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CRACK PROGAGATION I N  HASTELLOY X 

T. Weerasooriya and J. P. S t r i zak  

ABSTRACT 

The f a t i g u e  and creep crack growth rates of Has te l loy  X 
were examined both i n  a i r  and impure helium. Creep crack 
growth rate is  h igher  i n  a i r  than i n  impure helium a t  650OC. 
I n i t i a l  creep crack growth from t h e  o r i g i n a l  sharp f a t i g u e  
c rack  i s  by an i n t e r g r a n u l a r  mode of f r a c t u r e .  A s  the  
c racking  a c c e l e r a t e s  a t  h igher  stress i n t e n s i t i e s ,  growth is 
by a mixed mode of both i n t e r g r a n u l a r  and t r ansg ranu la r  
f r a c t u r e .  
temperature  and decreas ing  frequency f o r  t h e  range of stress 
i n t e n s i t i e s  repor ted  i n  t h e  l i t e r a t u r e  and i s  lower i n  impure 
helium than i n  a i r .  

Fa t igue  crack growth ra te  inc reases  with inc reas ing  

INTRODUCTION 

I n  t h e  steam cyc le  High-Temperature Gas-Cooled Reactor (HTGR) t h e  

f i s s i o n  hea t  generated i n  the  r e a c t o r  core  i s  t r a n s f e r r e d  by high- 

p re s su re  helium coolant  gas t o  steam gene ra to r s  t h a t  produce superheated 

steam. The primary coolan t  o u t l e t  temperature i n  t h e  HTGR l i e s  between 

648 and 816OC. 

i n l e t  duc ts ,  and thermal b a r r i e r  cover p l a t e s  surrounding t h e  HTGR 

r e a c t o r  core  and f o r  duc t ing ,  tubes,  o r  suppor t -p la te  material of t he  

in t e rmed ia t e  and process  hea t  exchangers1 ,2 of gas-cooled-reactor process  

h e a t  p l an t s .  

Has te l loy  X i s  a candida te  material f o r  t he  o u t l e t  duc t s ,  

Has te l loy  X, a Ni-Cr-Fe-Mo a l l o y  (nominally 47, 2 3 ,  19, and 9 w t  %, 

r e s p e c t i v e l y ) ,  has been used f o r  more than two decades i n  e levated-  

temperature  a p p l i c a t i o n s  r equ i r ing  both ox ida t ion  r e s i s t a n c e  and high 

s t r e n g t h .  It is a nominal single-phase a l l o y  with face-centered cubic  

s t r u c t u r e .  Strengthening i s  p r i m a r i l y  by so l id - so lu t ion  a l l o y i n g  with 

chromium, molybdenum, and tungsten.  However, carb ide  p a r t i c l e s  a l s o  

s t r e n g t h e n  t h i s  a l l o y  a t  some temperatures.  

Design a g a i n s t  creep f a i l u r e  i s  gene ra l ly  based on t h e  creep defor- 

mation and rup tu re  d a t a  obtained i n  t h e  labora tory .  S t r e s s e s  are 

1 
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se l ec t ed  such t h a t  t h e  t i m e  t o  

des ign  l i f e  of t he  component. 

s t r u c t u r e s  before  they go i n t o  

i n i t i a t e  s i g n i f i c a n t  c racking  exceeds t h e  

However, small d e f e c t s  may exist  i n  t h e  

s e r v i c e  or  may r e s u l t  from creep-f a t  igue  

i n t e r a c t i o n ,  high-cycle f a t i g u e ,  f a u l t y  machining, welding, o r  

cor ros ion .  I n  e levated-temperature  des ign  t h e  assumption t h a t  f laws 

e x i s t  is changing t h e  philosophy of des ign  toward cons ide ra t ion  of both 

i n i t i a t i o n  and propagat ion of cracks.  

This  r epor t  p re sen t s  r e s u l t s  of c reep  crack growth tests conducted 

on Has te l loy  X a t  650°C i n  both a i r  and 

t o  i d e n t i f y  t h e  micromechanism of creep 

Fa t igue  crack growth tests on Has te l loy  

a re  a l s o  r e ~ i e w e d . ~  s 4  

impure helium. We a l s o  at tempt  

crack growth i n  Has te l loy  X. 

X t h a t  appear i n  t h e  l i t e r a t u r e  

CRACK GROWTH UNDER CREEP CONDITIONS 

Severa l  a u t h 0 r s 5 ' ~  have r e l a t e d  creep crack growth to  e las t ic  

stress i n t e n s i t y  f a c t o r  by . ' 

d a l d t  = A K n  , (1) 

where 

a = crack l eng th ;  

t = t i m e ;  

K = e las t ic  stress i n t e n s i t y  f a c t o r ;  

. A and n = cons tan t s  f o r  any material, temperature,  and specimen 

th ickness .  

