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ABSTRACT 

Analytical representations were developed for the fatigue life 

and' cyclic stress-strain response of AWS A5.14 Class ERNiCr-3 as I 

i 
observed during strain controlled cycling at a strain rate of 4 x 10'~/s 

over strain ranges from 0.35 to 3.9% at 25, 343, 538 and 593OC. 

Specific areas studied include fatigue life as a function of strain, 

cyclic hardening and softening during testing, development of cyclic 

stress-strain curves from stress-strain amplitude coordinates, and 

development of bilinear representations of cyclic stress-strain 

behavior as suggested by current advanced design techniques. 

At elevated temperatures, the fatigue life of ERNiCr-3 is 

reduced and the material cyclically hardens. At room temperature, 

some hardening due to cycling is displayed initially, followed by 

softening early in the test. The bilinear constants, Em and C, are 

independent of temperature and strain rate, however, K. is not. 
,5T. 2 
, :-I' . + n 

The power law, Aa=A(As ) , adequately describes the cyclic stress- * -::,.' . - 9 P 
strain behavior at low strains. By bilinearization, the power law 

can be extended to predict Ki. 
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INTRODUCTION 

Nickel-chromium filler metals have high strength and tolerate dilution 

by many metals without reduction in mechanical properties and. without becoming 

crack sensitive at elevated temperatures. l r 2  They are the most widely used 

materials for prodwing high quality welds .between dissimilar metals, ' , 2  

such as austenitic and ferritic steels, especially. for use at high tempekatures 

where unequal thermal.expansion coefficients can cause relatively high 

thermal stresses, especially at the interface between ferritic steel 

and weld metal.3 'Nickel base weld metals are more suitable than iron base 

weld metals since they have an intermediate coefficient of thermal expansion 

between those of commonly used austenitic and ferritic steels, nearer to that 

of the ferritic.' p 2  Therefore, the highest stresses on the joint as a result 

' of unequal expansion occur in the stronger, austenitic steel side.. ' * 94 

Present plans require that the steam generator system for the 

Liquid-Metal Fast Breeder Reactor (LMFBR) be constructed mainly of annealed 

ferritic 2 114 Cr-1 Mo steel. Piping in this system may be subjected to 

temperatures as high as 517'O~.~, Since other components within the piping . 

system are austenitic, transition joint weldments will be needed as connectors. 

A schematic cross section of the proposed transition joint is ,shown in Fig. 1. 

Specifically, 2 l/4 Cr-1 Mo is welded to. alloy 800H kith- AWS A5.14 Class 

wt %], commonly know2 as Inconel 82, using the hot wire automatic gas 

tungsten-arc process. ~RNicr-3 is a conventional nickel-chromium filler metal 

often used in austeniticlferritic dissimilar metal joints. It is also used 



for joining alloy 800H to itself.ly2 Alloy 800H is used as a spool piece 

to grade the transition of thermal expansion coefficients across the 

weldment, and thus' to lower projected thermal stresses. The. alloy 800H 

is welded to type 316 stainless steel usi~rg a filler of 16-8-2 

(16 Cr-8 Ni-2 Mo-bal Fe, wt %) stainless steel. Further information 

regarding this joint design can be found elsewhere. 4. 

Transition joints have been successfully used in commercial 

'fossil-fired power plants for many years with some failures in the 

ferritic material adjacent to the fusion zone. In nuclear systems, 

the consequences .of failure are particularly serious, and a design 
. . 

lifetime of 30 years.is typically desired for joints. Mechanical 

properties data for weld metals are not currently required for design 

in Section VIII and Section I11 of the ASME Boiler and Pressure Vessel 

Code of" code Case 1592. The mechanical behavior of the weld metal, 

however, may affect the magnitude of the stress levels in the heat- 

affected' zo*e (HAZ) in .the 2 114 Cr-1 Mo steilll, which is considered 

to be. the critical region for .failure. 9 59.7 As a result, advanced 

design for the LMFBR are beginning to consider the 

mechanical properties of weld metals, so that the characteristics of 

all involved structural materials can be incorporated in the joint design. 

Tensile data for ERNiCr-3 have been kecentl) acquired , l2 , 
. . 

, and the elastic constants have been determined.14 Analysis 'of available 

creep -and creep-rupture data has been performed. Y Y 3 Because 

weldments of this type will be exposed to extensive cyclic loading, 4 

the elevated temperature fatigue properties of ERNiCr-3 are being 

a in~esti~atecl.~'~~~ 



The purpose of this study was to suggest analytical representations 

for the cyclic stress-strain response of ERNiCr-3 as observed during 

strain controlled continuous cycliilg fatigue tests. Areas to be 

discussed~include: number of cycles to failure as a function of plastic 
1 .  

'and total strain, cyclic hardening and sof tening 'during testing, development 

of cyclic stress-strain curves from hysteresis loop tips from similar tests 

at different constant strain ranges, and development 'of predictions of 

.cyclic behavior based on bilinear approximations,of monotonic and cyclic 

stress-strain behavior. The bilinear representation is an inelastic 

analysis simplification which was originally suggested for.:austenitic 

steels8 but was extended here .to provide a framework within which. to 

analyze the behavior of ERNiCr-3. 

Generally, the fatigue behavior of a weldment is greatly affected by 

factors such as the presence or' absence of defects,19 the joint geom~try,19 

and the fatigue behavior of the individual materials over the temperature 

range and strain rate of interest. The ani'sotropy and,heterogeneity of the 

weld metal are contributory factors which are recognized but not considered 

in this study. The scope of this analysis was limited to two types of 
,. 

welds and two specimen orientations. Thus, the findings are preliminary 

in nature. 

EXPERIMENTAL PROCEDURE 

Material 

Annealed 2 1/4 Cr-1 Mo steel plates (ASME SA-387, Grade D), 19-mm-thick, 

were welded using the automatic gas tungsten arc (GTA) process with either 

hot- or cold-wire ERNiCr-3 weld filler metal additions. The 'GTA process 



us ing  hot-wire f i l l e r  a d d i t i o n s  produces h igh  q u a l i t y  welds s i n c e  d i l u t i o n  

i s  minimized and a  h ighe r  d e p o s i t i o n  r a t e  is  al lowed pe r  pass .  Typ ica l ly ,  

40 weld pases  were r equ i r ed  f o r  co ld-wire .and  1 6 1 8 w e l d  pas ses  were 

r equ i r ed .  f o r  hot-wire j o i n t s .  A t y p i c a l  vendor a n a l y s i s  of E R N ~ c ~ - 3  w i r e  

is  g iven  below: 

Chemical Composition, w t  % 

C r  Fe Mn Nb T i  N i  

18.0 1 . 8  3.0 2.3 0 .3  b a l  

. The j o i n t  geometry of t h e  weldments was a 30'-included-angle V-groove 

w i t h  a  32 mm r o o t '  opening and a  backing s t r i p  .. ,   he nominal welding parameters  

were a s  fol.lows: 150A and l O V ,  w i t h  a  t r a v e l  speed of about  0.9 mm/s us ing  

cold-wire f i l l e r  a d d i t i o n s ;  and 400A and 15V t o r c h  c u r r e n t ,  w i th  a  t r a v e l  

.speed of about  0.25 mm/s, w i t h  hot-wire hea ted  by 1 1 0 ~  .and - f ed  a t  about  

12.7 mm/s .  The j o i n t s  were r a d i o g r a ~ h e d a s  were t h e  specimens; t hose  specimens 

.?free of.. 'd&fects were post-weld hea ' t l t r ea t ed '  i n  a i r  a t  732OC-. f o r  1 .h r .  

