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ABSTRACT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The microstructural aspects that influenced the room temperature and 
elevated temperature fatigue-crack propagation response of annealed, 
conventional, and modified heat-treated A 2  Zoy 718 were studied. Electron 
fractographic examination of A l l o y  71 8 fatigue fracture surfaces revealed 
that  operative crack growth mechanisms were dependent on heat-treatment, 
heat-to-heat variations, temperature, and prevailing crack t i p  stress  
in tens i ty  level .  
surfaces exhibited a faceted appearance a t  low zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAK ZeveZs, which zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis indic- 
at ive  of crystallographic fracture along intense inhomogeneous zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAslip bands. 
The facets  i n  the modified Alloy 718, however, were found t o  be rather 
poorly-defined since the modified heat-treatment tends t o  promote more 
homogeneous s l ip  processes. Under progressively higher s tress  in tens i ty  
levels ,  the room temperature and elevated temperature fatigue fracture 
surfaces exhibited s tr iat ions,  followed by a combination of s tr iat ions 
and dimple rupture a t  the highest AK values. Str iat ion spacing measure- 
ments i n  a l l  three heat-treated conditions were generally found t o  be i n  
agreement with macroscopic growth rates a t  24 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA538OC. 
temperature conditions (above 538OC), evidence of intergranuZar fracture 
t3as also detected on the f a t i g u e  fracture surfaees, particuZarZy a t  low 
s t ress  in tens i ty  levels .  This intergranuzar fai lure mechanism was found 
t o  be more extensive i n  the modified heat-treated Alloy 718. 

In the low temperature regime (below 538OC), a l l  fracture 

Under high 
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I .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAINTRODUCTION 

I n  t h e  companion paper,") seven heats of A l l o y  718 were f a t i g u e  t e s t e d  a t  

room temperature and e levated temperatures i n  the convent ional ,  modif ied, 

and m i l l - annea led  cond i t i ons  (see Table 3 o f  Reference 1 ) .  I n  general,  

A l l o y  718 heats g iven the  mod i f i ed  t reatment e x h i b i t e d  super io r  f a t i g u e  

r e s i s t a n c e  when compared t o  t h e  m i l  1-annealed and convent ional  l y - t r e a t e d  

m a t e r i a l s .  Heat- to-heat v a r i a t i o n s  i n  f a t i gue -c rack  propagat ion (FCP) r a t e s  

were observed i n  conven t iona l l y - t rea ted  A l l o y  718 w i t h  Heat A: d i s p l a y i n g  

s l i g h t l y  h igher  crack growth r a t e s  than those e x h i b i t e d  by the  o t h e r  conven- 

t i o n a l  heats. On t h e  o t h e r  hand, no c o n s i s t e n t  e a s i l y  i d e n t i f i a b l e  heat- to-  

heat v a r i a t i o n s  i n  FCP behavior were observed i n  the  mod i f i ed  c o n d i t i o n .  

This  p o r t i o n  of the c u r r e n t  i n v e s t i g a t i o n  was undertaken t o  cha rac te r i ze  

m i c r o s t r u c t u r a l  aspects o f  heat- t reatment and heat- to-heat v a r i a t i o n s  t h a t  

i n f l u e n c e  t h e  FCP response o f  A l l o y  718. Two heats o f  p r e c i p i t a t i o n  heat-  

t r e a t e d  A l l o y  718, Heats A and E, were examined i n  d e t a i l :  Heat A was chosen 

because i t  e x h i b i t e d  somewhat h igher  crack growth r a t e s  when compared t o  t h e  

o the r  heats o f  A l l o y  718 i n  t h e  convent ional  cond i t i on ;  and Heat E was chosen 

because i t s  c y c l i c  behavior was comparable t o  t h a t  observed i n  t h e  o the r  

heats (Heats B through G)  i n  both the  convent ional  and mod i f i ed  cond i t i ons .  