N e t  s e c t i o n  stress ( a n e t )  a l s o  has been used t o  c o r r e l a t e  t h e  creep 

crack  growth rate.7-9 

have been used by var ious  r e sea rche r s  t o  c o r r e l a t e  creep crack growth 

ra te :  crack opening displacement rate (C0D)7-10 and path independent 

ra te  i n t e g r a l  ($1 o r  nonl inear  energy release rate (~*).11-12 

I n  a d d i t i o n  t o  t h e  above the  fol lowing c r i t e r i a  

. 
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MATERIAL CHARACTERIZATION 

Specimens for this study were fabricated from solution-annealed 

12.5mm-thick Hastelloy X plates (heat 2600-3-4936) purchased from 
Cabot-Stellite. 
chemical composition as follows: 

Furthermore, the alloy has a grain size of 80 w and a 

Element Content, wt % Element Content, wt % 
Ni Balance Si 0.44 
Cr 21.82 C 0.07 
co 1.68 Mn 0.58 
Mo 9.42 S <0.005 
Fe 19.09 W 0.63 

The microstructure is shown in Fig. 1. The same material was used for 
the fatigue crack growth studies reported by C~rwin.~ 

Fig. 1. Microstructure of the As-Received Hastelloy X 
(Heat 2600-3-4936). 
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EXPERIMENTAL PROCEDURE 

Single-edge notch t ens ion  (SENT) specimens were f a b r i c a t e d  as shown 

i n  Fig. 2. The same type of specimens has been used f o r  t h e  f a t i g u e  

c rack  growth s t u d i e s  conducted on Has te l loy  X r epor t ed  by Corwin4 

(specimen dimensions: 

precracked under c y c l i c  loading condi t ions.  

W = 50 mm, and a, = 12.5 nun). The specimens were 

ORNL- DWG 79-10402 

2.5 75 0 45.6 DIA. L I 
45. /'e 

14 6 -  

25 O--- 9500 - 
-1 p- 200.0 

Fig. 2. Dimension of Specimen Used f o r  Creep Crack Growth S tud ie s  
f o r  Fat igue Crack Growth Specimens wi th  W = 50 and a, = 9.5 ( A l l  Dimen- 
s i o n s  Are i n  Mi l l ime te r s ) .  

Creep c rack  growth tests were conducted i n  a i r  and i n  impure helium 

a t  650OC. Crack l e n g t h  was monitored wi th  o p t i c a l  and e lectr ic  poten- 

t i a l  techniques.13~14 

growth process  of creep cracks and the. micromechanism of t h a t  process. 

The c rack  t i p  was i n t e r m i t t e n t l y  photographed t o  i d e n t i f y  t h e  process of 

Some tests were conducted only t o  i d e n t i f y  the  

c rack  growth. Tests were conducted with a constant-load creep t e s t i n g  

machine. The temperature of t h e  test chamber was c o n t r o l l e d  t o  k0.5OC. 
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An environmental  chamber was  used f o r  tests t h a t  were conducted i n  

impure helium. The composition of t h e  impure helium w a s  as follows: 

Amount 
Impurity ( w t  P P I  

H2 230-290 

CH4 20-30 

co 10-15 

H20 1-5 

02 (0.1 

More d e t a i l s  about t h e  se tup  t o  supply impure helium f o r  t h e  test 

chambers are discussed elsewhere.2 

f o r  c r eep  c rack  growth s t u d i e s  i n  air  ( r i g h t )  and i n  impure helium 

( l e f t ) .  

r epor t ed  by C ~ r w i n . ~  

Figure 3 shows the  test se tups  used 

Details of t h e  equipment used f o r  f a t i g u e  crack growth work are 

Fig. 3. T e s t  Setups Used f o r  Creep Crack Growth Test ing.  
A -impure helium chamber. B - air  chamber. 
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Crack growth rate w a s  computed a f t e r  f i t t i n g  a smooth cubic  s p l i n e  

curve along the  experimental  crack l eng th  da ta .  l5 The d i f f e r e n c e  

between t h e  experimental  da t a  and the  da t a  generated by the  cubic  

f o r  t he  crack l eng th  could be var ied  by S i n  Eq. (2): 

N 

s p l i n e  

i =  1 

where 

ai = measured crack length ,  

aiffit) = f i t t e d  crack l eng th ,  

S = 0.0025 mm and can be considered a measure of confidence 

i n  crack l eng th  readings.  

The stress i n t e n s i t y  express ion  used t o  c a l c u l a t e  K is: 

K = ( P / B m [  1.99(a/W)O*5 - 0. 41(a/W)1*5 + 18.7(a/W)2*5 

- 38.50(a/W)3*5 + 53.86(~/W)~*~] , 

where 

P = load ,  

B = specimen th ickness ,  

a = crack length ,  

W = specimen width. 

