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THE FATIGUE-CRACK PROPAGATION RESPONSE OF TWO 

NICKEL-BASE ALLOYS IN A LIQUID SODIUM ENVIRONMENT 

Wil1iam.J. Mills and Lee A. James 

ABSTRACT 

The elevated temperature fatigue-crack propaga- 

tion response of Inconel 600 and Ineonel 728 was 

characterized within a linear-elastic fracture 

mechunics framework in air and low-oxygen liquid 

sodiwn environments. The crack growth rates of 

both nickel-base alloys tested in liquid sodium were 

found to be considerably lower than those obtained 

in air. This enhanced fatigue resistance in sodium 

was attributed to the very Zow oxygen content in the 

inert sodiwn environment. 

Electron fractographic examination of the 

InconeZ 600 mzd Inconel 718 fatigue fracture sur- 

faces revealed that operative crack growth mechan- 

isms were dependent on the prevailing stress inten- 

sity ZeveZ.. Under Lou growth ~ u t e  c~~tdi&i~no, 

Inconel 600 and I~~conel 728 fracture surfaces ezhib- 

ited a faceted, erystaZZographic morphology in both 

air and sodium environments. In the higher growth 

rate regime, fatigue striat.iorzs were observed; hoz~- 

ever, striations formed in sodium were rather ill- 

de fhed. These .ind.istinct ctpiati.on.s ~,,c?re attributed 

to the absence of oxygen in the liquid sodiwn environ- 

ment. Striation spacing measurements Were found to oe 

in excellent agreement with macroscopic growth rates i------ - 
I 

I n:. ---2 

NOTICE-, I 



INTRODUCTION 

Nickel-base a l l o y s  a r e  being used, o r  be ing  considered f o r  use, i n  

l i q u i d - m e t a l  fas t -b reeder  r e a c t o r  a p p l i c a t i o n s  where e l eva ted  temperature 

s t reng th ,  creep behavior,  and c o r r o s i o n  r e s i s t a n c e  a r e  impor tan t  cons ider -  

a t i ons .  More s p e c i f i c a l l y ,  two n i c k e l  -base a l l oys - I ncone l  600,* a  s o l i d -  

so lu t ion-s t reng thened n i c k e l  -base a l l o y ,  and Inconel  718 ,** a  p r e c i p i t a t i o n  

hardenabl e  n i c k e l  -base superal  l o y  - a r e  be ing u t i l  i z e d  f o r  severa l  h i g h  

temperature s t r u c t u r a l  components i n  breeder r e a c t o r  designs. Such 

components a r e  o f t e n  sub jec ted  t o  c y c l i c  s t resses  d u r i n g  serv ice ;  hence, 

f a t i gue -c rack  propagat ion (FCP) cou ld  occur  should de fec t s  be p resen t  i n  

t h e  app rop r i a te  s i ze ,  shape and o r i e n t a t i o n .  L i n e a r - e l a s t i c  f r a c t u r e  

mechanics ' techniques have proven t o  be ve ry  u s e f u l  f o r  p r e d i c t i n g  t h e  i n -  

s e r v i c e  s u b c r i t i c a l  ex tens ion  o f  such f l a w s , e i t h e r  hypo the t i ca l  de fec t s  o r  

ac tua l  crack-1 i k e  de fec t s ,  bu t  t h e i  r usage requ i res  a  compl e t e  understanding 

o f  t h e  m a t e r i a l ' s  FCP response under t h e  app rop r i a te  s e r v i c e  c o n d i t i o n s  

( temperature,  c y c l i c  frequency, s t r e s s  r a t i o ,  heat - t reatment ,  thermal ag ing 

and environment).  The e f f e c t  o f  many o f  these  parameters on t h e  cyc l  i c  

response o f  Inconel  718 has been cha rac te r i zed  p rev ious l y ,  i n c l u d i n g  t h e  

e f f e c t  o f :  temperature,  [ I - 51  c y c l i c  f requency and waveform, C5-71 c y c l i c  

s t r e s s  ra t io ,14  '8-1 heat  t reatment ,  C4y11-161 and heat - to-heat  v a r i a t i o n s .  C14,161 

Tn a d d i t i n n ,  t h e  in f luence o f  temperature [I '17] c y c l i c  s t r e s s  r a t i o ,  C l f l  an(, 

thermal aging[171 on t he  crack growth behav io r  o f  Inconel 600 has a1 so been 

--- - -  - 

* Inconel 600 i s  a  r e g i s t e r e d  trademark o f  t h e  I n t e r n a t i o n a l  N i cke l  Company. 
The general  s p e c i f i c a t i o n s  cover ing  t h e  m a t e r i a l  may be found i n  ASTM speci -  
f i c a t i o n  8-168 f o r  p l a t e ,  sheet, and s t r i p .  