For t h e  weld made w i t h  cold-wire f i l l e r  a d d i t i o n s ,  the .chemica1  

compost t ion of t h e  s t r e s s - r e l i e v e d  weld me ta l  was determined f o r  t h r e e  

p o s i t i o n s  of t h e  weld c r o s s  s e c t i o n :  t h e  c e n t e r  of t h e  c r o s s  s e c t i o n ,  t h e  

edge n e a r  t h e  2 1 / 4  C r - 1  Mo s t e e l ,  and midway between t h e s e  two r eg ions  

as shown i n  F ig .  2. Some d i l u t i o n  was apparent  as inc reased  i r o n  concen t r a t ion  

was found i n  weld meta l  a r e a s  a d j a c e n t  t o  t h e  f u s i o n  l i n e .  No o t h e r  e lements  

showed evidence of d i l u t i o n .  An i r o n  c o n c e n t r a t i o n  p r o f i l e  was determined 

by probing t h e  upper h a l f  of t h e  c r o s s  s e c t i o n  of t h e  specimen wi th  a  s t a t i c  

s p o t  x-ray s t e p  scan  every  1 .25  mm (Fig.  3 ) .  



The hardness  and m i c r o s t r u c t u r e s  of a  t y p i c a l  weldment made w i t h  

cold-wire f i l l e r  add2t ions  a r e  shown i n  Fig.  4. The hardness  p r o f i l e  

shows t h e  ERNiCr-3 d e p o s i t  t o  b e  h a r d e r  t han  t h e  annealed 2 114 C r - 1  Mo s t e e l .  

The m i c r o s t r u c t u r e  of  t h e  weldment i s  complicated,  r e f l e c t i n g  f a c t o r s  

such a s  th.e d i f f e r e n c e  i n  composi t ion between ERNiCr-3 and 2 1 / 4  ~ r - 1  Mo 

and t h e i r  va ry ing  response  t o  h e a t  t rea tment .  A t y p i c a l  weld me ta l  o r  

c a s t  m i c r o s t r u c t u r e  can be  observed i n  e tched  ERNiCr-3 weld me ta l  (Figs .  5-6). 

- F a t i g u e  and t e n s i l e  specimens were machined from ..; . '! 

t h e  c e n t r a l  p o r t i o n  of t h e  weld such t h a t  t h e  uni£orm gage l e n g t h s  were 

completely weld metal .  Fa t igue  specimens (6.35-mm diam by 16-mm long 
. . 

un2form.gage) were prepared i n  e i t h e r  l o n g i . t u d i n a l  o r  t r a n s v e r s e  

o r i e n t a t i o n s .  The but tonhead type  t e n s i l e  specimens (3.18-mm diam by 28.6-mm 

gage l e n g t h )  were a l l  o r i e n t e d  l o n g i t u d i n a l l y  (major a x i s  p a r a l l e l  t o  t h e  

l i n e  of f u s i o n ) .  A l l  f a t i g u e  specimens were buf fed  l o n g i t u d i n a l l y  s o  t h a t  

c i r c u m f e r e n t i a l  g r ind ing  marks were removed, l e a v i n g  a 0.20-0.28 pm surface.  

f i n i s h .  Specimens w e r e  subsequent ly  radiographed a g a i n  p r i o r  t o  t e s t i n g .  

.Addi t iona l  i n fo rma t ion  on t h e  specimens used can be  found e l ~ e w h e r e . ~ ~ , ~ ~ , ~ ~  

Tes t ing  Procedure 

Monotonic s t r>ss- . s t ra in  t e s t s  were made on a n  I n s t r o n  machine .wi th  crosshead 

speeds of 8 . 5  and 0.085 pm/s.  Fo r ty - th ree  t e s t s  (34 cold-wire and 9 hot-wire) 

were conducted a t  a nominal s t r a i n  r a t e  of  3  x 10-~/s  and e i g h t  cold-wire 

t e s t s  were conducted a t  3 x 1 0 - ~ / s  nominal ly,  over  t h e  tempera ture  range  

25-732"~. Nineteen f a t i g u e  t e s t  specimens made wi th .co ld-wire  f i l l e r  

a d d i t i o n s  and twenty-nine hot-wire specimens were t e s t e d  over  t h e  tempera ture  

range  25-593°C. A l l  of t h e  f a t i g u e  t e s t s  were conducted i n  a x i a l  s t r a i n  



c o n t r o l  us ing  s t r a i n  ranges  from 0.35-3.0% a t  a nominal s t r a i n  r a t e  

of 4 x 10-~/s .  Three l o n g i t u d i n a l  specimens were t e s t e d  a t  343OC; a l l  o t h e r  

f a t i g u e  specimens had t r a n s v e r s e  o r i e n t a t i o n s .  An a x i a l  extensometer  was 

used, and h e a t  was provided by an  i n d u c t i o n  c o i l  w i t h  an  a i r  environment. 

-Addi t iona l  i n £  ormation on t e s t  procedure i s  a v a i l a b l e .  ' l s  l 2~ 

I' RESULTS 

Fa t igue  L i f e  

.-...... - .... .- ............. -. . . . . . . . . . . . . . . . . . . . . . . . .  
The f T r s t  qua r t e r - cyc l e  of a f a t i g u e  ' t e s t  -produces 'a.-&ii-V& s i i n i l a r  t o  - t he  .... - . .- ... - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .......... 

- .... - ........... - .............-.. . . . . . . . . .  
t e n s i l e  l oad ing  curve ,  u s u a l l y ~  showing a y i e l d  -point"'aiid- r e g i o n s  ' of e l a s t i c  and 

' --. 

..... - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  - . -. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . 
. . . . .  - -. . - . - 1 _ _  _. . . . -  . . . . .  . . . . .  . . .  

I .  , .. p l a s t i c  . - .  flow. . A complete . . . .  c y c l e  . . .  c o n s i s t s  . of t e n s i l e -  . . . .  l oad ing  fo l lowed .. -. by . unloading,  . . -. 

..- - .- - . - ........................... ....... . . . . .  . . . . .  -. - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
compression and unloading,  r e s u l t i n g  i n  a h y s t e r e s i s  curve  (F ig .  .7). The a b s c i s s a  . - - - . - --.. --- - . . . . . . .  .-- .. . . . . . . . . . . . . . . . . .  . . .  . . . . .  -. . . . . .  - - 

r e p r e s e n t s  t o t a l  s t r a i n ;  t h e  t o t a l  s t r a i n  range ,  A E  can  b e  measured a s  t h e  
t' 

i ho , r i zon ta l  d i s t a n c e  between t h e  t i p s  of t h e  loop .  The t o t a l  s t r e s s  i s  t h e  

o r d i n a t e ;  t h e  s t r e s s  range,  Au, is  i n d i c a t e d  by t h e  v e r t i c a l  d i s t a n c e  between 

t h e  loop  t i p s .  

C y c l i c . l i f e  (N ) was de f ined  t o  be  t h e  number of c y c l e s  t o  specimen f a i l u r e  f 
( s e p a r a t i o n  i n t o  two h a l v e s ) .  The t o t a l  s t r a i n  range  a s  a f u n c t i o n  of t h e  

number of c y c l e s  t o  f a i l u r e  is   show^-1 i n  Fig.  8. A tempera ture  dependence was - 
noted;  specimens t e s t e d  a t  593OC f a i l e d  e a r l i e r  than  those  a t  lower temperatures .  

I n  a d d i t i o n ,  t h e  f a t i g u e  l i f e  of m a t e r i a l  made by t h e  hot-wire  GTA process  was 

s . l i g h t l y  s u p e r i o r  t o  t h a t  'of cold-wire m a t e r i a l .  - The s t r a i n  c o n t r o l l e d  low 

c y c l e  f a t i g u e  b e h a v i ~ r  of as-deposi ted and s t r e s s - r e l i e v e d  ERNiCr-3 weld meta l  
, 

i s  more f u l l y  descr ibed  elsewhere.  l 7  

. . . . .  . . . .  
.:-: . - _  ' T h e  p l a s t i c  s t r a i n  range - ( t o t a l  i n e l a s t i c  s t r a i n  range).was a l s o  . . 

r e l a t e d  t o  c y c l e s  t o  f a i l u r e  (Fig. 9 ) .  I n  a t y p i c a l  p lo t ' ,  o f t e n  no temperature 



dependence is  seen ,  b u t .  f o r  ERNiCr-3, specimens t e s t e d  a t  5 9 3 ' ~  showed 

a reduced f a t i g u e . l i f e  compared wi th  .lower t e s t  t empera tures .  I n  a d d i t i o n ,  

i t  can b e  seen  aga in  t h a t  t h e  hot-wire m a t e r i a l  h a s  a s l i g h t l y  b e t t e r  

r e s i s t a n c e  t o  ' c y c l i c  l oad ing  than  does t h e  cold-wire . ,  A n a l y t i c a l  

p r e d i c t i o n s  of f a t i g u e  l i f e  shown i n  F igs .  8-9 w i l l  b e  d i scussed  below. 