I n  a d d i t i o n ,  m i c r o s t r u c t u r a l  aspects o f  Heat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB given the  m i l l - annea led  t r e a t -  

ment were also characterized. 

As mentioned i n  the companion paper,") A l l o y  778 i s  a m e t a l l u r g i c a l l y  com- 

p l e x  supera l l oy  t h a t  i nvo l ves  p r e c i p i t a t i o n  o f  several  phases. Accord ing ly ,  

v a r i a t i o n s  i n  A l l o y  718 p r e c i p i t a t i o n  reac t i ons  r e s u l t i n g  f rom heat- t reatment 

or heat- to-heat  v a r i a t i o n s  could account f o r  the repo r ted  d i f f e r e n c e s  i n  FCP 

behavior.  To evaluate t h i s  p o s s i b i l i t y ,  t he  e f f e c t s  o f  heat- t reatment and 

heat- to-heat v a r i a t i o n s  on t h e  m i c r o s t r u c t u r e  o f  A l l o y  718 Heats A, B, and E 

were examined by l i g h t  microscopy and sur face r e p l i c a  e l e c t r o n  microscopy 

techniques. 

*See Reference 1 f o r  heat i d e n t i f i c a t i o n s ,  p roper t i es ,  and chemical compo- 
s i  t i o n s .  
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The fat igue fracture surface appearance of metals also provides qual t a t i ve  
as well a s  quanti tat ive information that  i s  important in determining crack 

growth mechanisms and post-fai lure analysis of structural components 
quently, electron fractographic techniques were employed d u r i n g  th is study 

t o  develop a comprehensive understanding of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAroom temperature and elevated 

temperature fat igue fracture mechanisms in Alloy 718 Heats A ,  B ,  and E .  
Operative f racture rnechani sms were related to key microstructural features 

in order t o  e x p l a i n  the e f f e c t s  o f  heat- t reatment  and heat-to-heat variat ions 

on the FCP behayior of this nickel-base superalloy. Hence, the work discussed 
herein summarizes metallographic and fractographic observations of  appropriate 
Alloy 718 fat igue specimens (Heats zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, and E )  tested a t  temperatures rang- 

i n g  from 24 t o  649°C. 

Conse- 



I I .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEXPERIMENTAL PROCEDURE 

Meta l lograph ic  specimens were prepared f o r  o p t i c a l  microscopic  examinat ion 

by us ing  standard meta l lograph ic  procedures. To revea l  t h e  general micro-  

s t ruc tu re ,  specimens were immersion-etched i n  92-ml hyd roch lo r i c  a c i d  (HC1) , 
3-ml n i t r i c  a c i d  (HN03) and r i n s e d  i n  90-rn? n i t r i c  a c i d  (HN03) and 45-drops 

h y d r o f l u o r i c  a c i d  (HF). 

Surface r e p l  i c a s  were a l s o  prepared from meta l lograph ic  specimens i n  o rder  

t o  examine. t h e  p r e c i p i t a t e  morphology o f  heat - t rea ted  A l l o y  718 i n  more 

d e t a i l .  

immersion-etched i n  Tucker 's  reagent: 45-1111 hydroch lo r ic  a c i d  (HC1 ),  15-ml 

n i t r i c  a c i d  (HN03), 15-ml h y d r o f l u o r i c  a c i d  (HF) and 25-1111 water.  Standard 

two-stage (Pt-Pd-C) r e p l  i c a s  were then prepared from t h e  p o l  ished sur faces 

and examined on a P h i l i p s  EM200 e l e c t r o n  microscope operated a t  an acce le ra t -  

i n g  p o t e n t i a l  o f  60 kV. 