** Inconel 718 i s  a  r e g i s t e r e d  trademark o f  t h e  I n t e r n a t i o n a l  N icke l  Company. 
The general  s p e c i f i c a t i o n s  f o r  t h i s  m a t e r i a l  may be found i n  ASTM Spec i f i ca -  
t i o n  A-637 Grade 718 f o r  bar  and f o rg i ngs ,  and i n  SAE S p e c i f i c a t i o n s  AMS- 
5596 and AMS 5597 f o r  sheet, s t r i p  and p l a t e .  



determined. The m a j o r i t y  o f  these s tud ies ,  however, have been conducted i n  

an a i r  environment. On t he  o t h e r  hand, s i nce  many fas t -b reeder  r e a c t o r  compo- 

nents operate i n  a  l i q u i d  sodium environment, r a t h e r  than  an a i r  environment, 

t h e  c u r r e n t  s tudy was undertaken t o  cha rac te r i ze  t h e  e f f e c t  o f  l i q u i d  sodium 

on t he  f a t i gue -c rack  growth response o f  Incone l  600 and Incone l  718 w i t h i n  a  

l i n e a r - e l a s t i c  f r a c t u r e  mechanics framework a t  a  t y p i c a l  breeder r e a c t o r  oper- 

a t i o n  temperature o f  800°F (427°C). I n  a d d i t i o n ,  t h e  f a t i g u e  f r a c t u r e  sur face  

micromorphology o f  t he  two n icke l -base  a l l o y s  was examined i n  o rde r  t o  improve 

t he  bas ic  understandins o f  o p e r a t i v e  FCP processes i n  a  sodium environment. 

The environment can have a  profound e f f e c t  upon t h e  c rack  growth behavior  

o f  s t r u c t u r a l  components, and t h i s  appears t o  be e s p e c i a l l y  t r u e  a t  e leva ted  

temperatures. To-date, severa l  i n v e s t i g a t i o n s  have been performed i n  o rder  t o  

cha rac te r i ze  t h e  environmental  i n f l u e n c e  o f  l i q u i d  sodium on FCP r a t e s  f o r  a  

number o f  r e a c t o r  m a t e r i a l s  i n c l u d i n g :  Types 304 [I8] and 316 9-211 aus ten i  t i c  

s t a i n l e s s  s tee l s ,  and a  pressure vessel  s t e e l  A-387 Grade D. C221 The r e s u l t s  

o f  these s tud ies  i n d i c a t e  t h a t  under low s t r e s s  i n t e n s i t y  range (AK) cond i t i ons  

where t he  environment i s  expected t o  be most i n f l u e n t i a l ,  c rack  growth r a t e s  i n  

l i q u i d  sodium were cons iderab ly  lower  (by approx imate ly  a  f a c t o r  o f  5  t o  10) 

than FCP r a t e s  i n  a i r .  I n  t h e  h i ghe r  AK regime, t h e  e f f e c t  o f  environment on 

f a t i gue  behavior  was l e s s  pronounced as t h e  c y c l i c  growth r a t e s  i n  s o d i u r ~ ~  tended 

t o  approach those i n  e l eva ted  temperature a i r .  C18y20y211 James and Knecht [I 8, a1 so 

repo r ted  t h a t  c rack  growth r a t e s  i n  l i q u i d  sodium and i n  vacuum were i d e n t i c a l  a t  

bo th  800 and 1000°F (427 and 538"C), thereby suggest ing t h a t  t he  sodium env i ron-  

ment i s  approx imate ly  as i n e r t  as a vacuum. 



'EXPERIMENTAL P R O C E D U R E  

Material 

The 1-inch [25..4 mm) th ick  pla te  of Inconel 600 used in t h i s  study was obtained 

from heat NX-9929-14 produced by the Huntington Alloy Products Division of the  Inter-  

national Nickel Company using an a i r  melt process. This material was tes ted  in the  

as-received (solution annealed) condition: 

0 Annealed 45 minutes a t  1585°F (863°C) 

e Air cooled. 