. . . . Cyc l i c  ' s t r e s s - s t r a i n  Behavior 

Cycl ic  Hardening and Sof t en ing  

c y c i i c  hardening o r  s o f t e n i n g  of a  specimen dur ing  s t r a i n  c o n t r o l l e d  

loading  is  i n d i c a t e d  by a change i n  t h e  amount of a p p l i e d  s t r e s s ,  w i t h  

number of  cyc l e s ,  t h a t  is  r equ i r ed  t o  ma in t a in  t h e  imposed s t r a i n  range.22 

For many m a t e r i a l s ,  t h i s  phenomenon is  mani fes ted  by r a p i d  c y c l i c  hardening,  

u s u a l l y  complete a f t e r  a  few c y c l e s ,  fol lowed by a  pe r iod  of s t a b i l i t y .  22 

~ m i ~ r - 3  o f t e n  d i s p l a y s  t h i s  t y p i c a l  p a t t e r n .  F igu res  10-11 i l l u s t r a t e  t h e  

d e t a i l e d  hardening and s o f t e n i n g  behavior  dur ing  cont inuous  cyc l ing  a t  

4 x loe3/s.  A t  low s t r a i n  ranges  (< - 0.6%),  r a p i d  i h i t i a l  hardening was 

followed by s t a b l e  s t r e s s  l e v e l s  a t  a l l  temperatures .  Maximum s t r e s s  l e v e l s  

were reached a t  a lower f r a c t i o n  of t o t a l  l i f e  f o r  t h e  room temperature 
. . 

.tests; t h a t  is ,  hardening was more g radua l  a t  e l e v a t e d  tempera tures .  

Th i s  p a t t e r n  of change was obta ined  f o r  a l l  low s t r a i n .  range  t e s t s ;  

a t  h ighe r  s t r a i n  ranges  (> - 1.95%),  t h e  hardening  behavior  of ERNiCr-3 i s  

more complicated.  A t  room tempera ture  w i t h  a  3% s t r a i n  range ,  . t h e  t e s t  

specimens e x h i b i t e d  r a p i d  i n i t i a l  hardening  gollowed by a  s l i g h t  so f t en ing .  

For a  s t r a i n  range  of 1.95% a t  343OC, a  s m a l l  amount of c y c l i c  hardening took 
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p l a c e  a£  ter t h e  i n i t i a l  r a p i d  hardening.  A t  h ighe r  temperatures ,  538 and 

5 9 3 " ~ ,  no sha rp  r a p i d  hardening appeared a s  be fo re .  A t  t h e s e  h ighe r  s t r a i n  

t h e  specimens g radua l ly  hardened t o  reach  a maximum s t r e s s  v a l u e  

a f t e r  t h ree - fou r ths  t h e  f a t i g u e  l i f e .  

J u s t  b e f o r e  f a t i g u e  f a i l u r e ,  many m a t e r i a l s  e x h i b i t  a decrease  i n . . ,  . 
. .. 

t e n s i l e  s t r e s s  ampli tude,  o r  apparent  s o f t e n i n g ,  which we hypothes ize  t o  

b e  due t o  t h e  formation of a  c rack .  ERNiCr-3 d i s p l a y s  t h i s  ' behav io r ,  w i t h  

s o f t e n i n g  occu r r ing  e a r l i e r  i n  t h e  c y c l i c  1 i f e . o f  t h e  room-temperature test. 

' . . specimens than  i n  t hose  a t  e l eva t ed  tempera tures .  
. . 

Cycl ic  S t r e s s -S t r a in :Curves  

The c y c l i c  hardening behavior  of ERNiCr-3 i s  shoyn a l s o  by t h e  c y c l i c  

s t r e s s - s t r a i n  curves .  The c y c l i c  s t r e s s - s t r a i n . c u r v e  meas'ures the ,  r e s i s t a n c e  

of t h e  m a t e r i a l  t o  deformation by c y c l i c  loading' .  These curves  can b e  

d i r e c t l y  compared.with monotonic s t r e s s - s t r a i n  curves .  The c y c l i c  curve  

may b e  q u i t e  d i f f e r e n t  from t h e  monotonic l oad ing  curve,  showing t h e  change 

i n  response  due t o  c y c l i c  l o a d i n g .  I f  t h e  c y c l i c  curve  l i e s .  above t h e  

monotonic curve,  t hen  t h e  m a t e r i a l  e x h i b i t s  c y c l i c  hardening ,  and i f  t h e  

c y c l i c  curve  i s  lower,  t h e  m a t e r i a l  c y c l i c a l l y  so£ t e n s .  22 

A h y s t e r e s i s  loop  from a f a t i g u e  t e s t  i s  p a r t i a l l y  c h a r a c t e r i z e d  by a 

s t r a i n  range,  A s  and a  s t r e s s  range ,  Ao., When measured f r o m - t h e  o r i g i n ,  t ' 
t h e  coo rd ina t e s  of t h e  loop  t i p  correspond t o  A& 12 ( s t r a i n  ampli tude)  and t 

A012 ( s t r e s s  ampl i tude) .  A n e s t  of h y s t e r e s i s  curves  can  then  b e  r ep re sen ted  

by t h e s e  coo rd ina t e s  from measured v a l u e s  of A E  and do a s  shown i n  Fig.  12.  t 



Cyclic stress-strain curves were constructed from the locus formed by 

stress-strain amplitude coordinates at different strain ranges22 at a 

given temperature using 10th cycle, 100th cycle, and half-life values 

of Aa. 

For ERNiCr-3, cyclic stress-stra2n curves lie above the monotonic 

curves'at all temperatures indicating hardening due to cycling. In 
. . 

addition, at elevated temperatures at low strain, the 10th cycle curve is 
. . 

the lowest cyclic curve, with the 100th cycle curve being higher and the 

N /2 curve the highest. At room temperature, however, the N 1 2  curve f f 
lies below the 100th cycle curve, showing evidence of softening relatively 

early in the test. Analytical predictions of cyclic stress-strain behavior 

shoh in Fig. 12 will be discussed below. 
. --- - -. - -. -. . . .. - . . . . . . . . . . . 

Silinear ~e~resentations of Stress-Strain Behavior 

. . 
Bilinear Approximation 

Monotonic bilinear stress-strain .curves (Fig. 13) were constructed 

for ERNiCr-3 as described in Ref. 18. These curves consist of a linear 

elastic portion with a slope equal to Young's modulus, E, and a linear 

"plastic" portion with a slope equal to E . The two lines intersect at m 

a stress value of o or the bilinear yield strength.. Two bilinear 
Y , 

stress-strain constants, C and KO-, are calculated as follows: 

and 



where 

K O  i s  a measure of t h e  s i z e  of t h e  loading ,  o r  y i e l d  s u r f a c e ,  and 

C is  t h e  slop'e of t h e  d e v i a t o r i c  s t r e s s - p l a s t i c  s t r a i n  l i n e .  

F igu re  14  shows'how 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  is cons t ruc t ed .  

The p l a s t i c  l i n e  pas ses  through t h e  p o i n t s  on t h e  s t r e s s - s t r a i n  curve where 

t h e  s t r e s s  corresponds t o  t h e  s t r a i n ,  E and E 1 2 .  A second b i l . inear -  max max 

i z a t i o n  method recommended f o r  f e r r i t i c  m a t e r i a l s 9  w a s  cons idered ,  bu t  was 

rejected f o r  t h i s  a p p l i c a t i o n  a s  descr ibed  i n  Ref. 18. . 