The sur faces o f  these samples were mechanica l ly  po l i shed  and 

To study t h e  fa t i gue -c rack  propagat ion mechanisms opera t ing  i n  A l l o y  718, 

two-stage carbon r e p l i c a s  shadowed p a r a l l e l  t o  t h e  crack growth d i r e c t i o n  

were made f rom approp r ia te  f r a c t u r e  surfaces. These r e p l i c a s  were c u t  i n t o  

small  s t r i p s  approximately 2 t o  3 mm wide. Extreme care was taken i n  measur- 

i n g  t h e  d is tance from the  crack o r i g i n  t o  each s t r i p  i n  an e f f o r t  t o  r e l a t e  

t h e  fea tu res  found on the  f r a c t u r e  sur face  t o  a corresponding growth r a t e  

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA K  l e v e l .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 



111. RESULTS AND DISCUSSION 

A. MICROSTRUCTURE 

A summary o f  the m i c r o s t r u c t u r e  f o r  Heats A, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC y  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE i s  g iven i n  Reference 

2 and t he  m i c r o s t r u c t u r e  f o r  Heat  G i s  g i v e n  i n  Reference 3. Typ ica l  micro-  

s t r u c t u r e s  f o r  A l l o y  718 Heats E and A given the standard and mod i f i ed  heat- 

t reatments a re  i l l u s t r a t e d  i n  Figures 1 and 2. I t  i s  obvious from these 

f i g u r e s  t h a t  t he  h igher  temperature s o l u t i o n  anneal employed i n  the  modif ied 

heat- t reatment caused considerable g r a i n  growth: conven t iona l l y - t rea ted  

Heats A and E had ASTM g r a i n  s izes o f  11-1/2 and 5, r e s p e c t i v e l y ;  whereas, 

modi f ied- t reated Heats A and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE e x h i b i t e d  g r a i n  s i zes  o f  4 and 2-1/2, respec- 

t i v e l y .  Both heats o f  m a t e r i a l  e x h i b i t e d  numerous anneal ing tw ins  and l a r g e  

MC-type ca rb ide  i nc lus ions " )  throughout t h e  m a t r i x  regard less o f  heat- 

t reatment .  The MC-type carbides were i d e n t i f i e d  by wavelength d i s p e r s i v e  

X-ray ana lys is  as (Nb,Ti)C. ( 2 )  

Convent ional ly  hea t - t rea ted  Heat E e x h i b i t e d  pronounced banding (no te  t h e  

dark reg ions i n  F igu re  l a ) ,  which u s u a l l y  a r i s e s  from segregat ion i n  t h e  

o r i g i n a l  cas t i ng .  Surface r e p l  i c a t i o n  o f  t h i s  m a t e r i a l  revealed t h a t  t he  

banded reg ions e x h i b i t e d  concentrated Widmanstatten 6 p r e c i p i t a t e s  (an 

orthorhombic Ni3Nb i n t e r m e t a l l i c  phase) as shown i n  F igu re  3a. 

a r i e s  w i t h i n  these banded reg ions were decorated w i t h  a considerable amount 

o f  a c i c u l a r  6 p a r t i c l e s ,  w h i l e  g r a i n  boundaries ou ts ide  the  banded reg ions 

e x h i b i t e d  o n l y  l i m i t e d  evidence o f  6 p r e c i p i t a t e s .  

Gra in bound- 

When Heat E was g iven t h e  mod i f i ed  heat- t reatment,  no evidence o f  banding 

was observed o p t i c a l l y  (F igu re  1 b),  and examinatioy o f  sur face r e p l  i c a s  

(F igu re  3b) revealed no evidence of coarse 6 pSec:pitates. 

s o l u t i o n  anneal ing temperature (1093°C) employed du r ing  the mod i f i ed  heat- 

t reatment  d i sso l ved  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 phase p a r t i c l e s ,  thereby c r e a t i n g  a more homo- 

geneous m ic ros t ruc tu re .  The g r a i n  boundaries i n  the mod i f i ed  m a t e r i a l  were 

r e l a t i v e l y  c lean e x h i b i t i n g  o n l y  a very f i n e  p r e c i p i t a t e  s t r u c t u r e  coupled 

w i t h  a few l a r g e  carb ide i n c l u s i o n s  t h a t  apparent ly  pinned t h e  g r a i n  bound- 

a r y  d u r i n g  t h e  1093°C s o l u t i o n  anneal. 

