. 

The idealized ramp transient shown in Fig. 5.29 is difficult to obtain in 
practice, and is unnecessary since the analysis procedure can readily 

accept any temperature-time response. The actual measured thermal transients 

imposed on the pipe specimen in the first four downshocks are shown in 

Fig. 5.37 along with the measured internal pressure response. The temperature 

time history is consistent from cycle to cycle and agrees well with the 

expected transient predicted by design calculations. The transient used 

in the analysis is also shown in Fig. 5.37 and agrees with the average of 
the measured transients except that it was shifted upward to start exactly 

at llOO°F at time zero. 

Figure 5.38 shows the measured and predicted temperature distributions 
through the wall of the specimen at various times after the initiation of 

the transient. Data for the first four cycles are shown. The agreement 

from cycle to cycle is good, and the measured response is in good agreement 

with the predictions considering that the transient used in the analysis was 

slightly displaced, timewise, from the measured transients (see Fig. 5.37). 
Turning to the inelastic analysis results, the predicted circumferential 

stress-strain paths at the outside and inside surfaces are shown in Fig. 

5.39 for 50 cycles. These results are from the reference analysis. Note 

that the lettered points shown for the first cycle correspond to the points 

labeled in the histograms of Fig. 5.29. 
The gross ratchetting behavior of the pipe specimen is shown in Fig. 

5.40, where the measured circumferential strain on the outer surface is 
compared with the predictions of the reference analysis, which used the 

creep law based on all the creep data, and again in Fig. 5.41, where the 
predictions are based on the 1000-hr creep law (analysis no. 2 ) .  

mental data are from the two Boeing capacitive strain gages, which were 

located 90’ apart near the midlength of the specimen. Data points are shown 

The experi- 

*See Section 2.1 in this report for a discussion of efforts and progress 
in this area. 
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Fig. 5.37. Measured sodium temperature and pressure vs time from 
initiation of transient for first four transients. 
curves shown were measured in the annulus at the midpoint of the test 
piece while the limits of the shaded band were determined by sodium thermo- 
couples located in the annulus 10 in. upstream and downstream from the mid- 
point. 
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Fig. 5.38. Measured and predicted temperatures through the specimen 
wall at various times during the transient. 



154 

ORNL-DWG 73-7433 
20 1 

STRAIN AT I I I 
END OF INCREMENTAL ~ 

STRAIN PER CYCLE , 

0 
0 
52 
Y 

- ‘ O r  +- +----- 

I 

0 0 0 5  0.10 0.15 0 20 0 25 0.30 0 35 0.40 045 
C I RCU M FE RENT I AL ST R A I N ( % ) 

-7 - T-- 
--STRAIN AT END 

OF FIRST CYCLE 
30 f-  -t- 

- 25 
0.2 0.3 0.4 0.5 0.6 0.7 
CIRCUMFERENTIAL STRAIN (%) 

0 0.1 

Fig .  5.39. P red ic t ed  c i r cumfe ren t i a l  s t r e s s - s t r a i n  p a t h s  a t  t h e  out- 
s i d e  amd i n s i d e  su r faces  f o r  50 cyc le s .  
r e f e rence  a n a l y s i s ,  and t h e  l e t t e r e d  p o i n t s  correspond t o  t h e  p o i n t s  
l a b e l e d  i n  t h e  histograms of F ig .  5.29. 

The r e s u l t s  shown a r e  based on t h e  
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ORNL-DWG 73-7452A 
FIRST TTTF TEST (SPECIMEN 38) 

0 320 640 960 1280 1 600 1920 
ACCUMULATED HOLD TIME AT 1100°F (hr) 

Fig. 5.40. Comparison of measured and predicted circumferential 
ratchetting strains for 13 test cycles. Predictions are from the reference 
analysis which was based on the creep law developed using all the data 
(see Fig. 5.36). 



0 320 640 960 1280 1600 1920 
ACCUMULATED HOLD TIME AT 1400°F (hr) 

Fig. 5.41. Comparison of measured circumferential ratchetting strains 
with predictions based on the 1000 hr creep law (see Fig. 5.36). 
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for the initial pressurization and for a depressurization at the end of ten 

cycles. * 
[see Fig. 5.39(a)] are also shown. 

Data corresponding to the minimum strain during each transient 

The net strains from the two capacitive gages agree reasonably well, 

although gage 513 seems to indicate more plastic (time-independent) strain 
and less creep (time-dependent) strain than gage 514. These differences are 

thought to be real. A possible explanation is the significant variation 
in properties that have been found around the circumference of the 8-in. 

pipe product form from which the ratchetting specimen was obtained. 

The overall agreement between theory and experiment is good in both 

Figs. 5.40 and 5.41. 
5.40 underpredict the incremental deformations in the first few cycles while 
those shown in Fig. 5.41 agree well with the measured response for the first 
few cycles, but then begin to disagree for longer accumulated hold times. 