For c y c l i c  s t r e s s - s t r a i n  curves ,  v a l u e s  f o r  E and consequent ly C, 
m ' 

are assumed t o  be  t h e  same a s  t hose  f o r  t h e  cor responding  mono to r i i c . t e s t s  

. a t  a  p a r t i c u l a r  s t r a i n .  F igu re  7 shows how t h e  curve  i s  cons t ruc t ed .  Lines  

of s l o p e  E a r e  p laced  on t h e  upper and lower p o r t i o n s  of  t h e  h y s t e r e s i s  loop  
m 

such t h a t  t h e  two shaded a r e a s  i n  t h e  f i g u r e  a r e  equa l .  The v e r t i c a l  d i s t a n c e  

between t h e  upper l i n e  and the  p o i n t  where t h e  lower l i n e  i n t e r s e c t s  t h e  

v e r ' t i c a l  is  denoted by 20.  The b i l i n e a r  c o n s t a n t ,  K i s  then  ca lcuxated  from i ' 

where 

~1 i s  c a l c u l a t e d  from 20 a t  t h e  1 0 t h  c y c l e ,  . 

~2 i s  c a l c u l a t e d  from 20 a t  t h e  100 th  c y c l e ,  and 

~3 i s  c a l c u l a t e d  f'rom 20 a t  a c y c l e  near  t h e  f a t i g u e  h a l f - l i f e ,  o r  N 1 2 .  f 

The procedure f o r  d c t e m i n i n g  E C, and K .  v a l u e s  c a n ' b e  found i n  Ref. 8. 
rn ' 2 



B i l i n e a r  Monotonic S t r e s s - S t r a i n  Beha:-Tor 

The b i l i n e a r  c o n s t a n t s  E C, and K O  were c a l c u l a t e d  f o r  v a r i o u s  v a l u e s  m y .  

'max 
a t  f o u r  t e s t  t empera tures ,  25, 316, 566, and 621°C, aAd t h e  two 

0 

d i f f e r e n t  s t r a i n  r a t e s .  These tempera tures  were t h e  c l o s e s t  t o  t h e  t e s t  

1 t empera tures  used f o r  t h e  c y c l i c  s t r e s s - s t r a i n  t e s t s . .  We found E t o  b e  m 

I independent of temperature and s t r a i n  r a t e  as shown i n  Fig.  15.  There wa.s 

a l s o  no s i g n i £ i c a n t  d i f f e r e n c e  observed between b@havior  of t h e  hot-...and 

cold-wire depos i ted  m a t e r i a l .  A s i n g l e  mean curve  was,drawn through t h e  d a t a  

t o  produce t h e  v a l u e s  used f o r  c y c l i c  a n a l y s i s .  

The s l o p e  C i s  a f u n c t i o n  of E and I??. Even though E v a r i e s  somewhat m 

w i t h  temperature,  t h i s  dependency does n o t  s i g n i f i c a n t l y  a f f e c t  t h e  va lue  of 

C. Since  E i s  r e l a t i v e l y  independent of tempera ture  t hen  C . i s  r e l a t i v e l y  
m 

independent of tempera ture  a l s o .  

whereas both E and C a r e  independent  of tempera ture  and s t r a i n  r a t e ,  m 

K O  i s  no t .  There was no r e a l  d i f f e r e n c e  between t h e  hot- and cold-wire 

d a t a ,  b u t  K O  v a r i e d  sometimes w i t h  s t r a i n  r a t e .  A t  316"C, no d i s c e r n i b l e  

' . .  . ' e f f e c t s  of s t r a i n  r a t e  were observed; however, a t  566OC s t r a i n  r a t e  had a  

s i g n i f i c a n t ' b e a r i n g   on.^^. Thi s  d i v e r s i t y  i s  v e r i f i e d  by Ref. 1 3  where 

s i g n i f i c a n t  d i f f e r e n c e s  i n  y i e l d  s t r e n g t h s  a t  t h e  two s t r a i n .  r a t e s  were 

: noted a t  tempera tures  above 450°C. F igu re  16  shows K O  a s  a  f u n c t i o n  of 

tempera ture  a t  a  t y p i c a l  s t r a i n  range.  There i s  a  g e n e r a l ,  b u t  n o t  n e c e s s a r i l y  

monotonic, t r e n d  f o r  K O  t o  dec rease  w i t h  temperature.  



B i l i n e a r  Cyc l i c  S t r e s s - S t r a i n  Behavior 

Values of K .  were computed from t h e  l O t h . c y c l e ,  100 th  c y c l e ,  and 
2 

N 12  c y c l e  h y s t e r e s i s  loops.  These f a t i g u e  t e s t  d a t a  were n o t  genera ted  f 
f o r  t h e  exp res s  purpose of b i l i n e a r  a r . a l y s i s ;  t hus ,  i n  c a s e s  where t h e  

s p e c i f i c  loop  was n o t  a v a i l a b l e , .  t h e  c l o s e s t  number loop  was 'used .  K a s  i 

a . func ' t i on  of s t r a i n  ampl i tude  i s  shown i n  F igs .  17-19. 

For many ma te r i a l s ;  ~3  > ~2 > K I  > K O ,  i n d i c a t i n g  c y c l i c  hardening.  

ERNiCr-3 d i s p l a y s  t h i s  hardening behavior  a t  e l e v a t e d  tempera tures .  A t  

room temperature,  however K~ i s  lower than  K ~ ,  t h u s  i n d i c a t i n g  c y c l i c  

s o f t e n i n g .  A t  t h e  1 0 t h  c y c l e ,  room-temperature specimens hardened more 

than  e l e v a t e d  tempera ture  specimens, b u t  by N / 2  t h e  room-temperature 
f 

ERNiCr-3 became s o f t e r  than  t h e  e l e v a t e d  tempera ture  test m a t e r i a l  a t  a 

s t r a i n . r a t e  of 4 x 10-~/s .  There i s  no i n d i c a t i o n ,  however, t h a t  t h e  

. m a t e r i a l  w i l l  s o f t e n  t o ' t h e  e x t e n t  t h a t  ~3  v a l u e s  would approach t h e  

monotonic l e v e l  ( K O ) .  The room-temperature c y c l i c  s t r e s s - s t r a i n  behavior  

of E R N ~ C ~ - 3  i s  complex, and n o t  enough.da ta  a r e  a v a i l a b l e  t o  y i e l d  a f u l l  

of t h i s  behavior .  

Regression Analys is  

P r e d i c t i o n  of Cycl ic  S t r e s s - S t r a i n  Behavior 

The r e l a t i o n s h i p  between c y c l i c  s t r e s s  and p l a s t i c  s t r a i n  can be  

expressed by a  power f u n c t i o n  s i m i l a r  t o  t h a t  f o r  t h e  monotonic curve ,  

o r  desc r ibed  by a  l i n e a r  express ion  on log-log coord ina t e s .  The s l o p e  of 

t h e  l i n e  i s  t h e  c y c l i c  s t r a i n  hardening exponent.  Cyc l i c  s t r e s s - s t r a i n  

curves  a r e  adequate ly  r ep re sen ted  by 2 2 



o r ,  e q u i v a l e n t l y  , 

where 

ha12 = c y c l i c  s t r e s s  ainplitude, 

A = c y c l i c  s t r e n g t h  c o e f f i c i e n t ,  

A E  12 = c y c l i c  p l a s t i c  s t r a i n  ampli tude,  and 
P 

n = c y c l i c  s t r a i n  hardening exponent.  

Values ' f o r  A and n . a s  determined f o r  t h e  p re sen t  d a t a  by l ea s t - squa res  
. . 

a n a l y s i s  a r e . l i s t e d  i n  Table 1. . . 

Table 1. Cyc l i c  hardening constan ' ts  f o r  . c y c l i c  s t r e s s -  
. s t r a i n  curves ,  s t r a i n  c o n t r o l l e d  f a t i g u e  t e s t s  a t  

4 x 10-~/s  s t . r a i n  r a t e .  

Temperature 
(C) 

1 0 t h  c y c l e  100th  c y c l e  Nf/2 c y c l e  



. . 