The h igher  

5 



FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 .  Microstructure of  Heat E .  
( a )  Convent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi ona 1 heat- t rea tment . 
( b ) Mod i f i ed heat- t r eatmen t . 
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FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAElectron Micrographs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  Heat E.  
( a )  Conventionally heat-treated Alloy 718 with 

Widmanstatten zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 precipitates within banded 
region. 

( b )  Modified heat-treated Alloy 718 with a carbide 
inclusion along the grain boundary. 

The large inclusi.ons are MC-type carbides. 
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The t y p i c a l  p r e c i p i t a t e  morphology f o r  Heat A i s  i l l u s t r a t e d  i n  F igure 4. 

I n  t h e  convent ional  l y  hea t - t rea ted  c o n d i t i o n  (F igu re  4a) , coarse l e n t i c u l a r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 phase p a r t i c l e s  were observed along g r a i n  boundaries. 

p r e c i p i t a t e s  were a l s o  detected; however, t he re  was no evidence o f  6 phase 

banding as was observed i n  Heat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE .  

t o  those found i n  Heat A were a l s o  found i n  conven t iona l l y - t rea ted  Heats C y  

F, and G. 

c o n v e n t i o n a l l y - t r e a t e d  heats o f  A l l o y  718 except Heat B. 

was s o l u t i o n  annealed a t  1066°C r a t h e r  than 954°C p r i o r  t o  r e c e i v i n g  the  

convent ional  ag ing treatment.  Th is  h igher  anneal ing temperature would have 

d isso lved any zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 p a r t i c l e s  o r i g i n a l l y  present,  thereby account ing f o r  t he  

absence o f  6 phase i n  t h i s  heat. 

I n t r a g r a n u l a r  6 

Coarse l e n t i c u l a r  6 p a r t i c l e s  s i m i l a r  

I n  summary, coarse 6 p r e c i p i t a t e s  were observed i n  a l l  

Heat B y  however, 

The mod i f i ed  Heat A m a t e r i a l  (F igu re  4b), l i k e  t h e  mod i f i ed  Heat E m a t e r i a l  

(F igu re  3b), e x h i b i t e d  no evidence o f  coarse 6 p a r t i c l e s .  Mod i f i ed - t rea ted  

Heats C y  F, and G were a l s o  found t o  be f r e e  o f  6 p r e c i p i t a t e s .  By way o f  

summary, t he  m ic ros t ruc tu res  o f  Heats A, C y  E, F, and G given t h e  mod i f i ed  

heat- t reatment* were found t o  be e s s e n t i a l l y  t h e  same w i t h  each heat e x h i b i t -  

i n g  a coarse g r a i n  m ic ros t ruc tu re ,  a few MC-type carbides, and no evidence 

o f  coarse 6 p a r t i c l e s .  The s i m i l a r  m ic ros t ruc tu res  observed i n  a l l  modi f ied-  

t r e a t e d  heats o f  Alloy 718 account f o r  t h e  l a c k  o f  any e a s i l y  i d e n t i f i a b l e  

heat- to-heat  v a r i a t i o n s  i n  FCP behavior repo r ted  i n  Reference 1. 

The m i c r o s t r u c t u r e  and p r e c i p i t a t e  morphology o f  m i l l - annea led  Heat B a r e  

shown i n  F igures 5 and 6. 

4-1/2, e x h i b i t e d  numerous anneal ing twins and coarse MC-type carb ides through- 

o u t  t h e  m a t r i x .  

c i p i t a t e s ,  and no evidence o f  l e n t i c u l a r  6 p a r t i c l e s  was observed. 

l i k e l i h o o d ,  the  r e l a t i v e l y  h igh  temperature s o l u t i o n  t reatment  (1066°C) 

employed du r ing  the  m i l l - annea l  d i sso l ved  any second phase p a r t i c l e s  t h a t  

had been present  o r i g i n a l l y .  