The Inconel 718 used during the current  investigation was furnished in the  form 

of a 0.5-inch (12.7 mm) th ick  pla te  from heat 52C9EK which was also produced by the  

Huntington Products Division of t he  International  Nickel Company using a vacuum- 

induction-melted, electro-f1,ux-remelted process (VIM-EFR). I t  was t es ted  in the 

precipi tat4on-hardened. condition: 

m Annealed 1 hour a t  1 750°F, (954OC), and a i r  cool ed 

Aged 8 hours a t  1325°F (718°C) 

@ Furnace-cool ed t o  11 50°F (621 "C) 

Held a t  1150°F' (621°C) f o r  a t o t a l  aging time of 18 hours 

0 Air cooled. 

The chemical compositions and mechanical propert ies f o r  these two nickel-base 

a l loys  a r e  given in Tables I and 11, respectively.  

Crack Growth Testing in a Liquid Sodium Environment 

In-sodium fa t igue t es t ing  was performed in a specially-designed chamber (consult  

Reference 18. fo r  a complete descript ion of the sodium tes t ing  apparatus) t ha t  allowed 

a continuous flow of sodium around the  fa t igue  specimen. Sodium entered the  t e s t  

chamber through the  bottom, flowed around the  specimen, and then exited through the  

top (see  Figure 1 ) .  The temperature within t h i s  chamber was controlled t o  within 

+2"F (+l°C).  Impurity levels  within the sodium (see  Table  111) were controlled by a - - 

cold t rap .  ' 



ASTM Compact Specimens [E647-78TJ were c y c l i c a l l y  ' loaded i n s i d e  t h e  sodium 

chamber us ing  a feedback-cont ro l  1 ed e l ec t ro -hyd rau l  i c  t e s t  system operated i n  

l oad  c o n t r o l .  A schematic diagram o f  t h i s  t e s t  system i s  g i ven  i n  F igu re  1 w i t h  

t he  ac tua l  l oad ing  system shown i n  F igures  2. A t  t h e  complet ion o f  a t e s t ,  

an araon Durqe was used t o  f o r c e  t h e  sodium o u t  o f  t h e  chamber. Removal 

o f  t h e  t e s t e d  specimen and i n s e r t i o n  o f  a new specimen was accomplished b . ~  

opening t h e  sodium chamber i n s i d e  a spec ia l l y - cons t ruc ted  glovebox such 

t h a t  t he  contaminat ion o f  t h e  specimens and chamber was minimized. 

To measure an increment o f  c rack  ex tens ion  assoc ia ted w i t h  a g iven  number 

o f  cyc les ,  a f r a c t u r e  f acemark ing  technique *was u t i l i z e d .  llsJ With t h i s  tech-  

n ique  t h e  maximum c y c l i c  l o a d  was h e l d  cons tan t  throughout  t h e  t e s t  w h i l e  t h e  

minimum c y c l i c  l oad  was v a r i e d  p e r i o d i c a l l y .  Each change i n  

minimum c y c l i c  l o a d  (and s t r e s s  r a t i o )  was accompanied by a mark o r  change i n  

t e x t u r e  on t,he f a t i g u e  f r a c t u r e  sur face.  Typ ica l  macroscopic growth bands on t h e  

f r a c t u r e  face  a r e  shown i n  F igure  3. Such con tours  were then measured f rom the  

f r a c t u r e  sur face  a f t e r  t h e  t e s t  was completed. Specimens were n o t  cyc led  t o  f a i l -  

u r e  s i nce  t e s t s  were te rmina ted  a f t e r  a predetermined l oad ing  program was run. 

~ o l l o w i n ~  each t e s t ,  t h e  specimen was removed f rom t h e  chamber, c leaned o f  sodium 

and broken open t o  revea l  t h e  f r a c t u r e  face  markings. The crack l e n g t h  ( a )  along 

a g i ven  con tour  was determined by averaging t h e  c rack  l e n g t h  a t  t h e  114-, 1/2- and 

314- W c k n e s s  planes. The crack growth r a t e  (daIdN) was c a l c u l a t e d  by d i v i d i n g  

each increment between contours (Aa) by t h e  number o f  cyc les  p r o v i d i n g  t h a t  i n c r e -  

ment (AN). The s t r e s s  i n t e n s i t y  f a c t o r  (K) was based on t h e  average c rack  l e n g t h  

f o r  each macroband increment (a  + aa12); c a l c u l a t i o n s  were made us ing  t h e  s tandard 

K -so lu t i on  g iven  i n  E647-78T. 