This behavior simply reflects the agreement between the creep laws and the 

actual uniaxial creep curves that were shown in Fig. 5.36, and it illustrates 
the significant role played by creep in the ratchetting process. 

As would be expected, the predictions shown in Fig. 

During the thermal downshocks the temperature differences between the 

specimen surface and the rods connecting the two ends of the capacitive 

gages increased very rapidly to about 150'F after approximately 20 see. 

During these periods of rapidly changing temperatures, the distributions were 

not uniform along the gage rods, and consequently the thermal strain com- 

pensation to be applied to the gage readings could not be as precisely deter- 

mined as during periods of near-isothermal conditions. 

Despite this source of possible error, the detailed response measured 

during the transients is believed to be reasonably representative and is 

typified by the results shown in Fig. 5.42 for the first and fourth thermal 
transients. The measured and predicted (reference analysis) circumferential 

strains on the outer surface are shown in Fig. 5.42 as a function of time 
for the thermal downshock from llOO'F to 800'~~ the depressurization at 

*As explained previously, the test was interrupted for several days 
at the end of ten cycles by depressurizing the specimen and cooling it 
to room temperature. 
surizing, and proceeding with the next downshock. 

Testing was resumed by reheating to llOO°F, pres- 
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Fig. 5.42. Comparison of measured and predicted circumferential 
strains during the first and fourth thermal downshocks and the associated 
depressurizations and reheating periods. 
reference analysis . 

Predictions are based on the 



8 0 0 ~ ~ ~  and the subsequent reheating from 800'~ to llOO°F. 

the agreement between theory and experiment is reasonably good in Fig. 

5.42. 
strain occurring during the aownshock and underestimate the increment that 

occurs during the subsequent reheat. 

Qualitatively, 

The analysis does appear to somewhat overestimate the increment of 

The agreement between the measured ratchetting behavior and the inelastic 

analysis predictions is very encouraging. The results provide corroborative 

evidence in support of the interim constitutive equations recommended for 

use in design analyses of LMFBR componentsY2l and they illustrate that de- 
tailed inelastic analyses based on current state-of-the-art procedures can 

give realistic predictions for use in design evaluations. 

The final figure, Fig. 5.43, shows the predicted circumferential and 
axial strains accumulated on the outer surface of the pipe. Results from the 

reference analysis and from the other seven analyses described in the pre- 

vious subsection are shown. In addition, cases 9 and 10 represent the 
predicted creep response over the same time period in the absence of thermal 

shocks based on the creep law that represented all the data and on the 

1000 hr creep law, respectively. The band in Fig. 5.43 represents the 
measured response. 

Two significant points can be made by comparing the predictions shown 

in Fig. 5.43. First, the pure creep cases (9 and 10) emphasize the signifi- 
cance of the progressive ratchetting caused by the thermal shocks. Second, 

thk predictions are fairly sensitive to the various material behavior 

representations, or constitutive equation assumptions, used in the different 

analyses. The reference analysis gave the best overall results, although 

the nonlinear analyses with K as a function of accumulated plastic strain 

also did well for relatively large cycle numbers. 
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6. DESIGN CRITERIA 

G. T. Yahr 

6.1. Studies of Shakedown and Ratchetting of Structures 

G. T. Yahr W. K. Sartory 
T. W. Pickel J. M. Corum 

6.1.1. 
ratchetting with cases run on PLACRE 

Comparison of Bree and O'Donnell methods for limiting 

Simplified ratchetting rules which are based on the Bree complete re- 

laxation equations3' were provided by ORNL for inclusion in a revision of 

RDT Standard F9-1T. Simplified ratchetting rules have been proposed for 

inclusion in the ASME Boiler and Pressure Vessel Code Case 1331 that are 
based on a method developed by O'Donnell and Porowski. 32 

Tables 6.1 and 6.2 list 51 cases that were analyzed earlier using the 
finite-element program PLACRE for thin-walled cylinders subjected to cyclic 

secondary stresses under elastic-plastic and creep conditions. The analyses 33 
in Table 6.1 were originally conducted to determine whether Bree's com- 
plete relaxation equations could be used as an adequate criteria for limit- 

ing elastically calculated stresses so as to provide protection against 

ratchetting. 

pipe thermal ratchetting tests35 being conducted at ORNL. 

a few cycles were analyzed using PLACRE since the Bree complete relaxation 

method p r e d i c t s  the same amount of ratchet strain f o r  each cycle. (The 

method based on the Bree equations becomes increasingly conservative as the 

number of cycles increases. In fact, this may be the principal weakness in 

this method since it may become extremely conservative when there are many 

cycles, as can be illustrated by case number 97B.) O'Donnell's method for 

limiting plastic and creep ratchetting have now been applied to these 5 1  
cases. The average inelastic strains predicted by the three methods (PLACRE, 

ORNL-Bree, and O'Donnell) are compared in Tables 6.1 and 6.2. 