The fo l lowing  ,(was used t o  < e f i n s . t h e  p l a s t i c  s t r a i n  

ampli tude f o r  t he  l o t h ,  100th ,  and ~ , / 2  c y c l e s :  
J 

where 

Act: = t o t a l  s t r a i n  range ,  

ACJ = s t r e s s  r ange  a t  i n d i c a t e d  cyc le ,  and . . 

E = young's modulus. 

young's modulus v a l u e s  used f o r  p r e d i c t i n g  c y c l i c  s t r e s s - s t r a i n  behavior  

were averaged from s e v e r a l  h y s t e r e s i s  loops  a t  a g iven  temperature.  

gy combining- Eqs. (2) .and ( 4 ) ,  d a t a  from t h e  loops  can be  f i t  by a n  

equa t ion  of  t h e  form: 

S ince  E is equ iva l en t  t o  A E ~ / ~ ,  F ig .  12 i l l u s t r a t e s  f i t s  of Eq. (5) f o r  
max 

53g°C. as A012 i s  p lo t t ' ed  a g a i n s t  E . No d i s c e r n i b l e  d i f f e r e n c e s ' w e r e  
max 

noted between r e s u l t s  from hot-  and cold-wire  t e s t s  o r  between t r a n s v e r s e  

. . 
and l o n g i t u d i n a l l y  o r i e n t e d  specimens. 

AS shown i n  F igs .  20-22, Aa was p l o t t e d  a g a i n s t  20. I n  g e n e r a l ,  a  

d i r e c t  p r o p o r t i o n a l i t y  was observed,  namely 20 = 0..83 Aa, f o r  a l l  cases '  

except  room tempera ture  t e s t s .  Using t h i s  v a l u e  and s u b s t i t u t i n g  E f o r  
max 

A E  12,  Eq. (5) becomes: t 



1.2(20)  r l . 2 ( 2 0 ) 1  l l n  

S ince  K = (20) 2/12, then  
i 

E - - 
max 

' + 112 
2E 

l l n  

P r e d i c t e d  K .  curves  based on Eq. (7) f o r  e l e v a t e d  tempera ture  t e s t s  a r e  
Z 

shown i n  F igs .  17-19. For t h e  room tempera ture  t e s t s ,  a  b e s t - f i t  l i n e  was 

drawn s o  t h a t  20 = b ~ o ~ .  Values f o r  a and b a r e  l i s t e d  i n  Table 2. A 

s i m i l a r  equa t ion  t o  Eq. (7)  was de r ived  f o r  room tempera ture  K va lues ;  t h e  i 

a c t u a l  d a t a  and p r e d i c t i o n s  a r e  a l s o  shown i n  F igs .  17-19. 

Table 2. Best f i t  v a l u e s  f o r  20 a s  a  f u n c t i o n  of Ao 
f o r  c y c l i c  s t r e s s - s t r a i n . . t e s t s  at .  room 

temperature,  s t r a i n  r a t e  of 4 x 10-31s 

c o n s t a n t s  of 

Cycle 

F igu re  17 'shows ~1 curves  a t  t h e  f o u r  tempera tures .  A s  would be  expected,  

t h e  curve f o r  25°C is' t h e  h i g h e s t  and t h e  curve  f o r  693OC is t h e  lowes t . '  The 

343 and 538OC va lues  do n o t  d i f f e r  much and f a l l  between t h e  o t h e r  two curves .  



  or E <0.75%, t h e  343OC cu rve  is s l i g h t l y  lower than  t h a t  f o r  538OC. 
max 

A t  t h e  100th  c y c l e  (Fig. 1 8 ) ,  a l l  t h e  curves  a r e  grouped t o g e t h e r  t o  some 

e x t e n t ,  b u t  t h e  curve  f o r  343OC has  dropped r e l a . t i v e  t o  t h e  o t h e r s  t o  

I 
become t h e  lowest .  A t  N 12 (Fig.  1 9 ) ,  t h e  r e l a t i v e  ~3 v a l u e s  show another .  

f 
change. The curve  f o r  2 5 ' ~  is t h e  lowest  and' i s  almost  i d e n t i c a l  t o  t h e  

593°C curve. The 538 and 343OC curves  a r e  a l s o  s i m i l a r ,  bu t  t h e . 5 3 8 0 ~  

curve  i s  s l i g h t l y  h igher .  The r e l a t i v e  curve  p o s i t i o n s  a r e  t h e  same i n  

F igs .  17  and 19 ,  except  t h a t  i n  Fig.  17 t h e  room-temperature curve is  t h e  

h i g h e s t  a n d  becomes t h e  lowes t  by Nf/2 (Fig.  19 ) .  

F a t i g u e  L i f e  P r e d i c t i o n  

A common method f o r  d e s c r i p t i o n  of f a t i g u e  l i f e  i n  c y c l e s  (N ) a s  a  
f .  

£.unction of t o t a l  s t r a i n  range  (A%) invo lves  t h e  u s e  of power-law r e l a t i o n -  

s h i p s  between N . and  t h e  e l a s t i c  ( A €  ) and p l a s t i c  ( A &  ) s t r a i n  ranges .  Thus, 
f e P 

and 

I 

s o  t h a t  

For t h e  c u r r e n t  d a t a ,  we found a = 0.688, A = 113.9, B = 0.102, and B = 1.32 
.......... .... . - ........ - -  from' room--tempkrature ' to  538OC; A t  5 9 3 O ~ ' w e ' f b u n d ' i '  .... = . O .  664, 

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

A = 51.46, B = 0.108, and B = 1.24. F igu re  9 compares a v a i l a b l e  d a t a  w i t h  



p r e d i c t i o n s  from Eq. (8), whi l e  F ig .  8 compares d a t a  w i th  p r e d i c t i o n s  from 

Eq. (3.0). The equa t ions  were developed from d a t a  f o r  hot-wire m a t e r i a l  only: 

The d a t a  f o r  cold--.lire m a t e r i a l  i n  t h e  f i g u r e s  a r e  shown f o r  comparison only.  

It should b e  noted t h a t  A E  . i s  de f ined  by Aa/E, where Aa i s  t h e  t o t a l  
t? 

stress range and E i s  Young's modulus. Making t h i s  s u b s t i t u t i o n ,  s o l v i n g  

Eqs. (8)  and (9)  f o r  N and n o t i n g  t h a t  N must equa l  i t s e l f  y i e l d s  
f' f 

Equation (11) i s  .of t h e  same form a s  Eq. . ' (3) .  . Thus, t h e ,  app1ica t ion"of  t h e  

commonly used power-law f a t i g u e  l i f e  equa t ions  c o n s t i t u t e s  a n  i m p l i c i t  

assumption t h a t  t h e  power-law c y c l i c  s t r e s s - s t r a i n  equa t ion  is  a l s o  v a l i d .  

DISCUSSION 

The,behavior  of weldments ' i n  d e t a i l  i s  t h e  s u b j e c t  of cont inuing  

s t u d i e s  d i r e c t e d  toward unders tanding  how t h e  ab rup t  change i n  thermal  and 

mechanical p r o p e r t i e s  a c r o s s  a  t r a n s i t i o n  j o i n t  a f f e c t s  t h e  s e r v i c e  l i f e  
. . 

of t h e  j o i n t .  Although c o n s i d e r a t i o n  of t h e  c y c l i c  s t r e s s - s t r a i n  behavior  

of t h e  weld meta l  is  n o t  s p e c i f i c a l l y  mandated by c u r r e n t  codes, advanced 

numerical  f i n i t e  element a n a l y s e s  of e l a s t i c - p l a s t i c  s t r e s s - s t r a i n  s t a t e s  

r e q u i r e  complete knowledge of t h e  mechanical  p r o p e r t i e s  of a l l  involved  

m a t e r i a l s . *  The c u r r e n t  a n a l y s i s  was performed t o  provide  r e l e v a n t  

d a t a  f o r  t h e s e  des ign  techniques .  