As mentioned previously, the  f r a c tu r e  surface contours on specimens tes ted  

in sodium were produced by changing t h e  s t r e s s  r a t i o  ( R  = K m i n  / K  max ) Consequently, . ' 

an "effect ive"  s t r e s s  in tens i ty  was used t o  characterize the 

fa t igue behavior since i t  was shown t h a t  this  parameter provides an excel lent  

corre la t ion of crack growth ra tes  over a wide range of s t r e s s  r a t i o s .  [24,25]. The 

e f fec t ive  s t r e s s  in tens i ty  fac to r  i s  defined a s  

where the  exponent "mu i s  dependent on material and temperature, b u t  apparently i t  

i s  not dependent on environment. C241 Values of I'm" f o r  Inconel 600 and Inconel 718 

and 0.5, 
0 

a t  427OC was found t o  be 0.4 [4y241 respectively.  The fa t i gue  

r e s u l t s  obtained during t h i s  study a re  therefore  displayed a s  p lots  o.f log (da/dN) 

Fractogra ph'ic Techniques 

To character ize  the  fatigue-crack growth mechanis'ms i n  l iquid  sodium, standard 

two-stage carbon rep1 icas  shadowed para1 1 el t o  the  crack growth di rect ion were made 

.from the f r a c t u r e  surfaces. Care was taken in cut t ing the repl icas  i n to  s t r i p s  

along the  f r a c t u r e  markings in, an e f f o r t  t o  r e l a t e  fea tures  observed on the  f rac-  

t u r e  face t o  a corresponding growth r a t e  and K,ff level .  Electron microscopic exami- 

nation of the repl icas  was performed on a Ph i l l ips  ,el  ectron microscope 

operated a t  an accelerat ing potential  of 60 kV. 

PRESENTATION AND DISCUSSION OF RESULTS 

Fatigue Crack Propaga-tiori in Liquid Sodi um 

Fatigue t es t ing  of Inconel 600 and Inconel 718 in a 1 iquid s,odium environment 

was performed during the current investigation a t  a t e s t  temperature of 800°F (427°C). 



The r e s u l t s  o f  these t e s t s  were compared w i t h  FC,P data generated p r e v i o u s l y  i n  an 

a i r  environment f o r  these same heats o f  Inconel  600 'I and Inconel  718 [4,14] 

(see F igures  4-6).  Comparison o f  t h e  f a t i g u e  behavior  o f  Inconel  600 specimens 

t e s t e d  i n  a i r  and sodium (F igu re  4 )  r evea l s  t h a t  crack growth r a t e s  i n  sodium were 

approx imate ly  a f a c t o r  o f  2 t o  4 t imes lower  than those ob ta ined  i n  a i r  under low 

K e f f  
c o n d i t i o n s  (below 25 k s i  fi). A t  h i ghe r  s t r e s s  i n t e n s i t y  l e v e l s ,  t h e  e f f e c t  

o f  environment was l e s s  pronounced as FCP r a t e s  i n  sodium were o n l y  s l i g h t l y  lower  

than  those i n  a i r .  Th i s  phenomenon i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  new c rack  sur -  

faces a r e  be ing  c rea ted  a t  a f a s t e r  r a t e  than t h e  environmental  ( i . e . ,  a i r )  a t t a c k  

a t  h i g h  Keff l e v e l s .  F i n a l l y ,  F i gu re  5 r evea l s  t h a t  t he  e leva ted  temperature FCP 

behavior  i n  sodium was a lmost  i d e n t i c a l  t o  t he  room temperature crack growth 

response i n  a i r ,  thereby suggest ing t h a t  t h e  t he rma l l y -ac t i va ted  inc rease  i n  FCP 

r a t e s  observed i n  a i r  i s  i n  a l l  l i k e l i h o o d  due t o  an environmental  a t t a c k  r a t h e r  

than  a c reep - fa t i gue  i n t e r a c t i o n .  Th i s  suggest ion has been made p r e v i o u s l y  [2,18, 

269271 when comparing FCP r a t e s  i n  e l eva ted  temperature ' i n e r t "  environments 

(vacuum, l i q u i d  sodium, i n e r t  gasses) and room temperature a i r .  

The Inconel  718 f a t i g u e  r e s u l t s  ob ta ined  i n  low-oxygen sodium and a i r  env i ron-  

ments a t  800°F (427°C) a r e  shown i n  F igure  6. Th i s  f i g u r e  reveals .  t h a t  ' t h e  

f a t i g u e  crack growth r a t e  i n  a l i q u i d  sodium environment was approx imate ly  an 

o rde r  o f  magnitude lower  than i n  an' a i r  environment, which i s  c o n s i s t e n t  w i t h  t he  

[I 8-22] 
o v e r a l l  t rends  observed i n  Inconel  600 and t h e  var ious  s t e e l  a1 l o y s  