The express ion  used t o  c a l c u l a t e  ne t  s e c t i o n  stress (Unet) of the 

uncracked l igament is: 

(3) 
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Least square r eg res s ion  l i n e s  were f i t t e d  t o  t h e  p l o t s  of log  d a / d t  vs 

l o g  K and l o g  d a / d t  vs log  unet .  

n l ,  and n2 were computed from the  f i t t e d  least  square r eg res s ion  l i n e s  

f o r  t he  fol lowing equat ions:  

The va lues  of t he  cons t an t s  A I ,  A 2 ,  

d a l d t  = A 1 % 1  , (5) 

and . 3 

d a l d t  = ~ 2 ~ ~ 2  . net 

RESULTS 

Cor re l a t ion  wi th  unet  o r  K 

A s  mentioned ear l ie r  o the r  i n v e s t i g a t o r s  have c o r r e l a t e d  c reep  crack 

growth ra te  with e i t h e r  unet or  K.  The creep crack propagation rates i n  

SENT specimens are p l o t t e d  as a func t ion  of e las t ic  stress i n t e n s i t y  (K) 

i n  Fig. 4. The e las t ic  stress i n t e n s i t y  w a s  ca l cu la t ed  by using Eq. ( 3 ) .  

This  f i g u r e  shows a q u i t e  apprec iab le  scatter of t he  d a t a  po in t s  and t h a t  

c r ack  growth ra te  of Has te l loy  X i n  a i r  is an order  of magnitude twice 

t h e  creep crack growth rate of Has te l loy  X i n  impure helium. 

c rack  growth rate i n  a i r  may r e s u l t  from t h e  h igher  oxida t ion  a t  t h e  

c rack  t i p  i n  a i r .  Both i n  a i r  and impure helium, creep crack growth 

occurred by a s imilar  micromechanism, which w i l l  be discussed l a t e r  i n  

t h i s  repor t .  

This  h igher  

Figure 5 g ives  the  creep crack growth rate p l o t t e d  as a func t ion  of 

n e t  s e c t i o n  stress ( u n e t )  f o r  tests conducted both i n  impure helium and 

a i r .  

Cor re l a t ion  c o e f f i c i e n t s  f o r  t h e  l i n e s  p l o t t e d  i n  Figs.  4 and 5 are: 

K = 0.89 and unet  = 0.90 i n  a i r ,  and K = 0.90 and One* = 0.92 i n  impure 

helium. 
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I I I I I I  I1 II II I 

- TEMPERATURE = 650 O C  

- ENVIRONMENT :AIR OR HTGR HELIUM 

I 
I 1  I 

- - 

- AIR : do = 10-3.68 K1.13 
d t  

- 

ORNL-DWG 79- 10403R 

K, STRESS INTENSITY FACTOR ( k s i 6  

101 

IO0 

c 

\o 
0 
U 

10-2 

K, STRESS INTENSITY FACTOR ( MPa f i  
Fig. 4 .  The E f f e c t s  of Both Air and High-Temperature Gas-Cooled 

Reactor  Helium on the  Creep Crack Growth Rate of Has te l loy  X a t  650°C. 
Creep crack growth rate ( d a / d t )  i s  c o r r e l a t e d  wi th  stress i n t e n s i t y  (K). 



9 

1 o1 

IO0 

c 
\ 
E 
E 
v 

a 
W 
W 
LY 
V 

1 

Cne+, SECTION ( k s i )  

ORNL-DWG 79 -10404R 

Dnet, SECTION ( MPo) 

Fig. 5. The E f f e c t s  of Both Air and High-Temperature Gas-Cooled 
Reac tor  Helium on the  Creep Crack Growth Rate of Has te l loy  X a t  650OC. 
Creep crack growth rate ( d a / d t )  i s  c o r r e l a t e d  wi th  n e t  s e c t i o n  stress 
(%et). 
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Though t h e  c o r r e l a t i o n  c o e f f i c i e n t s  do not d i f f e r  s i g n i f i c a n t l y ,  

c o r r e l a t i o n  of creep crack growth rate wi th  n e t  s e c t i o n  stress, one*, is 

s l i g h t l y  b e t t e r  than wi th  stress i n t e n s i t y  f a c t o r ,  K, f o r  both a i r  and 

impure helium. 