The e f f e c t  of ariy m a t e r i a l  i n  a j o i n t ,  p a r t i c u l a r l y  t h e  weld meta l ,  on 

t h e  behavior  of t h e  e n t i r e  weldment is  a  complex s u b j e c t  r e q u i r i n g  f u r t h e r  

i n v e s t i g a t i o n .  For example, i t  h a s  been shown t h a t  t h e  thermal  s t r e s s e s  

of one p o s s i b l e  t r a n s i t i o n  j o i n t  have been reduced by t h e  use  of 

ERNiCr-3 wi th  a l l o y  800H a s  a  spoo l  p i e c e ,  p l a c i n g  t h e  h i g h e s t  c a l c u l a t e d  

s t r e s s e s  a n  t h e  a l l o y  8 0 0 ~  s i d e  of t h e  j o i n t . 4  Previous  s t i ~ d i e s ~ ~ ~ l ~ , ~ ~  

have i n d i c a t e d  t h a t  ERNiCr-3 i s  comparable i n  s t r e n g t h .  t o  a l l o y  .800H, 2 3  

b u t  i s  s i g n i f i c a n t l y  s t r o n g e r  t han  t h e  2 11'4 C r - 1  Mo s t ee124 ;25  t o  which 

i t  w i l l  bg welded. It i s  unc lea r  how much t h e  ' d i f f e r e n c e  i n  s t r e n g t h  

between m a t e r i a l s  w i l l  a f f e c t  t h e  behavior  of t h e  c r i t i c a l  r e g i o n  of 

t h e  HAZ i n  t h e  2 1 / 4  C r - 1  Mo s t e e l .  

Only a l i m i t e d  amount of d a t a  i s  c u r r e n t l y  a v a i l a b l e .  Most ana lyses  

t r e a t  v a r i o u s  r eg ions  of t h e  weldment a s  homogeneous a n d . i s o t r o p i c ,  whereas 

i n .  r e a l i t y ,  a n  a c c u r a t e  des 'c r ip t ion  would i n c l u d e  c o n t i n u a l l y  va ry ing  

mechanical  prope . r t ies  w i t h  r e s p e c t  t o  l o c a t i o n  i n  t h e  weld. Even so ,  

c u r r e n t  des ign  techniques  have become r e l a t i v e l y  s o p h i s t i c a t e d  i n  t h e i r  

c o n s i d e r a t i o n  of p r o p e r t i e s  such a s  f a t i g u e  and c reep .  More .da t a  a r e  

needed t o  ' f u l l y  c h a r a c t e r i z e  t h e  c y c l i c  s t r e s s - s t r a i n  response  of  ERNiCr-3 

a t  tempera tures  and s t r a i n  r a t e s  n o t  y e t  i n v e s t i g a t e d .  I n  a d d i t i o n ,  

d e t a i l e d  f u r t h e r  s tudy  and modeling a r e  necessary  t o  de te rmine  how t h i s  

c y c l i c  s t r e s s - s t r a i n  response  of t h e  weld meta l  a f . f ec t s  t h e  behavior  of 

t h e  e n t i r e  t r a n s i t i o n  j o i n t .  



I 

20 

SU?IMARY 

The fo l lowing  conclus ions  were drawn rega rd ing  t h e  c y c l i c  s t r e s s -  

s t r a i n  behavior  of ERNiCr-3: 

1. ERNiCr-3 responds t o  c y c l i c  l oad ing  by i n c r e a s i n g  r e s i s t a n c e  

I t o  deformation,  o r  c y c l i c , h a r d e n i n g .  A t  low s t r a i n  ranges,  t h e  m a t e r i a l '  

e x h i b i t s  r a p i d  i n i t i a l  hardening fol lowed by a n e a r l y  s t e a d y - s t a t e  cond i t i on ,  

u n t i l  apparent  s o f t e n i n g  occu r s  j u s t  b e f o r e  f a i l u r e .  A t  h igh  s t r a i n  ranges  

a t  e l e v a t e d  tempera tures ,  t h e  hardening i s  much more gradual ;  the  maximum 

I stress i s  n o t  reached u n t i l  a t  l e a s t  t h ree - fou r ths  of t h e  f a t i g u e  l i f e .  

ERNiCr-3 d i s p l a y s  some c y c l i c  s o f t e n i n g  a t  room temperature.  

2. Comparison of  c y c l i c  and monotonic s t r e s s - s t r a i n  d a t a  was 

accomplished through t h e  c o n s t r u c t i o n  of c y c l i c  s t r e s s - s t r a i n  curves  

, from t h e  s t r e s s  and s t r a i n  ampl i tude  coord ina t e s .  It was found t h a t  t h e  

I 
i so the rma l  power law, Eq. ( 2 ) ,  adequate ly  d e s c r i b e s  t h e  response  of 

ERNiCr-3 t o  c y c l i c  l oad ing  up t o  cmax = 1.0%. A t  h ighe r  s t r a i n s ,  t h e  c y c l i c  

s t r e s s - s t r a i n  behavior  of t h i s  m a t e r i a l  i s  complex and r e q u i r e s  f u r t h e r  

i n v e s t i g a t i o n .  

3. Although t h e  f a t i g u e  l i f e  of  ERNiCr-3 f i l l e r  me ta l  made by t h e  

au tomat ic  gas  tungs ten-arc  p roces s  w i t h  hot-wire  f i l l e r  a d d i t i o n s  i s  

s l i g h t l y  s u p e r i o r  t o  t h a t  made w i t h  cold-wire  a d d i t i o n s ,  n e i t h e r  t h e  . 

monotonic nor  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  c o a s t a n t s  were s i g n i f i c a n t l y  

dependent on how t h e  weld f i l l e r  me ta l  was added. It appears  t h a t  t h e  

two b i l i n e a r  s l o p e s ,  E and C, a r e  independent  of s t r a i n  r a t e  and tempera ture  m 

f o r  s t r a i n s  - <2%. Thus, t h e  s l o p e  of t h e  upper and lower l i n e s  f o r  t h e  

b i l i n e a r  approximation of t h e  h y s t e r e s i s  l oop  is  determined by t h e  s t r a i n  range 



only .  I n  a d d i t i o n ,  t h e  c y c l i c  s t r e s s - s t r a i n  response  of ERNiCr-3 d i d  no t  

appear  . t o  v a r y  due t o  t h e  o r i e n t a t i o n  of t h e  specimen w i t h - r e g a r d  t o  t h e  . . . . 
. . .  

. . 
l i n e  of  f u s i o n ,  t h a t  i s ,  t r a n s v e r s e  ve r sus  l o n g i t u d i n a l .  

4. Values f o r  K were determined f o r  t h e  monotonic t e s t s  ( K ~ )  and a t  

t h r e e  c y c l c s  of t h e  f a t i g u e  t e s t s ,  lUth  ( K ~ ) ,  100th  ( K ~ ) ,  and N 2 ( ~ 3 ) .  f 
Although monotonic and c y c l i c  t e s t s  were g e n e r a l l y  n o t  conducted a t  t h e  

same tempera tures ,  by - i n t e r p o l a t i o n  of monotonic d a t a ,  we g e n e r a l l y  found 

t h a t  ~1 was g r e a t e r  than  K O .  A t  e l e v a t e d  tempera tures ,  K i n c r e a s e s  

i s o t h e r m a l l y  with t h e  number of c y c l e s ;  a t  room tempera ture ,  K dec reases  

a f t e r  t h e  100th. cyc l e .  ~ e a s o n s  . f o r  t h i s  somewhat complicated tempera ture  

dependence i n  t h e  c y c l i c  hardening behavior  a r e  n o t  understood a t  t h i s  time. 