The cases34 in Table 6.2 are from a parameter study for the 
In general, only 

Most of the cases in Table 6.1 were run with a sustained axial load and 
a cyclic angular edge rotation. 

relaxation equation, the maximum equivalent linear secondary thermal stress 

In the method based on the Bree complete 



Table 6.1. Comparisons of O'Donnell's and Bree ' s  r a t c h e t  s t r a i n  e s t ima tes  wi th  r e s u l t s  from ORNL PLACRE study 

Bree 0 'Donne11 Tota l  Average i n e l a s t i c  s t r a i n  Maximum b 
temperature Of creep d Comments Case 

No. a'  = s /s cyc le s  time PLACRE' ORNL-Bree O'Donnell 
( h r )  ( % )  ( % )  (%I t y ( O F )  

pL Q,a St x l l  = ,s y" = Q,/S, 0; = PL/Sy ( k s i )  ( k s i )  ( k s i )  L m  

1 8.6 17.0 17.0 0.65 1.29 0.59 1.17 1100 5 0 0.016 0.090 0.05 Mechanical Q s t r e s s  

&A 8.6 17.0 17.0 0.65 1.29 0.59 1.17 1100 15 7,500 0.137 0.430 0.42 
4 B  8.6 17.0 17.0 0.65 1.29 0.59 1.17 11 00 60 30,000 0.224 1.311 0.64 
15 8.6 17.0 17.0 0.65 1.29 0.59 1.17 1100 5 5,000 0.101 0.230 0.41 
16 8.6 17.0 17.0 0.65 1.29 0.59 1.17 11 00 5 10,000 0.130 0.270 0.48 

11 11.5 5.1 5.1 0.87 0.39 0.79 0.35 1100 5 2,500 0.099 0.361 0.39 

29 3.8 50.0 50.0 0.29 3.79 0.26 3.42 1100 5 2,500 0.083 0.296 0.42 
30 5.1 29.5 29.5 0.39 2.23 0.35 2.02 1100 5 2,500 0.054 0.172 0.25 
31 5.1 50.0 50.0 0.39 3.79 0.35 3.42 1100 5 2,500 0.162 0.506 

11 11 

,, ! 1  

,1 !! 

I f  < I  

11 I 7  

11 11 

11 11 

I, !, 

11 , I  

!, 11 

11 1 ,  , I  

,I ,! 
1 ,  !I 

( 1  !! 

11 1, 

1, , I  

( 1  , I  

11 I f  

11 !! 

4 8.6 17.0 17.0 0.65 1.29 0.59 1.17 1100 5 2,500 0.075 0.200 0.36 

17 8.6 17.0 17.0 0.65 1.29 0.59 1.17 1100 5 100,000 0.277 0.390 1.08 

28 3.8 37.2 37.2 0.29 2.82 0.26 2.55 1100 5 2,500 0.045 0.181 0.21 

72 2.6 26.4 26.4 0.20 2.00 0.18 1.81 1100 5 2,500 0.010 0.074 0.02 
73 2.6 26.4 26.4 0.20 2.00 0.18 1.81 1100 5 25,000 0.013 0.074 0.02 

75 2.6 38.3 38.3 0.20 2.90 0.18 2.62 1100 5 25,000 0.037 0.127 0.10 
76 2.6 51.5 51.5 0.20 3.90 0.18 3.53 1100 5 2,500 0.035 0.186 0.18 
77 2.6 51.5 51.5 0.20 3.90 0.18 3.53 1100 5 25,000 0.061 0.186 

81 2.6 38.3 38.3 0.20  2.90 0.18 2.62 1100 5 25,000 0.046 0.127 0.10 

90 7.5 21.1 26.9 0.57 1.60 0.51 1.85 1100 5 2,500 0.172 0.193 0.61 

74 2.6 38.3 38.3 0.20 2.90 0.18 2.62 1100 5 2,500 0.020 0.127 0.07 

0.32 
80 2.6 38.3 38.3 0.20 2.90 0.18 2.62 1100 5 2,500 0.032 0.127 0.07 

88 7.5 26.1 32.0 0.57 1.98 0.51 2.20 1100 5 2,500 0.240 0.293 
89 7.5 26.1 32.0 0.57 1.98 0.51 2.20 1100 5 5,000 0.240 0.333 

91 7.5 21.1 26.9 0.57 1.60 0.51 1.85 1100 5 5,000 0.170 0.238 ;:3;] Bree r u l e s  do not 
92 7.5 1 5 . 1  18.9 0.57 1.15 0.51 1.30 1100 5 2,500 0.137 0.133 apply because 
93 7.5 15.1 18.9 0.57 1.15 0.51 1.30 1100 5 5,000 0.139 0.183 creep  occurs a t  