This heat o f  m a t e r i a l ,  w i t h  an ASTM g r a i n  s i z e  o f  

Gra in boundaries were found t o  be f r e e  o f  second phase pre- 

I n  a l l  

*Heat B was n o t  t e s t e d  i n  t h e  mod i f i ed  cond i t i on ,  and the m i c r o s t r u c t u r e  o f  
Heat D was n o t  examined. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIGURE 4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAElectron Micrographs o f  Heat A .  

(a )  Conventionally heat-treated Alloy 718 w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( b )  Modified heat-treated Alloy 718. 

coarse, lent icu lar  6 precipi tates.  
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FIGURE 5. Microstructure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  Mill-Annealed Heat B. 

FIGURE 6. Electron Micrograph of Mill-Annealed Heat B 
with Large Carbide Inclusions. 

1 1  



B. FATIGUE-CRACK PROPAGATION MECHANISMS 

Extensive transmission electron fractography of appropriate fat igue fracture 

surfaces revealed that  the FCP mode was primarily transgranular although 

evidence of  intergranular crack growth was observed a t  test temperatures of 

538°C and above. 

was found t o  be dependent on s t ress  intensi ty factor range, temperature, 

heat-treatment and heat-to-heat variat ions. 

temperature fat igue fracture surface micromorphologies for  conventional, 

modified, and annealed Alloy 718 are  discussed in detai l  in the following 

three sections. 

The exact nature of the fat igue fracture surface morphology 

The room temperature and elevated 

1.  Conventionally Heat-Treated Alloy 718 

Typical fracture'surface markings fo r  conventionally-treated Alloy 718 Heat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E tested a t  room temperature and intermediate temperatures up t o  538°C 

involved three basic crack growth mechanisms ( i l l us t ra ted  in Figure 7 ) ,  w i t h  

the operative FCP mechanism being dependent on the magnitude of the prevail- 

with rapid FCP ra tes,  f racture surfaces exhibited rather poorly-defined 
microvoids coupled with large fat igue s t r ia t ions.  
levels (approximately 20 t o  60 MPafi), fat igue s t r ia t ions  were better defined 

and observed more frequently. 

microscopic crack growth rates obtained from fat igue s t r ia t ion  spacing 

measurements a re  compared with macroscopic growth rates as measured with a 

travel ing microscope in Figure 8. These resul ts  indicate that  microscopic 
and macroscopic FCP ra tes for Heat E (represented by c i r c les )  were in excel- 

lent  agreement over a range of A K  levels from 20 to  70 MPah. 

agreement was observed a t  both 24 and 538°C. 

s t r ia t ion  spacings a t  both t e s t  temperatures were in re la t ive ly  good agree- 

ment with an empirical equation proposed by Bates and Clark: 

., ing stress intensi ty factor.  At high s t ress  intensi ty levels associated 

Under intermediate A K  

The room temperature and elevated temperature 

Note that  t h i s  
Figure 8 also reveals that  

(4 )  

2 
A K  Str iat ion Spacing '2 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(r) 
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10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 100 

- -  _ -  - STRESS INTENSITY FACTOR RANGE, AK,  MPa 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALV . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIGURE 7. Electron Fractographs I1 1 ustrat ing the Room Temperature and 538°C Fatigue Fracture Surface 

Morphology of Conventional Heat E a t  Various Positions on the da/dN Versus A K  Plot. 
(Neg . 7906409-3) 



20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 0 8 0  20 40 60 80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI l 4  y I I 1 1 1 0 1  I I 10-2 

(BATES 81 CLARK) 

- 
- 

- 

- 
- 
- 

- / 0' TESTED IN A I R  AT 24OC -- TESTED I N  A I R  AT 538OC 
500 < f < 600 cpm, R =0.05 f = 40 cpm, R = 0.05 0 