Crack Tip Morphology 

F igure  6 shows crack t i p  morphology as a f u n c t i o n  of t i m e  f o r  a 

c reep  crack growth test conducted a t  65OoC i n  a i r  (Unm = 135 MPa, arret 
= 205 W a ,  and KO = 50 MPa m). 

c r a c k  t i p  opens and l e a d s  t o  blunt ing.  From t h i s  blunted crack a sha rp  

c rack  propagates as shown i n  Fig. 6(a). In i n i t i a l  s t a g e s  of propagation 

o f  t h e  crack t h e  p l a s t i c  deformation ahead of t h e  crack t i p  is  

n e g l i g i b l e .  Also a t  t h i s  s t a g e  no apprec iab le  amount of necking occurs  

a t  the  crack t i p .  Figures  7 and 8 show the  f r a c t u r e  s u r f a c e  a t  the above 

d i scussed  i n i t i a l  s t a g e  of growth of t he  crack. In t h e s e  photomicrographs 

t r i p l e  po in t  cracks t h a t  are perpendicular  t o  the main crack f r o n t  are 

a l s o  visible. 

During incuba t ion  t h e  o r i g i n a l  f a t i g u e  

I 
I 

( a )  18.9 h ( b )  46.9 h (c )  112.4 h (d)  141.1 h 
a = 12.03 mm a = 12.33 ITUII a = 12.77 mm a = 12.78 IIIII 

(e)  184.5 h (f)  263.7 h (9) 307.5 h 
a = 13.28 NUII a = 14.53 ITNII a = 15.13 mm 

Fig. 6. Crack Tip Geometry f o r  Has te l loy  X Single-Edge Notch Tension 
Specimen Tested i n  Air a t  65OOC (UnetO = 205 MPa, KO - 50.1 MPa m, and 
a, = 11.73 mm). 
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-I - -~ 

Direction of Propagation of Crack -+ 

Direction of Crack Growth + 

Fig. 7. Scanning Electron Micrographs of the Fracture Surface of the 
Creep Crack at 650°C in Air. 
fatigued precrack. Initial propagation is intergranular. (b) At higher 
magnification, formation of secondary crack along the grain boundaries 
perpendicular to the main crack surface can be seen. 

(a) Lower left-hand corner shows the 
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Y-160772 

Direction of Crack Growth+ 

Fig. 8. The Initial Phase of Crack Growth Showing Intergranular 
Fracture. 
are also visible. 

Secondary perpendicular intergranular and triple point cracks 

The initial stage of propagation of the crack was by an intergranular 

mode, and in the area ahead of the crack tip cavitation was not observed. 

When the crack front reaches the stage shown in Fig. 6(c), defor- 

mation at the crack tip and area just ahead of the crack is easily 

visible. 

occurs with large accommodating crack opening displacements. 

sharper crack initiates and propagates from this blunted tip [Fig. 6(e)]. 
At this stage of crack growth, cavities that have formed in the zone of 
intensely deformed material just ahead of the tip begin to interact with 

the advancing tip. This may be seen in Fig. 6(f), in which a cavity just 

Because of the large deformations at the crack tip, blunting 

Then a 
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ahead of the  crack t i p  has j u s t  begun t o  i n t e r a c t  wi th  the  blunted t i p .  

T h e r e a f t e r ,  t h e  propagat ion w a s  by p l a s t i c  t e a r i n g  of t he  material 

between t h e  crack t i p  and the  c a v i t y  j u s t  ahead of the  t i p ,  as can be 

seen  i n  Fig. 6(g).  Cav i t i e s  t h a t  have formed ahead of t he  t i p  are 

i n t e r g r a n u l a r ,  and hence t h e  propagat ion was t h a t  of a mixed mode of 

i n t e r g r a n u l a r  and t r ansg ranu la r  f r a c t u r e .  Scanning e l e c t r o n  f rac-  

tographs  i n  Fig. 9 show progress ive  changes i n  the  f r a c t u r e  su r face  w i t h  

t i m e .  In these  f i g u r e s  g r a i n  boundary f r a c t u r e  f a c e t s  are joined by 

r eg ions  of d u c t i l e  t ea r ing .  A s  t i m e  e l a p s e s  t h e  area a s soc ia t ed  wi th  

g r a i n  boundary f r a c t u r e  decreases .  This  r e s u l t s  from t h e  inc rease  of 

t h e  crack d r i v i n g  fo rce ,  t h a t  i s  K, anet, CdD, o r  J ,  which changes the  

f r a c t u r e  mechanism from an i n t e r c r y s t a l l i n e  f r a c t u r e  t o  a t r ansg ranu la r  

one. The g r a i n s  are deformed (Fig. l o ) ,  i n d i c a t i n g  t h a t  a g r e a t  dea l  of 

s h e a r  s t r a i n  took p lace  before  f r a c t u r e .  A c e r t a i n  amount of g r a i n  

boundary s l i d i n g  may have a l s o  occurred. F igure  11 shows the  f r a c t u r e  

s u r f a c e  c l o s e  t o  the  su r face  of the  specimen a t  t he  l a te r  s t a g e s  of t he  

growth of t he  crack. Although the  f r a c t u r e  i s  mixed, wi th  both 

i n t e r g r a n u l a r  as w e l l  as d u c t i l e  t r ansg ranu la r  reg ions  , t he  g r a i n s  are 

, deformed and elongated i n  the  d i r e c t i o n  of t he  nominal stress (anom),  
i n d i c a t i n g  t h a t  d u c t i l e ,  t r ansg ranu la r  f r a c t u r e  w a s  t he  predominant mode 

o f f a i l u r e  . 
Figure  12 shows the  magnified view of both s i d e s  of the crack t i p  

a t  the  same i n s t a n t  shown i n  Fig. 6(g) .  Cracks ahead of the  main t i p  

are zigzag,  i n c l i n e d  45" t o  t he  d i r e c t i o n  of the u n i a x i a l  stress. 