97 2.6 38.3 38.3 0.20 2.90 0.18 2.62 1100 5 500 0.018 0.127 
97A 2.6 38.3 36.3 0.20 2.90 0.18 2.62 1100 25 2,500 0.020 0.575 0.07 

Thermal Q s t r e s s  
1! !! 1 )  

, I  I ,  ( 1  

120 0.019 0.010 0.00 both ends of cyc le  
0.03 Mechanical Q s t r e s s  

94 - 3.9 7.8 6.5 0.31 0.64 0.28 0.48 1250 5 

97B 2.6 38.3 38.3 0.20 2.90 0.18 2.62 1100 250 25,000 0.032 5.615 0.10 

1 ,  11 

I( < I  

~ ~~~~~ ~~ ~ ~ ~ ~ ~ ~ 

'% i s  t h e  maximur equiva len t  l i n e a r  secondary thermal s t r e s s  as defined i n  the  Code. 

bSt i s  t h e  m a x i m u m  e l a s t i c a l l y  ca lcu la ted  secondary s t r e s s .  For mechanical Q ,  S = s. 
'The PLACRE s t r a i n  va lues  a r e  the  c i rcumferent ia l  o r  ax ia l  i n e l a s t i c  s t r a i n s  on t h e  in s ide  sur face  and a r e  s l i g h t l y  l a r g e r  than t h e  average. 

h e r e  no va lue  i s  g iven ,  t he  s t r e s s  po in t  i s  i n  region R 1  or Ryan4  t h e  0'Donneil method doesn ' t  app ly  

t 

, 8 , 
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Table 6 . 2 .  Comparisons of O'Donneil's and Bree's r a t c h e t  s i r a i r ,  e s t i m a t e s  wi th  r r s ' ~ l + s  f??? '?:?!:L 
.-L,II;~P parmneter s tuay  f o r  pipe thermal  r a t che t t ' i ng  testsa 1.7 I ̂ _. 

1 7.5 

? 7.5 
11 7.5 

5 7.5 
6 7.5 
7 7.5 
8 7.5 
9 7.5 

10 5.4 
1: 7.5 
12 1.5 
13 7.5 
14 7.5 
15 7.5 
16 7.5 
17 6.4 
18 5.4 
19 4.3 
20 3.2 
21 2.2 
22 1.1 

34.6 44.8 0.57 

34.6 44.8 0.57 
34.6 44.8 0.57 

34.6 44.8 0.57 
34.6 44.8 0.57 
29.0  36.5 0.57 
18.1 22.1 0.57 
18.1 22.1  0.57 

34.4 44.7 0.41 
33.7 43.3 0.57 
32.5 51.5 0.57 
30.9 39.3 0.57 
28.7 36.1 0.57 
25.5 31.7 0.57 
19.9 24.3 0.57 

32.5 43.6 0.41 
30.9 42.5 0.33 

33.7 44.4 0.49 

28.7 40.4 0.24 
25.5 37.0 0.16 
19.8 30.7 0.08 

2.62 

2.62 
2.62 

2.62 
2.62 
2.19 
1.37 
1.37 

2.60 
2.56 
2.46 
2.34 
2.17 
1.93 
1.50 

2.46 
2.34 
2.17 
1.93 
1.50 

2.56 

0.51 

0.51 
0.51 

0.51 
0.51 
0.51 
0.51 
0.51 

0.37 
0.51 
0.51 
0.5: 
0.51 
0.51 
0.51 
0.44 
0.37 

0.22 
0.15 
0.07 

0.29 

3.07 

3.07 
3.07 

3.07 
3.07 
2.51 
1.52 
1.52 

3.06 

2.69 
2.48 
2.18 
1.67 
3.04 
2.99 
2.91 
2.77 
2.54 
2.11 

2.97 
2.85 

1100 

1100 
1100 

1100 
1lOC 
1100 
1100 
1100 

1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 

10 

10 
10 

10 
10 
10 
8 
a 
10 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

5,000 

5,000 
5,000 

1,000 
0 

5 3 000 
4,000 
4,000 

5,000 
2,500 
2,500 
2,500 
2,500 
2,500 
2,500 
2,500 
2,500 
2,500 
2,500 
2,500 
2,500 

0.324 

0.375 
0.398 

0.288 
0.148 
0.239 
0.122 
0.153 

0.163 
0.271 
0.255 
0.233 
0.224 
0.179 
0.132 
0.197 
0.129 
0.002 
0.045 
0.025 
0.009 