5. For Aa v a l u e s  between about.  450 and 1030 MPa, t h e  equa t ion  20 = 0.83 

h a  a p p l i e s ,  b u t  from t h e  p r e s e n t  d a t a  i t  i s  u n c e r t a i n  whether t h i s  r e l a t i o n s h i p  

is  v a l i d  f o r  Aa v a l u e s  o u t s i d e  t h i s  range  (o r  a t  o t h e r  tempera tures) .  The 

d i r e c t  p r o p o r t i o n a l i t y  between Ao and 20 observed f o r  t h i s  m a t e r i a l  f a c i l i t a t e s  

behavior  a n a l y s i s  through a n  ex tens ion  of  t h e  i so the rma l  power law. One can 

d i r e c t l y  de te rmine  K from t h e  s t r e s s  r ange  a t  a  4  x 10 -~ / s  s t r a i n  r a t e  a t  

e l e v a t e d  temperatures .  Data f o r  Aa a r e  g e n e r a l l y  more r e a d i l y  a v a i l a b l e  

t han  2a d a t a  s i n c e  t h e  s t r e s s  range  i s  f r e q u e n t l y  r epo r t ed  i n  f a t i g u e  

tests. Also, Aa can  b e  measured e a s i e r  than  20, t hus  dec reas ing  t h e  a n a l y s i s  

time. 

6. The e x t e n s i v e  s c a t t e r  i n  t h e  d a t a  causes  a  l a r g e  u n c e r t a i n t y  i n  

t h e  p r e d i c t i o n  of u f o r  s t r a i n  r a t e s  and tempera tures  o t h e r  t han  those  

f o r  which d a t a  a r e  a v a i l a b l e .  A t  t h e  p r e s e n t  time-, t h e  s t r a i n  r a t e  and 



. , t empera ture  dependence of K a r e  complicated and n o t  f u l l y  understood.  Th i s  

same complexity is observed i n  t h e  temperature dependence of t h e  monotonic 

t e n s i l e  proper tie^. More d a t a  a r e  needed s o  t h a t  . t he se  r e l a t i o n s h i p s  can 

be  more adequate ly  r ep re sen ted  a n a l y t i c a l l y .  



REFERENCES 

1. H. R. ~onaway, "Part 5: Welding the Nickel'Alloys; Dissimilar Metals, 
High-Temperature Service," Welding Design and Fabrication, June, 1977. 

2. Joining Huntington Alloys, International Nickel Company, Inc., 1972. 

3. J. F. King, G. M. Slaughter, and M. D. Sullivan, "Transition Joint 
Welding Development for LMFRR Steam Generator Design," pp. 82-1-5 in 
Proceedings o f ' t h e  International Conference on Ferri t ic  S tee ls  for Fast 
Reactor Steam Generators, British Nuclear Energy Society, London, 1977. 

4. A. W. Dalcher and T. M. Yang, "High Temperature Elastic Analysis of 
Dissimilar Metal Welded Pipe Joints, pp. 1978-83 in Proceedings of 
the Second International Conference on Mechanical Behavior of . . .  

Materials, American Society for Metals, August 1976. . 

5. J. F. King, Behavior and Properties of Welded Transition Joints Between 
Austenitic S tee ls  and. Ferr i t ic  S t ee l s  - A ~ i t e r a t u r e  ' ~ e v i e w ,  ORNL-TM-5193 
(November 1975). 

6. .C. R. Brinkman, R. K. Williams, R. L.. Klueh, and T. L. Hebble, 
"Mechanical and Physical Properties of 2 114 Cr-1 Mo Steel in Support 
'of Clinch River Breeder Reactor Plant Steam Generator Design," 
Nucl. Technol. 28(3) : 490-505 (1976). 

7.. C. R. Brinkman et al., "Mechanical Properties of Transition Joint 
Materials in Support of LMFBR Steam Generator Design," pp., 82-1-5 in 
Proceedings of  t he  International Conference on Ferr i t ic  S tee ls  for Fast 
Reactor Steam Generators, British Nuclear Energy Society, London, 1977. 

8. C. E. Pugh, K. C. Liu, J. M. Corum, and W. L. Greenstreet, Currently 
Recommended const i tut ive Equations for Ine las t ic  Analysis of FFTF 
Components, ORNL-TM-3602 (September 1972) . 

9. C. E. Pugh et al., Background Information for Interim Methods of Ine lus t ic  
Analysis for High-Temperature Reactor Components of 2 1/4 Cr-1  Mo 
S tee l ,  ORNL-TM-5226 (May 1976). 

10. Incoloy Nickel-Iron-Chromiwn' Alloys, International Nickel Company, Inc. 
1973. 

ll..' R. L. Klueh and J. F. King, "Creep and Tensile Properties of Transition 
Weld Joint Materials, " Mechanical Properties Test  Data for Structural 
Materials Quurt. Prog. Rep. Jan. 31, 1977, ORNL-5237, pp. 197-204. 

12. R. L. Klueh and J. F. King, "Creep and Tensile Properties of Transition 
Weld Joint Materials, Mechanical Properties Test Data for Structural 
MateriaZs Quart. Bog.  Rep. A p r .  30, 1977, ORNL-5986, pp. 264-86. 



13. R. L. Klueh and J. F. King, ~~e 'vatsd-~emperature  Tensile Properties of 
ERNiCr-3 Weld MetaZ, ORNL-5354, (December 1977).  

14.  J. P. Hammond, " E l a s t i c  Cons tan ts  i n  Weldment S t r u c t u r e s , "  MechanicaZ 
Properties Test Data for StmcturaZ Materials Quart. Prog. Rep. Jan. 31, 
1976, ORNL-5112, pp. 1 3 3 4 1 .  

15. R. L. Klueh and J. F. King, "Creep and Creep-Rupture Behavior of ERNiCr-3 
Weld Metal ,"  r e p o r t  i n  p r e p a r a t i o n .  

16. M. K. Booker and R. L.  Klueh, "An I n t e r i m  A n a l y t i c a l  D e s c r i p t i o n  of t h e  
Creep and Creep-Rupture Behavior of ERNiCr-3 Weld Meta l , "  r e p o r t  i n  
p repa ra t ion .  

17. C. R. Brinkman, J. P.  S t r i z a k ,  and J. F. King, "Elevated Temperature 
Fa t igue  C h a r a c t e r i z a t i o n  of T r a n s i t i o n  J o i n t  Weld Metal and Composite 
M a t e r i a l  i n  Support of LMFBR Steam Generator  Development," t o  be 
publ i shed .  

18. V. B. Baylor ,  M. K. Booker, J. P. S t r i z a k ,  and R. L. Klueh, Stress-Strain 
Behavior of ERNiCr-3 Weld F i l l e r  MetaZ Under Strain Controlled Cyclic 
Loading, ORNL-TM-6128. (January 1978).  

H. Th ie l sch ,  Defects and Failures i n  Pressure Vessels and Piping, 
Reinhold Pub l i sh ing  Corp . , New York, 1965. 

C. R. Brinkman. e t  a1 . , Interim Report on the Continuous Cyc Zing Elevated 
Temperature Fatigue and SubcriticaZ Crack Growth Behavior of 2 1 /4  C r - I  
Mo S tee l ,  ORNL-TM-4993 (December 1975).  

G. R. Halford,  M. H. Hirschberg and S. S. Manson, Temperature Ef fects  on 
the Strainrange Partitioning Approach for Creep-Fatigue A m  Zy s i s ,  
NASA TM X-68023. 

J. Morrow, "Cycl ic  p l a s t i c  S t r a i n  Energy and F a t i g u e  of Metals ,"  pp. 45-87 
i n  Internal Friction, Damping, and CycZic PZasticity, Stand. Tech. PubZ. 
378, American Socie ty  f o r  Tes t ing  and M a t e r i a l s ,  P h i l a d e l p h i a ,  1965. 

23. M. K. Booker, V.  B. Baylor ,  and B.  L.  P. Booker, S m e y  of AvaiZabZe 
Creep and Tensile Data for Alloy 800H, ORNL-TM-6029 (January 1978).  

24. M. K. Booker, T. L. Hebble, D.  0 .  Hobson, and C. R. Brinkman, "Mechanical 
Proper ty  C o r r e l a t i o n s  f o r  2 1 / 4  C r - 1  Mo S t e e l  i n  Support of Nuclear 
Reactor  Systems Design," I n t e r n t i o m 8  J o m Z  of  Pressure Vessels and 
Piping, Vol. 5 ,  pp. 181-205, 1977. - -' 

. . - -  

25. M. K ,  Booker, "Ana ly t i ca l  Desc r ip t ion  of t h e  E f f e c t s  of Mel t ing  P r a c t i c e  
and Heat Treatment on t h e  Creep P r o p e r t i e s  of 2 114 C r - 1  Mo S t e e l , "  ,Effects 
of Melting and Processing ~a';-iabZes on the MechanicaZ Properties of Steel,  
MPC-6, G .  V. Smith, ed . ,  The American Soc ie ty  of Mechanical Engineers ,  
New York, 1977, pp. 323-343. 