The da ta  shown i n  F igure  6 was generated us ing  a c y c l i c  f requency o f  400 

cpm, w i t h  t h e  excep t ion  o f  a l i m i t e d  amount o f  da ta  a t  40 cpm i n  t he  sodium 

environment. Th is  l i m i t e d  da ta  suggests t h a t  t h e r e  was no observable e f f e c t  o f  

f requency over t h i s  very  narrow frequency range. It should be noted, however, 

t h a t  t h e r e  i s  o n l y  a very  smal l  f requency e f f e c t  over  t he  same frequency range i n  

an a i r  environment a t  800°F ( 4 2 7 " ~ )  14].  ino or f requency e f f e c t s  were suggested 



when comparing the  FCP r e s u l t s  f o r  Type 316 tes ted  a t  0.33-0.5 cpm i n  l i q u i d  

sodiumC2'] w i t h  those f o r  Type 304 s t a i n l e s s  s tee l  t es ted  i n  sodium a t  180-400 

cpm i n  Reference 18. 

The data from the  Inconel 718 specimen tes ted  i n  sodium represents a  r e l a -  

t i v e l y  narrow range of values of K e f f  Th i s  i s  because t h e  crack grew a t  a  r a t e  

lower than expected, and hence the  growth increments upon which the  crack growth 

r a t e s  were based were smal ler  than optimum. Therefore, a l though the  data p o i n t s  

f o r  Specimen 160 (F igure  6)  do no t  e x h i b i t  excessive s c a t t e r  and are  considered 

v a l i d ,  some minor e r r o r s  may have been in t roduced due t o  t h e  r e l a t i v e l y  small 

growth i.ncrements. 

I n  summary, t h e  decrease i n  crack growth r a t e s  i n  l i q u i d  sodium e x h i b i t e d  by 

Inconel 600 and Inconel 718 i s  i n  q u a n t i t a t i v e  agreement w i t h  previous observa- 

t i o n s  on t h e  e f f e c t  o f  a  l i q u i d  sodium environment on FCP behavior i n  a u s t e n i t i c  

s t a i n l e s s  s t e e l s  C18-211 and a  f e r r i t i c  s tee l  C221. L i q u i d  sodium i s  obv ious ly  an 

i n e r t  environment, i n s o f a r  as fa t igue-c rack  growth i s  concerned, and t h i s  bene- 

f l c i a l  e f f e c t  i s  be l ieved t o  be associated w i t h  a  very  low oxygen l e v e l  i n  t he  

[ I 8 1  l i q u i d s o d i u m  . 

FRACTURE SURFACE MICROMORPHOLOGY 

The f r a c t u r e  sur face micromorphologies o f  Inconel 600 and Inconel 718 

f a t i g u e  tes ted  a t  800°F (427OC) i n  a i r  and 1  i q u i d  sodium were examined t o  charac-  

t e r i z e  ope ra t i ve  crack growth mechanisms i n  both environments. The f r a c t u r e  sur-  

face markings f o r  Inconel 600 tes ted  i n  a i r  consis ted o f  t h ree  FCP mechanisms 

w i t h  t he  opera t ive  crack growth mechanism depending on the  p r e v a i l i n g  s t ress  

i n t e n s i t y  f a c t o r .  Under t he  h ighes t  s t ress  i n t e n s i t y  f a c t o r  cond i t ions ,  the  

f a t i g u e  f r a c t u r e  sur face e x h i b i t e d  a  h i g h l y  s t r i a t e d  appearance (F igure  7a) 

coupled w i t h  a  few microvoids as shown i n  F igure 7b. A t  i n te rmed ia te  Kef f  



l e v e l s  [22 t o  40 k s i  (24-44 MPa f i)] ,  c rack  p ropaga t ion  a l s o  occur red  by 

f a t i g u e  s t r i a t i o n  format ion (F igure  7c);  however, no evidence o f  d imple r u p t u r e  

was observed. The mic roscop ic  FCP r a t e s  determined f rom s t r i a t i o n  spac ing measure- 

ments a re  compared w i t h  macroscopic growth r a t e s  i n  F i gu re  8. 
These 

r e s u l t s  r evea l  t h a t  t h e  m ic roscop ic  and macroscopic FCP r a t e s  f o r  Incone l  600 i n  

a i r  were i n  e x c e l l e n t  agreement. 