0.966 

0.966 

0.916 
0.866 
0.665 
0.220 
0.220 

0.462 
0.500 
0.465 

0.966 

0.424 
0.366 
0.287 
0.189 
0.360 
0.205 
0.155 
0.100 
0.055 
0.017 

Reference case ,  
? = 30°F/sec 

K ~ / K O  = 1 i n  PLACRE 
No p r e s s u r e  removal 

a t  800'~ 

= 20°F/sec 
0.39 T = 10"F/sec 
0.39 Same a s  8 but  with 

K ~ / K O  = 1 

? = 27.8'FIsec 
$ = ~ 5 . 4 ' ~ / s e c  

T = 19.6OF/sec 
T = 16.0°F/sec 

? = 27.8OF/sec 
$ = 25.h0F/sec 

0.45 T = 22.75O?/sec 
0.15 ? = 19.6'?/sec 
0.03 = 16.0°?/sec 
0.01 T = 11.25°F/sec 

= 22.75'FIsec 

0.45 T = 11.25'F/sec 

~~ ~ 

'In a l l  c a s e s ,  t h e  normal temperature  was llOO°F, and a ramp downshock t o  800°? w a s  appl ied  at t h e  beginning of each cyc le .  

b% i s  t h e  maximun. equiva len t  l i n e a r  secondary thermal  s t r e s s  a s  def ined  i n  t h e  Code. 

'S 
%he PLACRE s t r a i n  va lues  a r e  the c i rcumferent ia l  o r  a x i a l  i n e l a s t i c  s t r a i n  on t h e  i n s i d e  sur face  and are s l i g h t l y  l a r g e r  than the  average.  

eTv6iere no vblu t .  i s  a i v e n ,  t x  s t r e s s  goinz i s  i n  region Ri or H z ,  ana t h e  O'Donnell method d o e s n ' t  app ly .  

'Each c a s e  is iaentical with  Case 1 except  a s  shown i n  t a b u l a t i o n s  or comments. 

A t  8 0 0 ~ ~  i n  each cyc le  
t h e  p r e s s u r e  was removed, reappl ied ,  and t h e  pipe w a s  heated t o  1lOO'F a t  50°F/hr. The 1100'F was then  maintained u n t i l  t h e  beginning o f  t h e  next c y c l e .  

i s  t h e  maximum e l a s t i c a l l y  c a l c u l a t e d  thermal s t r e s s .  t 



as def ined  i n  Sec t ion  I11 of t h e  ASME Boi l e r  and Pressure  Vessel  Code i s  QR 
used. O'Donnell suggested t h a t  t h e  maximum e l a s t i c a l l y  c a l c u l a t e d  secondary 

s t r e s s  S should be used. I n  most ca ses  t h e  maximum e l a s t i c a l l y  c a l c u l a t e d  

secondary s t r e s s  i s  l a r g e r  than  Q 

were run wi th  a sus t a ined  a x i a l  l oad  and a c y c l i c  angular  edge r o t a t i o n  

and i n  t h e s e  cases  Q equals  S 

t 
Again, most of t h e  cases  i n  Tab'le 6 .1  R' 

t '  R 
The normalizing f a c t o r  for t h e  Bree and O'Donnell methods i s  d i f f e r e n t .  

The val.ue of S given i n  Code Case 1331-7 i s  used as t h e  normalizing f a c t o r  

i n  t h e  Bree method. The minimum y i e l d  s t r e n g t h  va lue ,  S from t h e  code case  

i s  used i n  t h e  O'Donnell method. 

t h e  S va lues .  

m 

Y ,  
The S va lues  a r e  approximately 90% of m 

Y 
The most important  conclusions made from an examination of  Tables  6 . 1  

and 6 . 2  a r e  as fo l lows  : 

1.. Both t h e  Bree and t h e  O'Donnell methods a r e  conserva t ive  r e l a t i v e  

t o  PLACRE i n  every case except  f o r  case No. 94 which f a l l s  o u t s i d e  t h e  

range of  a p p l i c a b i l i t y  of t he  r u l e s  because c reep  occurs  throughout t h e  

cyc le .  

2. I n  some cases  t h e  Bree method i s  more conserva t ive  and i n  o t h e r s  

t h e  0 ' 3onne l l  method i s  more conserva t ive .  The Bree method becomes 

e s p e c i a l l y  conserva t ive  when t h e r e  i s  a l a r g e  number of cyc le s .  

3. The Bree method provides  tor opera t ion  i n  t h e  reg ions  of mechanical 

r a t c h e t t i n g ,  R1 and R2. The O'Donnell method w i l l  not a l low ope ra t ion  i n  

those  reg ions .  

I n  conclusion it i s  noted t h a t  t h e s e  cases  were designed t o  t e s t  t h e  

Bree method r a t h e r  t han  t h e  O'Donnell method. Some a t t e n t i o n  should be 

given t o  des igning  cases  t h a t  would most s eve re ly  t e s t  t h e  O'Donnell method. 