. :..< 
. . .  : .:.: 

. . . .  . . . .  . . i 
. . .  . . . . .  . . . .  . . .  . . . . .  . . i -  

. .  . . : ' . . . . . . . . .  . . .  . i .  !;. . . . . . .  . . . . . .  . . 
ORNL-DWG 7 5 - 7 7 4 8 ~ 2  ' 

B. . . 
E R N i C r - 3  . : . (6-8.-2 1; . . .  

8:3 9.6 

ALLOY 800 . TYPE 316 STAINLESS STEEL 2.5/,Cr-l  Mo STEEL 
10.3. 9.4 7.8 . . 

. . .  1.. 

Fig. 1. Transition Joint Configuration. Mean coefficients of expansion 
from' 22 to 538OC are noted below each material.3 
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SPECIMEN Cr Fe Mn Nb Ti 

A 18 4.1 2.9 218 0.3 
B . . 17 1.9 3.0 2.4 0.3 
C 18 1.7 2.9 . 2.2 0.3 

SPEC1 FlCATlON 
min 18.0 2.5 2.0 
max , 22.0 3.0 3.5 3;O 0.75 

_ ._. . . _ ._ . . .  -. . -. . . - .- . . . . . - .. . . . .. .-. - - . - . .- -- .. - - -, . - . - . . -. . . . . . . - - .- .. - - 
Fig. 2. Cross-Section and chemical Composition of Various Portions of 

.. . 
i 
I 

the Weld. <. .! ' . , 

. . ., . . . . .- .. . 
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7.5 40.0 42.5 . 45.0 47.5 2 0 . 0  0 2.5 5.0 
. _ _ .  . . - - . . - . - .. . TRAVERSE DISTANCE (mm) . . .- . .. 

Fig.  3. I ron  Concentrat ion P r o f i l e  of a Weld Made wi th  Cold Wire F i l l e r  
Addit ions.  
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-2% Cr-!Mo STEEL TI_-- INCONEL 82 - - - ~ - - ~ % c ~ - I M o s T E E L -  

. .  . , 
o BOTTOM PLANE 

Fig .  4. Hardness  Measurements on a  Weldment J o i n i n g  2 114 C r - 1  Mo S t e e l  
w i t h  ERNiCr-3  F i l l e r  Metal.  The weldment was f a b r i c a t e d  by t h e  au tomat ic  gas  
t?:nasten-arc p roces s  w i t h  co ld  w i r e  f i l l e r  a d d i t i o n s  and then  s t r e s s  r e l i e v e d  
a t  5 3 2 0 ~  f o r  1 h r .  

. .. ___._( ..,_ ---.-.- ... (.. 
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by Welding 2 1/4 Cr-1 No Steel with ERNiCr-3. The weldment was prepared using 
the hot wire automatic gas tungsten-arc process. 



Fig. 6. Microstructure of Undeformed ERNiCr-3 Weld Metal Deposited by . 
Cold Wire Automatic Gas Tungsten-Arc Process. 
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. . . .  . . .. .. . -- . .- .... .... ... . . . ... - _ ... __ ... ._ . -- - - . . . . - . -, - . . 
Fig. 7. ~ ~ ~ i c a l  ~ ~ s t e r e s i s  Curve Generated by a  Cycl ic  S t re s s -S t ra in  

Tes t .  B i l i n e a r i z a t i o n  of  t h e  curve  i s  shown alga,.. 



Fig.  8. Re la t ionsh ip  Between S t r a i n  Range, Art, and Cycles t o  F a i l u r e ,  
, f o r  ERNiCr-3. Experimental  f a t i g u e  l i v e s  a r e  r e l a t e d  t o  p r e d i c t e d  

g t i g u e  l i v e s .  

. . -4 
Fig .  9. Re la t ionsh ip  Between P la sL ic  S t r a i n  Range, A E  and Fa t igue  L i f e ,  

N Showing ~ x ~ e r i m e n t a l  Data and P r e d i c t i o n s .  P 
PP' 
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800 I I I .  

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

Fig .  12 .  Cyc l i c  S t r e s s - S t r a i n  c u r v e s  f o r  ERNiCr-3 a s  Ob ra ined  from Three 
Cycies of F a t i g u e  T e s t s .  Data and p r e d i c t i o n s  are shown i n  r e l a t i o n  t o  t h e  
monotonic curve.  
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E ,  STRAIN 
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. Fig. 14. ' Construction of a Bilinear Curve from a ~onotonic stress-strain 
Curve. 



0 0.5 4.0 1.5 2.0 
r,,. STRAIN (O/.) 

Fig.  15. Data and Mean Curve for E, as a Function of tzrnax for ERNiCr-3 
Obtained from Bilinearization of Tensile Curves. 
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A COLD WlRE, €'= 3 x 1 0 ' ~  S-' 
. . 

A HOT WIRE, .a = 3 x {o-' s-:' 
' 

a COLD WIRE,  i'= 3 x s" 
5 

Fig. 16. Variation of K with Temperature for ERNiCr-3 at 0.5% Strain. 
0 
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SYMBOLS REPRESENT EXPERIMENTAL DATA 

2 0 25 "C 
0 3 4 3  "C 
A 538  "C, HOT WIRE 

A 538  "C, COLD WlRE 

4 0 593 "C 

LINES REPRESENT PREDICTED VALUES 

0 
0 0.5 4 .O 4.5 2.0 

AE, /2 (emox), STRAIN AMPLITUDE (7%) 
. . . - . . . . . . . . . . . . .  

Fig. '17. Relationship Between K and Strain Amplitude, A q / 2 ,  for ERNiCr-3 
as .Calculated from the 10th Cycle'of Cyclic Stress-Strain Tests. Predictions 

. of K from the isothermal. power law are also shown. . . . , . .  . - .  . . . . . , --. .. .- - . .- - - . - . . 
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SYMBOLS REPRESENT EXPERIMENTAL DATA , . 

0 343  "C 
4 538  'C, HOT WlRE . 

A 538  'C, COLD WlRE 

0 593 'C 

LINES REPRESENT PREDICTED VALUES 

0 
A € , / 2  (em,,), STRAIN AMPLITUDE (70) 

. . . . . . - . , _ . C _ _ _ _ _ _  _ _ .  _ _ _  -. . . ..-. I.. . . . 
. . 

Fig. 18. Rela t ionship  Between K and S t r a i n  Amplitude, Art/2, f o r  ERNiCr-3 
a s  Calculated from t h e  100th Cycle of Cyclic s t r e s s - s t r a i n  Tes ts .  P red ic t ions  
of K.from t h e  i sothermal  power law a r e  a l s o  shown. 
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0.5 1 .O 4.5 

. . .  A€, / 2  1, STRAIN AMPLITUDE (70) 
. . . . . . . . . . . .  .. .. . . . . . . . . . .  . . . .  - -.  - . . . . . . . . . . . .  

Fig.  19.  R e l a t i o n s h i p  Between K and S t r a i n  Amplitude, Act/2, f o r  ERNiCr-3 
a s C a l c u l a t e d  a t  Nf/2 of  C y c l i c  S t r e s s - S t r a i n ~ e s t s .  P r e d i c t i o n s  of K from t h e  
i s o t h e r m a l  power law a r e  a l s o  shown. . . 
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Fig .  20. Experimental  Data and  ine ear Bes t  F i t  f o r  Aa as a Function qf  

20 . a t  t h e  1 0 t h  Cycle.. d 

. . - . - - - . . . .. . . 
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Fig. 21. Experimental Data and Linear Best F i t  for Acr as  a Function of 

2cr a t  the 100th Cycle. 
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Fig. 22. Experimental Data and Linear Best Fit for.Aa as a Function of 

2u at Nf'2 '. 