F igu re  12(b)  c l e a r l y  shows the  propagat ion of the blunted main crack by 

j o i n i n g  wi th  s m a l l  c racks  ahead of the  main t i p .  Figure 13 shows the  

l a s t  s t a g e s  of crack growth. Though the  c rack  has  propagated ,mainly by 

a t r a n s g r a n u l a r  mode, c a v i t i e s  have formed along t h e  g r a i n  boundaries,  

i n d i c a t i n g  t h a t  t he  c racks  formed ahead of t he  c rack  t i p  are i n t e r -  

g ranu la r .  F igure  14  shows the  morphology of the  blunted f a t i g u e  crack 

t i p ,  which d id  not  propagate  even a f t e r  1680 h. The c rack  t i p  shows a 

cons ide rab le  amount of p l a s t i c  deformation. Cavities forming ahead of 

t h e  t i p  are a l s o  v i s i b l e .  
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I 

Direc t ion  of Crack Growth-, 

I 

c 
a 

Fig. 9. Scanning Elec t ron  Micrographs of F rac tu re  Surface. 
(a) Large areas of g r a i n  boundary f r a c t u r e  joined by d u c t i l e  mode of 
f r a c t u r e .  Few areas of undeformed 
g r a i n  boundaries are present .  F rac tu re  i s  mainly a d u c t i l e  mode. 

(b )  Last s t ages  of crack growth. 
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Direction of Crack Growth+ 

Fig. 10. Intergranular Cavities are Joined by Transgranularly 
Deformed Regions. Grain surfaces are also deformed. 

79 

4 

8 

Fig. 11. Fracture Surface Close to' the Surface of the Specimen. 
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- 
1 mm 

Fig. 12, Morphology a t  Both S i d e s  of the Crack Tip  after 307.5 h. 
This i s  the same instant shown i n  Fig. 6(g) .  

,--- 

Fig. 13. Last Stages of Crack Growth. Crack propagated mainly by 
a duct i le  mode, but deformed grain boundary c a v i t i e s  are present. 
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1) I mm 

Fig. 14. Morphology of t he  Crack Tip Af t e r  1680 h. ( a )  The crack 
t i p  blunted and d id  not propagate (anrn = 88 MPa). 
a t  t h e  crack t i p .  

( b )  Magnified view 

DISCUSS I O N  

Creep Crack Growth 

Crack i n i t i a t i o n  

I n  our creep crack growth tests t h e  mode of crack i n i t i a t i o n  w a s  

i n t e r g r a n u l a r .  The i n i t i a l  sharp f a t i g u e  crack had an in f luence  on the  

mechanism of i n i t i a t i o n  of t h e  creep crack because t h e  i n i t i a l  "quasi- 

b r i t t l e "  behavior r e s u l t s  from c o n s t r a i n t .  Inc reas ing  the  i n i t i a l  crack 

t i p  r a d i u s  would have reduced t h e  observed " b r i t t l e n e s s "  a t  t he  

beginning by the  r educ t ion  of the i n i t i a l  stress e l eva t ion ,  l e t t i n g  

damage, t h a t  is voidage, accumulate more slowly at  t h e  t i p .  I n  t h i s  

case r e l a x a t i o n  of t he  i n t e n s i f i e d  stress a t  t h e  crack t i p  w i l l  be 

f a s t e r ,  l ead ing  t o  enhanced d u c t i l i t y  a t  t h e  t i p .  So t h e  i n i t i a t i o n  

p rocess  w i l l  h ighly depend on t h e  process of r e l a x a t i o n  of t he  stress a t  

t h e  t i p ,  which i n  t u r n  w i l l  depend on t h e  c o n s t r a i n t  a t  t h e  t i p .  
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The behavior of a notched creep specimen under load w i l l  depend on 

two competing processes:  stress i n t e n s i f i c a t i o n  a t  t he  crack t i p  

l ead ing  t o  growth of the  crack and creep deformation a t  the crack t i p  

l ead ing  t o  r e l a x a t i o n  of the  i n t e n s i f i e d  stress. That t he  crack velo- 

c i t y  i s  high i n d i c a t e s  t h a t  the  i n t e n s i f i c a t i o n  of the  stress a t  the  t i p  