6 .1 .2 .  Comparisons of s i m p l i f i e d  r u l e s  of r a t c h e t t i n g  wi th  
experimental  r e s u l t s  from LMEC (Anderson) beams 

36 A number of  c reep  r a t c h e t t i n g  t e s t s  were conducted on 304 s t a i n l e s s  

s t e e l  beams a t  a cons tan t  temperature  of 120O0F. The beams were subjec ted  

t o  a cons t an t  a x i a l  l o a d  and were r epea ted ly  bent  back and f o r t h  around 

c y l i n d e r s  of  80 i n . ,  40 i n . ,  o r  20 i n .  d iameters .  Although t h e  cond i t ions  

of t h e s e  t e s t s  a r e  o u t s i d e  t h e  range of a p p l i c a b i l i t y  of  t h e  s i m p l i f i e d  

r a t c h e t t i n g  r u l e s  based on Bree ' s  complete r e l a x a t i o n  equa t ions ,  s i n c e  creep 
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can occur throughout the cycle, comparisons were made because of the scarcity 

of ratchetting data to test the simplified rules. 

Experimental data from the tests discussed in Ref. 36 are compared with 
The predictions of simplified methods of analysis in Figs. 6.1 through 6.6. 

experimental results are indicated by the test number. The predictions are 

based on the Bree complete relaxation equations3' and on a method recently 

developed by O'Donnell and Porowski. 32 Two sets of predictions were made 

using the Bree complete relaxation equations; one was based on the measured 

properties for the material used in the tests37 which are labeled "Bree," 

and the other was based on the material properties in Code Case 1331-8 in 
the manner prescribed in the simplified ratchetting rules recommended by 

ORNL which are labeled "ORNL." 

O'Donnell's rules and they were based on the measured properties of the 

material. In every case except for test No. 21 the Bree method gave a 
conservative value of cumulative strain for the first seven cycles. The 

sixth cycle ratchet strain for test No. 21 was abnormally high. It was 

1.69 times the second cycle ratchet strain, whereas in all other tests the 
sixth cycle ratchet strain was less than 0.6 times the second cycle ratchet 
strain. Therefore the experimental data for test No. 21 are questionable. 

Note that Bree was conservative at the end of five cycles for this specimen. 

Generally, Bree becomes more conservative as the number of cycles increases. 

The O'Donnell predictions are too large to be plotted on the graphs for 

Only one set of predictions was made using 

all the cases where there was some hold time. The first cycle predictions 

are shown by breaking the scale, but the predictions for subsequent cycles 

still fall off the graphs. For zero hold time cases the O'Donnell method pre- 

dicts no ratchetting since the method is based on creep. This is of no 

practical consequence, since any real cycle takes some time to occur. 

It is concluded from these figures that the Bree complete relaxation 

equations are conservative for these tests, even though the test conditions 

were outside the range of applicability of the equations. 
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6.2. Examination of K Factor Used in Code Case 1331 
and Recommended Modifications 

J. M. Corum 

In ASME Boiler and Pressure Vessel Code Case 1331-8, a K factor" is 
used in the basic stress limits on primary membrane-plus-bending stress 

intensities and in the ratchetting rules. In the primary stress limits K 
is used to increase the allowable stress S in recognition of the fact 

that creep will reduce the actual maximum bending stress below the elastically 

calcul.ated value. In the ratchetting rules, P from an elastic calculation 

is rec.uced by K to more realistically reflect the true maximum primary 
stress, which is a measure of the "driving force" for ratchetting. 

t 

b 

TO better understand the role of the K factor and the values which 
should be used, a number of elastic-creep and elastic-plastic-creep beam 

bending analyses were performed at Westinghouse-ARD by A. L. Snow and at 

ORNL, and the resulting inelastic stress distributions and maximum stresses 
were examined relative to the K factor. On the basis of these results it 

was coiicluded that the K factor currently used in the code case is a reason- 

able interim value for rectangular sections. However, the nomenclature 

in the code case should be changed to distinguish the factor used there 

from the more traditional K section factor as used in the 1972 Section 111 
Winter Addenda. Also, the factor used in the code case should be dependent 

on the actual cross section being considered. 

The results of the analyses performed at ORNL are represented in Figs. 

6.7 through 6.12. 
distributions in a solid rectangular beam and in a tubular beam of circular 

cross ssction, respectively, for various values of n in the assumed steady- 

state creep law 

and beam dimensions, these distributions are essentially independent of the 

Figures 6.7 and 6.8 show the steady-state creep stress 

= Aon. Although calculated for a specific bending moment C 

*The implied definition of K as used in the code case i s  the ratio of 
the elastically calculated maximum bending stress to the actual maximum bend- 
ing stress. In the 1972 Section I11 Winter Addenda, K denotes the more 
traditional shape fac tor  or section fac tor  based on an elastic-ideally 
plastic material response. 
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. 

Fig. 6.8. Steady-state creep stress distributions across a thin cir- 
cular tube in pure bending and having a steady-state creep law of the form 

limiti-ng value as the thickness goes to zero is 1.27. 