Under low s t r e s s  i n t e n s ' i t y  cond i t i ons ,  t h e  f a t i g u e  f r a c t u r e  su r f ace  e x h i b i t e d  

a  f ace ted  appearance ( F i g u r e  9a) i n d i c a t i v e  o f  c r y s t a l l o g r a p h i c  c rack i ng  a l ong  a c t i v e  

s l i p  planes. I n  a d d i t i o n ,  r a t h e r  i n d i s t i n c t  l i n e s  were o f t e n  observed superimposed 

on t h e  facets  ( ~ i ~ u r e s  9a and 9b);  however, t h e  spac ing o f  these 1  i nes  was a lmost  an 

o r d e r  o f  magnitude l a r g e r  than t h e  macroscopic FCP r a t e s ,  the reby  suggest in9 t h a t  

these f a c t u r e  markings represen t  s l i p  o f f se t  r a t h e r  than f a t i g u e  s t r i a t i o n s .  

The f r a c t u r e  su r f ace  na rk i ngs  observed i n  Incone l  600 t e s t e d  i n  sod iun  were 

found t o  be r a t h e r  s i m i l a r  t o  those observed i n  a i r .  A t  h i g h  s t r e s s  i n t e n s i t y  

l e v e l s ,  f a t i g u e  s t r i a t i o n s  were o c c a s i o n a l l y  observed on t h e  f r a c t u r e  su r f ace  

(F igures  10a and l o b ) ;  however, t h e  s t r i a t i o n s  formed i n  sodium were p o o r l y  de f i ned  

i n  comparison t o  those formed i n  a i r  ( F i g u r e  7). Never the less,  t h e  spacings of these  

i n d i s t i n c t  f a t i g u e  s t r i a t i o n s  were found t o  be i n  e x c e l l e n t  agreement w i t h  t h e  macro- 

scop ic  FCP r a t e s  , i n  sod iun  as i l l u s t r a t e d  i n  r i g u r e  8. 

The appearance o f  r e l a t i v e l y  few i n d i s t i n c t  s t r i a t i o n s  on t h e  Incone l  600 

f a t i g u e  f r a c t u r e  su r faces  t e s t e d  i n  sodium i s  comparable t o  t h e  ill def ined ,  f l a t -  

tened s t r i a t i ~ n s ~ ~ ~ ' ~ ~ ~  r e p c r t e d  i n  o t h e r  m a t e r i a l  s  f a t i g u e  t e s t e d  i n  vacuum. Th i s  

o v e r a l l  l a c k  o f  w e l l  de f i ned  s t r i a t i o n s  i n  vacuum was a t t r i b u t e d  t o  more e f f i c i e n t  

s l i p  r eve rsa l  i n  t h e  crack t i p  r e g i o n  due t o  t h e  absence o f  an ox i de  f i l m  on t h e  

newly formed c rack  sur faces C29-341. Th is  r e s u l t e d  i n  t h e  f o rma t i on  o f  ve r y  



shallow, i l l  defined s t r i a t i o n s  t ha t  were v i s i b l e  only under optimum conditions. 

In a s imi lar  fashion, t h e ' " i n e r t U  l iquid  sodium environment prevented oxygen from 

reaching the crack t i p  region, thereby eliminating the formation of an oxide 

layer on the newly exposed crack surfaces.  This absence of an oxide f i lm 

enhanced reversed s l  i p  ahead of the  crack t i p  which, resulted in the  shal low, 

i n d i s t i n c t  s t r i a t i o n s  (Figures 10a and lob) observed on the Inconel 600 fa t igue 

f rac tu re  surface under high crack growth r a t e  conditions. 

The f rac tu re  surface of the Inconel 600 tested i n  sodium a t  low Keff  levels  

took on a highly faceted o r  cleavage-like morphology (Figure 10c) comparable t o  

the crys ta l  lographic cracking reported by scar1 inC291 i n  another nickel -base 

a l loy  cyc l ica l ly  loaded i n  vacuum. I t  should a l so  be noted t h a t  t h i s  faceted 

appearance coupled w i t h  the periodic f i ne  l i ne s  superimposed on the f ace t s ,  a s  

i l l u s t r a t e d  i n  Figure 10c, was very s imi lar  t o  the f rac tu re  surface morphology 

observed in  a i r  (Figure 9). The spacings of these periodic f rac tu re  markings 

formed in l iquid  sodium were found t o  be consis tent ly  greater  than the  macro- 

scopic FCP r a t e ,  here again indicating t h a t  these s l i p  o f f s e t s  were of a non- 

cyc l i c  nature. 