w i l l  cause cracking before  the  stress can relax there .  The specimen 

shown i n  Fig. 6 i s  a t y p i c a l  example of t h i s  case. The o ther  extreme of 

behavior  w i l l  occur when the '  stress r e l a x a t i o n  a t  the  crack t i p  reduces 

t h e  stress i n t e n s i f i c a t i o n  s i g n i f i c a n t l y  o r  removes i t  a l toge the r .  I n  

t h i s  case creep deformation w i l l  occur ac ross  the  uncracked ligament of 

t h e  specimen. When the  loading i s  i n  the  in te rmedia te  range, creep 

deformation w i l l  occur i n  the  v i c i n i t y  of the  t i p ,  and the  r e l a x a t i o n  

w i l l  reduce the  stress such t h a t  t he  t i p  w i l l  b lun t  before  crack growth. 

This  can be seen i n  Fig. 14,  i n  which the  loading  w a s  so low t h a t  t he  

c rack  would not  grow, even a f t e r  1680 h. A reg ion  of ex tens ive  

p l a s t i c i t y ,  v i s i b l e  i n  the  area c lose  t o  the  crack t i p ,  i s  respons ib le  

f o r  t h e  stress r e l a x a t i o n  and r e d i s t r i b u t i o n .  

. 

Cor re l a t ion  of c reep  crack growth rates 

A s  discussed  earlier the  a t tempts  t o  c o r r e l a t e  the  creep crack 

growth rates wi th  K o r  OnQt ended wi th  about the  same r e s u l t s .  I n  t h i s  

case the  stress i n t e n s i t y  f a c t o r  would have been the  more l o g i c a l  para- 

meter wi th  which t o  c o r r e l a t e  the  creep crack growth, but s t i l l  i n  t h i s  

r eg ion  while the  crack w a s  propagat ing,  r e l a x a t i o n  of the  stresses w a s  

occur r ing .  I f  t he  stresses had relaxed completely (Fig. 15), t he  creep 

damage would occur on the  whole uncracked l igament of the specimen. I n  

t h i s  case the  obvious choice f o r  the load c o r r e l a t i n g  parameter of creep 

crack  growth would be the n e t  s e c t i o n  stress (anet) .  
l oad ing  used i n  the  present  experiments,  n e i t h e r  of the  above mentioned 

extremes were a t t a i n e d .  Although the  i n i t i a l  s t a g e s  of creep crack 

growth showed l i t t le d u c t i l i t y ,  la ter  s t a g e s  of growth r e s u l t e d  from 

c reep  deformation and t h e  formation of c a v i t i e s  i n  the  immediate v i c i -  

n i t y  of t he  crack t i p .  Formation of c a v i t i e s  ahead of t he  t i p  can be 

expla ined  by r e f e r r i n g  t o  the  re laxed  stress d i s t r i b u t i o n .  l6 

In the  range of 

The 
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I a)  (b) 

Fig. 15. Stress D i s t r i b u t i o n  i n  Single-Edge Notch Tension 
specimen. ( a )  Normal loading. (b )  Eccen t r i c  loading. 

r e l a x i n g  stress d i s t r i b u t i o n  w i l l  have i t s  maximum value not a t  t he  

c rack  t i p ,  but  a t  a d i s t ance  ahead of it. The d i s t ance  where the  maxi- 

mum stress occurs  w i l l  i nc rease  wi th  t i m e  f o r  a s t a t i o n a r y  crack. 

A f t e r  t he  i n i t i a l  low-duct i l i ty  crack growth, t he  crack grew i n t e r -  

m i t t e n t l y  by the  d u c t i l e  rup tu re  of the  material between the  crack t i p  

’ and t h e  n e a r e s t  c a v i t y  ahead of the  t i p .  This  i n t e r m i t t e n t  growth would 

have a l s o  con t r ibu ted  t o  the  scat ter  i n  the  crack growth rate da ta  given 

i n  t h i s  r epor t .  

F igure  15 shows the  two poss ib l e  conf igu ra t ions  of the  completely 

r e l axed  stress d i s t r i b u t i o n  of the  specimen. Since the  t e s t e d  specimens 

were loaded wi th  a p in  (Fig. 16) t h e  specimen is  allowed t o  r o t a t e  so 

that the  bending component of the  stress on the  uncracked ligament would 

d isappear  [Fig.  15(b) ] .  Whether t h i s  type SENT specimen would r o t a t e  

I 
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Fig. 16. Single-Edge Notch Tension Specimen That Was Tested in 
Air. Specimen has deformed to relieve the component of stress from 
bending. 

enough for complete disappearance of the bending component of the stress 
is uncertain. This uncertainty may have also contributed to the scatter 
of the crack growth results when correlated with a,et.17 
center cracked panel is more suitable for studying the creep crack 

growth since the uncertainty from the amount of bending is not present 
in this type of specimen relaxation vs stress intensification. 