= Aan. Note that for the particular thickness used, the value of K for n C = 00 or for elastic-ideally plastic response is approximately 1.31.. $‘he 
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and the creep behavior is based on the one-exponential creep law given in 
Ref. 32. 

These calculations include 
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P L ~ .  U..LL. bmess distributions for various times in a rectangular 
beam of type 304 stainless steel at llOO°F. These calculations include 
initial elastic-plastic behavior based on the average stress-strain law 
given in R e f .  31. The maximum elastically calculated stress is 1.5s- Y 

“‘11 00 F 
and the creep behavior is based on the one-exponential creep law given in 
Ref. 32. 
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stress levels and dimensions.% For the rectangular section, K varies from 
about 1.28 to 1.38 for n between 3 and 6, the usual range for the materials 
of interest at low stresses. Note that K = 1.5 for n = 00 or for an elastic- 

ideally plastic response (this is the traditional section factor for a 

rectangular section). 

Snow utilized the steady-state creep portion of the latest Blackburn 

creep equations (two-exponential) to examine types 304 and 316 stainless 
steel beams in the 900 to 1200'F temperature range. 

culated stresses ranging from 5,000 to 15,000 psi he found that the ratios 

of the maximum steady-state stress to the elastic stress varied from 0.70 

to 0.74, giving a K value ranging from 1.35 to 1.43. 

For elastically cal- 

These results show that the value of 1.25 used in the code case is 

reasonable and conservative for steady-state stress distributions in rec- 

tangular cross sections. On the same basis, however, Fig. 6.8 indicates 
that 1.25 is high for a thin circular tube. A comparable value to the 1.25 

would be about 1.1.5 for the circular section. 

In reality the creep response will consist of both primary and secondary 

creep. Also the "instantaneous" bending behavior can be elastic-plastic. 

Figures 6.9 and 6.10 show the stress distributions for a particular rec- 
tangular beam of type 304 stainless steel at 900 and llOO'F for various 

times. These calculations are based on Blackburn's one-exponential creep 

law and a bending moment producing a maximum elastic stress of 1.5s at 

1100'F. 

and temperature dependent (as well as stress and material dependent). The 

code case value of 1.25 is still conservative for long times. 

m 
These figures simply indicate that the appropriate K value is time 

Figures 6.11 and 6.12 show results in which initial elastic-plastic 

response is included. These results, at 900 and llOO°F, are realistic for 

the conditions considered. The effect of the elastic-plastic behavior is 

to increase K and to move the 1.25 value toward conservatism. 

*Actually the distributions for the tubular section are independent of 
dimensions only as the thickness approaches zero. 



7. CORE STRUCTURES DESIGN C R I T E R I A  AND DATA 

W .  J .  McAfee 
T .  W .  P i cke l  
W .  K .  S a r t o r y  

I n  connect ion wi th  t h e  compilat ion of design c r i t e r i a  f o r  core  s t ruc -  

turaI! components, t h e  documentation of t h e  gene ra l  e f f e c t s  of  i r r a d i a t i o n  

on t h e  high temperature  mechanical p r o p e r t i e s  of core  s t r u c t u r e s  m a t e r i a l s  

i s  cont inuing.  The r e p r e s e n t a t i o n  of uniform and t o t a l  e longat ion  of type  

304 s t a i n l e s s  s t e e l  has been improved s l i g h t l y  by modi f ica t ion  of t h e  func- 

t i o n a l  form and by ob ta in ing  f i t s  on a logar i thmic  b a s i s .  That i s  

(7.1) 

where AI, A2, and B have been d iscussed  previously3'  and n i s  a cons tan t  

exponent of t h e  f luence .  By analyz ing  t h e  func t ion  on a logar i thmic  b a s i s ,  

no weighting f a c t o r  gene ra l ly  need be app l i ed .  Also,  a more uniform in-  

t e r p r e t a t i o n  of t h e  l i m i t s  on t h e  f i t  can be obta ined .  One disadvantage 

of t r e a t i n g  t h e  d a t a  i n  t h i s  manner i s  t h a t  t h e  r e s u l t  i s  somewhat more 

s e n s i t i v e  t o  round-off e r r o r  both i n  t h e  fit  and i n  us ing  t h e  de r ived  

cons t an t s  t o  independent ly  c a l c u l a t e  e longat ion  va lues .  The improved con- 

s t a n t s  a r e  l i s t e d  i n  Table 7.1. 
The r educ t ion  i n  a r e a  of i r r a d i a t e d  and u n i r r a d i a t e d  type  304 s t a i n l e s s  

s t e e l  has a l s o  been f i t t e d .  The same approach w a s  used as f o r  t h e  elonga- 

t i o n  d a t a .  However, s i n c e  t h e  a v a i l a b l e  d a t a  do not i n d i c a t e  t h a t  a sa tura-  

t i o n  value of  RA has been reached wi th  inc reas ing  f luence ,  no lower asymptote 

of t h e  f u n c t i o n a l  form w a s  r equ i r ed .  Thus, t h e  func t ion  chosen w a s  

BOn RA = A e  

where 

A = a0 + a l T  + a 2 T 2  + a 3 T 3  

3 = bo + blT + b2T2 

T = Temperature ('F)/100 

@ = f l u e n c e / ( 1 0 2 2 ) ,  ( E  > 0 . 1  MeV) 

and 11 = cons tan t  

(7.2) 
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A comparison of experimental  d a t a  and f i t t e d  r e s u l t s  i s  shown i n  F ig .  