The fa t igue f rac tu re  surfaces of Inconel 718 cyc l ica l ly  loaded a t  800°F 

(427°C) i n  a i r  and l iquid  sodium environments were a l so  found t o  be very s imi lar  

t o  each other under low Keff conditions. As shown in Figures 11 and 12, the 

faceted growth behavior with d i s t i nc t i ve  paral lel  f rac tu re  markings 

often superimposed on the face t s  was dominant in both a i r  and 

l iquid  sodium, thereby suggesting t ha t  e ssen t ia l ly  the same FCP 

mechanism operates in both environments in the low s t r e s s  in tens i ty  

regime. The spacing of these para l le l  markings (Figures I l b ,  1 l c ,  12a and 12b) ,  



approximately 500A, was an order  o f  magnitude greater  than macroscopic crack 

growth ra tes  which i nd i ca tes  t h a t  these non-cyc l ic  f r a c t u r e  markings represent  

s l i p  o f f s e t s  produced by the  severe stresses present i n  t he  wake o f  the  crack 

f r o n t .  F i n a l l y ,  i t  i s  i n t e r e s t i n g  t o  note i n  F igure I l d  t h a t  two sets o f  s l i p  

of fsets,  associated w i t h  s l i p  on m u l t i p l e  s l i p  systems, have i n te rsec ted  each 

other.  

Under in termediate and h igh  FCP r a t e  l e v e l s  i n  an a i r  environment, t he  

Inconel 718 exh ib i t ed  s t r i a t i o n  and dimple rup tu re  mechanisms as repor ted  i n  

Reference 14 f o r  the  same heat of ma te r i a l  s tudied i n  the  cu r ren t  i n v e s t i g a t i o n .  

Unfor tunate ly ,  the  f a t i g u e  f r a c t u r e  mechanisms operat ing i n  l i q u i d  sodium under 

r e l a t i v e l y  h igh  growth r a t e  cond i t ions  were no t  determined s ince Specimen 160 

was n o t  tes ted  i n  t h i s  regime (see F igure  6) .  

CONCLUSIONS 

The f a t i g u e  crack grd&h responses o f  Inconel 600 and Inconel 718 were ex- 

amined a t  800°F (427°C). i n  a i r  and l i q u i d  sodium environments :and the '  fo l low ing 

conclusions were drawn: 

1. The e levated temperature fa t igue crack growth ra tes  o f  Inconel 600 and 

Inconel 718 i n  low-oxygen 1  i q u i d  sodium were considerably lower than those i n  a i r ,  

p a r t i c u l a r l y  i n  t he  lower FCP r a t e  regime. This improved c y c l i c  response i n  1  i q u i d  

sodium i s  bel ieved t o  be associated w i t h  very low oxygen l e v e l s  i n  the i n e r t  sodium 

environment. 

2. Under h igh  crack growth ra tes  cond i t ions ,  the.Incone1 600 f r a c t u r e  sur-  

faces exh ib i t ed  evidence o f  f a t i g u e  s t r i a t i o n s  i n  both environments; however, 

s t r i a t i o n s  formed i n  sodium were r a t h e r  ill def ined.  These shallow, i n d i s t i n c t  

s t;r'ial;.ions formed in the  low-oxygen sodium environment were s t t r i  buted t o  more 



enhanced s l i p  reversals due to  the absence of an oxide .film on the newly formed 

crack surfaces. 

3. -The Inconel 600 microscopic FCP rates ,  s t r ia t ion  spacings, were found 

to be in excellent agreement with macroscopic crack growth rates in both a i r  and 

liquid sodium environments. 

4. In the low fatigue crack growth ra te  regime, Inconel 600 and Inconel 718 

fatigue fracture surfaces exhibited crystallographic cracking along preferred 

crystal planes i n  both a i r  and liquid sodium environments. 
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TABLE I 

CHEMICAL COMPOSITION (Percent by Weight 

Producer 
Ma te r i a l  Heat No. - C Mn - S - S i  - Cu N i  Cr - A1 - T i  - Co - Mo Cb & Ta 

Inconel 600 Hunt ington .05 .32 6.69 .007 .28 .01. 77.38 15.24 . .06 .17 .07 * * 
NX-9929-1 A 

Inconel 718 Hunt ington .07 .08 18.19 .007 .17 .ll 53.44 18.11 .59 1.08 ,03 3.00 5.10 
52C9EK 

I 
A 

0-l 

* I 

Not determined 



TABLE I 1  

AVERAGE MECHANICAL PROPERTIES 

Test 0 .'2% , O f f  s e t  U l t ima te  Uniform To ta l  Reduction Number 
Ma te r i a l  Temp. Y i e l d s t r e n g t h  Streng.th Eqongation Elongat ion i n .  Area o f  Tests 