Ideally, the 

As outlined above, initiation of a creep crack from a notch or a 
sharp crack and the propagation of the creep crack is governed by two 

competing processes: stress intensification at the crack tip and 

relaxation of the intensified stress at the tip. If the process of 

relaxation of the tip stress is slow, then the elastic strain fields 

dominate everywhere, except in the,very small creep zone at the tip. 

Fracture will occur with minimum creep and plastic deformation, and the 

damage is confined to the crack tip. In this case the stress intensity 
factor should be the correlating parameter. 
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When the  r e l a x a t i o n  of stresses a t  the  crack t i p  occurs  quickly so 

t h a t  the zone of creep deformation is  l a r g e  and engu l f s  the  whole 

uncracked l igament ,  creep deformation w i l l  occur i n  the  whole remaining 

l igament.  I n  t h i s  case stresses w i l l  become t i m e  independent,  and one 

could specu la t e  t h a t  the  ne t  s e c t i o n  stress would c o r r e l a t e  bes t  with 

t h e  creep crack growth rate. 

then  the  ne t  s e c t i o n  stress has t o  be replaced by a re ference  stress 

t h a t  i s  equal  t o  the  relaxed t e n s i l e  stress [a, i n  Fig. 15 (a ) ] .  

I f  a bending component of stress exists,  

The in te rmedia te  s t age  of r e l a x a t i o n  of the  crack t i p  stress, where 

t h e  zone of creep deformation ("creep zone") i s  l a r g e  but not l a r g e  

enough t o  engulf t he  remaining l igament,  i s  i d e n t i c a l  t o  the l a r g e  scale 

y i e l d i n g  i n  the  f r a c t u r e  of monotonically loaded specimens where l i m i t  

l o a d s  have not been reached. I n  t h i s  case one could specu la t e  t h a t  the  

load ing  parameter t h a t  determined the  near t i p  f i e l d s  uniquely i s  C* o r  

j.l1,l2 

1 

The C* parameter i s  def ined ex tens ive ly  i n  r e f .  12. 

When many c a v i t i e s  are present  i n  the  creep zone, as seen i n  

Fig.  6 ,  c h a r a c t e r i z a t i o n  of the  near - t ip  stress and s t r a i n  rate f i e l d s  

by the  s i n g l e  parameter C* i s  v io l a t ed  s i n c e  a m a t e r i a l  undergoing 

copious c a v i t a t i o n  is no longer governed by a s teady-s ta te  creep l a w  

a p p r o p r i a t e  f o r  a nonl inear  viscous s o l i d .  Even i n  the  absence of 

c a v i t i e s ,  propagat ion of the  crack would not  a l low the  material ad jacent  

t o  the  crack t i p  t o  reach s teady-s ta te  c reep ,  t h a t  i s ,  the  s t r a i n  rate 

would be t i m e  dependent. 

Cor re l a t ion  by two parameters 

One school of thought be l i eves  t h a t  t he  d u c t i l e  i n i t i a t i o n  of a 

c rack  and the  proceeding s t a b l e  crack growth t h e r e a f t e r  can be pred ic ted  

by two parameters. A t  t he  i n i t i a t i o n ,  c r i t i c a l  value f o r  J or COD (pa th  

independent i n t e g r a l  and crack opening displacement,  r e s p e c t i v e l y ) ,  and 

t h e  s t a b l e  propagation is  con t ro l l ed  by a c r i t i c a l  crack t i p  opening 

a n g l e  (CTOA) o r  a c r i t i ca l  genera l ized  energy release rate  a t  the  crack 

t i p  process  zone.18 
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S i m i l a r i l y ,  t he  i n i t i a t i o n  and growth 

c o r r e l a t e d  by two parameters. Cor re l a t ion  

of a c reep  crack may be 

w i l l  be f u r t h e r  complicated 

by the i n t e r a c t i o n  of the  r e l a x a t i o n  rate of the  stress a t  the  crack 

t i p  wi th  the  i n i t i a t i o n  and propagat ion of the  creep crack. 

Review of Fa t igue  Crack Growth Data 

F igures  17 through 22 give the  r e s u l t s  of f a t i g u e  crack growth 

tes ts  conducted by Corwin4 t o  f i n d  the  e f f e c t  of frequency, temperature ,  

stress i n t e n s i t y  ( A K ) ,  and environment on the  f a t i g u e  crack growth r a t e  

(FCGR) of Has te l loy  X. All t hese  tests were conducted wi th  SENT 

specimens. The FCGR w a s  c o r r e l a t e d  wi th  AK by using the  express ion  

g iven  below f o r  a ' c o n s t a n t  frequency and cons t an t  temperature:  

F igures  17 through 22 a l s o  give the  va lues  of A3 and n3 i n  Eq. (7 ) ,  

where daldN i s  i n  mm/cycle, and AK i s  i n  MPa m. F igures  17 and 18 show 

t h e  e f f e c t  of temperature on the  FCGR of Has te l loy  X a t  f requencies  0.1 

and 1.0 Hz i n  air. The FCGR a t  871°C i s  about 10 t i m e s  the  FCGR 

observed a t  538°C i n  a i r  f o r  both f requencies  0.1 and 1.0 Hz. The same 

behavior  i s  observed i n  the  tests conducted i n  impure helium (Fig. 19). 