Experimental reduct ion  i n  a r e a  d a t a  gene ra l ly  show more s c a t t e r  than  7.1. 
any o t h e r  t e n s i l e  proper ty  and t h i s  s c a t t e r  i s  r e f l e c t e d  i n  t h e  degree t o  

which t h e  d a t a  have been f i t t e d .  

Da. ta  f o r  type 316 s t a i n l e s s  s t e e l  a r e  a l s o  being considered.  A s  wi th  

type  304 s t a i n l e s s  s t e e l ,  f i r s t  cons ide ra t ion  i s  being given t o  d u c t i l i t y  

(uniform and t o t a l  e longat ion  and reduct ion  i n  area) .  Only uniform elonga- 

t i o n  d a t a  have been considered t o  da t e .  The b e s t  f i t  of t h e  a v a i l a b l e  da t a  

has been obta ined  by us ing  a s imilar  func t ion  as w a s  used for t h e  a n a l y s i s  

of t h e  type  304 s t a i n l e s s  s t e e l  e longat ion  d a t a ,  i . e . ,  

Ln(E1ong.) = Ln(A1  + A2eB') , (7.3) 

where 

A1 = a cons tan t  

A Z L ,  B = cubic  polynomials i n  T 

T = temperature  (OF)/100 

arid = f l u e n c e / ( l O Z 2 ) ,  n/cm2 ( E  > 0 . 1  MeV). 

The use o f  a power on f luence ,  @, d id  not  improve t h e  f i t  f o r  t h e  type  316 
da ta .  The va lues  of t h e  der ived  cons t an t s  a r e  l i s t e d  i n  Table 7.1. A 
comparison of experimental  d a t a  and f i t t e d  va lues  i s  shown i n  F ig .  7 .2 .  

The above d a t a  c o r r e l a t i o n s  a r e  be ing  used i n  s e v e r a l  ways i n  support  

of c r i t e r i a  compilat ion e f f o r t s .  Genera l ly ,  t h e s e  c o r r e l a t i o n s  a r e  used t o  

e x t r a p o l a t e  or i n t e r p o l a t e  t o  temperatures  and/or  f luences  where d a t a  do 

not e x i s t  i n  s u f f i c i e n t  q u a n t i t y  t o  a l low s t a t i s t i c a l  t r ea tmen t .  The elonga- 

t i o n  d a t a  a r e  being s tud ied  i n  conjunct ion  wi th  creep-rupture  d a t a  (bo th  

i r r a d i ( 3 t i o n  and u n i r r a i d a t e d )  as a basis  for s e t t i n g  pre l iminary  s t r a i n  

l i m i t s  f o r  core  s t r u c t u r e s .  These s t r a i n  l i m i t s  w i l l  apply t o  d u c t i l i t y  

l i m i t e 3  s t r a i n ,  i . e . ,  s t r a i n  components t h a t  c o n t r i b u t e  t o  m a t e r i a l  f a i l u r e .  

P r e s e n t l y ,  i r r a d i a t i o n  induced creep and volumetr ic  swel l ing  a r e  not considered 

t o  be d u c t i l i t y  l i m i t e d .  Reduction i n  a r e a  d a t a  a r e  being used i n  s t u d i e s  

o f  f a t i g u e  adjustment f a c t o r s  f o r  i r r a d i a t e d  ma te r i a l .  This  w a s  d i scussed  
b r i e f l y  i n  t h e  l a s t  progress  report3' and i s  based on work by Brinkman e t  a l .  39 

The compliat ion of recommended c r i t e r i a  i s  progress ing ,  and t h e  design 

r u l e s  a r e  e s s e n t i a l l y  complete. Included i n  t h e  r u l e s  a r e  pre l iminzry  guide- 

l i n e s  t o  a s s e s s  t h e  p o t e n t i a l  f o r  b r i t t l e  f r a c t u r e  a s soc ia t ed  wi th  embr i t t l e -  

ment caused by i r r a d i a t i o n .  P r e s e n t l y ,  t h e  main emphasis i s  on a s ses s ing  

' 
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proposed design limits and on developing new or additional limits where 

guidance is incomplete. 
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