Inconel 60O* 75°F 35 k s i  94 k s i  33% 39% 67% 2 
24°C 241 MPa 650 .MPa 

Inconel 630* 800°F 27 k s i  86 k s i  38% 43% 59% 1 
427°C 183 MPa 590 MPa 

Inconel 7 3 8** 75°F 148 k s i  191 k s i  18% 19% 32% 4 
.. . 24°C 1020 MPa 1319 MPa 

Inconel 718** 800°F 137 k s i  167 k s i  15% 18% 29% 3 
427°C 942 MPa 11 50 MPa 

* S t r a i n  Rate = 3 x lo- '+ sec- l  

** S t r a i n  Rate = 3 x sec- I  



TABLE I 1 1  

IMPURITY LEVELS IN THE SODIUM (ppm) 

SPECIMEN * 
NUMBER MATERIAL - 0 H C C 1 

187 Inconel 600 4.2 0.13 1 .O 0.5 

189 Inconel 600 3.3 0.10 <1 .O <0.5 

160 Inconel 718 3.2 0.13 <1 .O * * 

* Almalgamation method r e s u l t s  show t o t a l  oxygen present:  
t h a t  t i e d  up i n  s tab le  compounds (e.g., metal ox ides)  as 
we l l  as t h a t  present i n  a form which could i n t e r a c t  w i t h  
t he  crack t i p .  

** Not determined. 



Figure 1. Schematic diagram of liquid sodium 
test  chamber and loading system. 

Figure 2. Liquid sodhim fat2gue loading system. 



Figure 3. Fracture surface markings for lnconel 600 
Specimen Number 187 tested in  low-oxygen 
sodium at  800°F (427OC). 
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Figure 4. Fatigue crack propagation behavior of Inconcl 

600 in air and sodium environments at 80Q0F 

(427OC). 
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F i g u r e  5. . F a t i g u e  c r a c k  p r o p a g a t i o n  behav io r  of  I n c o n e l  530 i n  

a i r .  and sodium environments  a t  300°F ( 4 2 7 ' C )  and a i r  
a t  'room t ,em?erature.  
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Figure 6. Fatigue crack propagation behavior of Inconel 718 

in air and sodiun environments a t  800°F ( 4 2 7 ' C ) &  



Ffaure 7. Typical electron fractographs illustrating the 800°F (427°C) fatigue 

fracture surface micromorphology of Inconel 600 in air: 

(a) well defined fatigue striations. 
IK.f f 

= 40 k s i G  (44 MPaG)]. 

(b) fatigue striations coupled with microvoids. [Keff = 40 ksi 6 
(44 W R  6) I ,  

(c) fatigue striations under intermediate stress intensity conditions. 

[Keff 
= 30 ksi (33 m a  fi)], 



Figure 8 = Comparison of striation spacing measurements and macro- 
scopic crack growth rates for Inconel 600 fatigue 
tested in air and liquid sodium at 800°F (427°C). 
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Figure 9. Electron fractographs revealing fatigue fracture surface 
micromorphology of Inconel 600 in air under low stress 
intensity factor conditions: 

(a) cleavage-like faceted growth behavior with parallel 
fracture markings superimposed on facets. 

[Keff - - 
18 ksi fin (20 MPa G) 1. 

(b) indistinct periodic fracture markings on crystallo- 
graphic facets. 

['hf f 
* 20 ksi E n  (22 m a  6) 1. 



Figure 10. Electron fractographs revealing the fatigue fracture surface appearance 
of Inconel 600 tested in liquid sodium at 800°F (427°C): 

(a) fatigue striations observed at hi h stress intensity levels 
t- [Specimen No. 187; K ff = 44 ksi in (48 MPaG)] 

(b) fatigue striations o%served at high stress intensity levels 

[Specimen No. 189, Keff = 44 ksi K n  (48 MPa 6) 1. 
(c) faceted growth with periodic fracture markings superimposed on 

facets [Specimen No. 187; Keff = 22 ksi fi (2h M P a f i )  1. 



Figure 11. Typical electron fractographs of the Inconel 718 fatigue fracture 
surface in air under low Keff conditions: 

(a) typical cleavage-like faceted growth. 

) parallel fracture markings superimposed on cleavage-like facets. 

(c) higher magnification of parallel fracture markings. 

(d) two sets of parallel, fracture markings. 



Figure 12. Typical electron fractographs illustrating 

Inconel 718 fatigue fracture surface in 

liquid sodium: 

(a) typical faceted growth with periodic 

fracture lines superimposed. 

(b) higher magnification of parallel 

fracture markings. 