A s  observed f o r  creep crack growth rates,  the  FCGR i s  higher  i n  a i r  than 

i n  HTGR helium a t  538°C (Fig. 20). This inc rease  may poss ib ly  r e s u l t  

from the  t r a n s i e n t  creep i n t e r a c t i o n ,  as a t  538"C, where not much oxida- 

t i o n  occurs  a t  t he  crack t i p .  F igure  21 g ives  the  e f f e c t  of both a i r  

and helium on the  FCGR of Has te l loy  X a t  871°C and a frequency of 1.0 

Hz. The d i f f e r e n c e  i n  the  FCGR i n  a i r  and. i n  helium i s  g r e a t e r  a t  871°C 

compared wi th  that  a t  538°C. A t  871°C more t r a n s i e n t  creep and oxida- 

t i o n  i n t e r a c t i o n  a t  the  crack t i p  are probably the  reasons f o r  the  above 

observa t ion .  F igures  22 and 23 give the  e f f e c t  of frequency (between 

0.1 and 1 Hz) on the  FCGR, which is  s u b s t a n t i a l l y  smaller a t  both 

temperatures .  
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The FCGR also decreases with increasing frequency in vacuum.3 
Hence, it can be expected that the FCGR decreases with increasing fre- 
quency in impure helium. This frequency dependence in vacuum results 

from the creep and strain rate dependent deformation. The tests con- 

ducted in oxygen3 at different pressures at 760°C lead to the belief 
that environmental interaction occurs in the tests conducted in air. 
Hence, the frequency dependence in air results from a combination of 
environmental interaction and creep and strain rate dependent 
deformation. 
magnitudes of these three interactions at 760°C. 

Table 1 gives an estimation made by Jablonski3 on the 

Table 1. Relative Importance of Creep-Fatigue 
Interactions, Oxidation-Fatigue Interactions, 
and Strain Rate Dependent Plasticity 

on Hastelloy X at 760"Ca 

Interaction Magnitude 
( X )  

In Vacuum 
Oxidation-fatigue 0 
Creep-fatigue 67 
Strain rate dependent plasticity 33 

In Air 
Oxidation-fatigue 50 

Strain rate dependent plasticity 16 
Creep-fatigue 33 

"Source: D. A. Jablonski, Fatigue 
Behavior of HasteZZoy X at Elevated 
Temperatures i n  Air, Vacuum, and Oxygen 
Environments, Ph.D. Thesis, Massachusetts 
Institute of Technology, Boston, 
January 1978. 

The fracture mode of Hastelloy X changes from intergranular to 
transgranular by a change in frequency from 0.1 to 10 Hz . 3  This 

was observed both in high vacuum and vacuum with oxygen [partial 

pressure of oxygen 1.3 x Pa (1 x torr)]. Vacuum promotes 
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. 
more i n t e r g r a n u l a r  f r a c t u r e  compared wi th  a i r  a t  0.1 Hz .  The in t e rg ra -  

n u l a r  f r a c t u r e  w a s  more pronounced f o r  higher  AK values .  

CONCLUSIONS 

1 .  Creep crack growth rate i n  a i r  i s  higher  than i n  impure helium 

f o r  800 M P a 6 <  K < 200 M P a S  a t  650°C. 

2. Two modes of creep crack growth, i n t e r g r a n u l a r  mode and a mixed 

mode of both i n t e r g r a n u l a r  and t r ansg ranu la r ,  were observed a t  650°C. 

3. The FCGR inc reases  with inc reas ing  temperature a t  both 1.0 and 

0.1 Hz i n  a i r  and i n  impure helium f o r  20 MPafi. 

4 .  The FCGR i s  higher  i n  a i r  than i n  impure helium both a t  538 and 

871°C f o r  a frequency of 1.0 Hz f o r  20 W a c <  A K  < 40 m a 6  
5. Change in  frequency from 1.0 t o  0.1 H z  s l i g h t l y  inc reases  the  

FCGR a t  538 and 871°C i n  a i r  f o r  20 M P e < A K  < 40 W a c  

6. The mode of the  FCGR changes from i n t e r g r a n u l a r  t o  

t r ansg ranu la r  as a r e s u l t  of change i n  frequency from 0.1 t o  10 Hz a t  

760°C both i n  a i r  and vacuum. 
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