HEAT A HEAT A 
A SPEC. 1290 MACROSCOPIC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7: A SPEC. 1288 MACROSCOPIC -T - 

0 GROWTH RATES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1: GROWTH RATES 
- A SPEC. 1290 STRIATION A SPEC. 1288 STRIATION 
- SPACINGS SPACING S 

- 0 SPEC. 158 MACROSCOPIC -- 0 SPEC. 165 MACROSCOPIC 

__  - 
- HEAT E HEAT E 

GROWTH RATES GROWTH RATES 

SPACINGS 
SPEC. 158 STRIATION SPEC. 165 STRIATION 

SPACl NG S 
(b 1 ( a )  

I I I 1 I 1 1  1 1 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I 

20 40 60 80 20 40 6 0 8 0  10-6 

STRESS INTENSITY FACTOR RANGE, AK, MPa fi 

FIGURE 8. Comparison o f  S t r i a t i o n  Spacing Measurements and Macroscopic 
FCP Rates f o r  Convent ional ly  Heat-Treated Heats A and E a t  
( a )  Room Temperature and ( b )  538°C. Each s o l i d  data p o i n t  
represents  an average o f  approximately 100 s t r i a t i o n  spacing 
measurements. (Neg , 7903468-1 ) 

b. 
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where E represents Young's modulus. 

and Clark predicted s t r i a t i on  spacings was taken into account by choosing an 

appropriate value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE a t  each t e s t  temperature: 

200 GPa; and a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA538"C, E = 1 7 1  GPa. 

The ef fect  of temperature on the Bates 

a t  room temperature, E =  
(5)  

A t  progressively lower s t ress  intensi ty levels (below 20 MPah) , f racture 

surfaces took on a highly faceted or cleavage-li ke appearance, indicative 

of the crystal lographic f racture along intense, heterogeneous deformation 

bands. Similar faceted growth mechanisms were reported previously in numerous 
nickel-base al loys a t  low crack growth rates.  (6-1 6, 

often superimposed on the crystallographic facets as shown i n  Figure 9a. 

These f ine,  s t ra ight  l ines were found to  be much more uniform and more evenly 

spaced (approximately 25 nm) than c lass ic  fat igue s t r ia t ions .  Furthermore, 
when these paral le l  markings and fat igue s t r ia t ions  appeared i n  the same 

region (Figure 9 b ) ,  the s t r i a t i on  spacing was consistently greater than the 

spacing of the s t ra ight  l ines.  These observations suggest that  the paral lel 

markings represent s l i p  o f fse ts  produced by the severe s t resses present i n  

the wake of the crack f ront .  In support of this hypothesis, t h i n  f o i l  studies 

of Alloy 718 fat igue f racture surfaces by Clavel and Pineau (14)  revealed the 

presence of inhomogeneous p las t i c  deformation bands (both s l i p  bands and 

deformation twins) near the fat igue fracture surface. The s l i p  band spacing 

(approximately 50 to  150 nm) ,  as measured from t h i n  fo i l  micrographs i n  

Reference 12 ,  was found t o  be w i t h i n  an order of magnitude of the spacing 
between paral le l  f racture surface markings (25 nm) , which provides additional 

evidence t h a t  these f ine  l ines superimposed on crystal lographic facets repre- 

sent s l i p  o f fsets .  

Para1 1 el markings were 

A t  the highest t e s t  temperature (649°C) , a transgranular-to-intergranular 

f racture mechanism t rans i t ion was observed. 

s t ress  in tens i ty  factor conditions, the fat igue fracture surface of conven- 
t ional Heat E was predominately transgranular exhibit ing evidence of fat igue 

s t r ia t ions  (Figure loa) similar to  that  observed a t  room temperature and 

intermediate temperatures. A t  lower zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA K  leve ls ,  however, the f racture surface 

took on an intergranular appearance (as shown i n  Figure l o b ) ,  i n  contrast  to  

Under intermediate and h i g h  
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' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFIGURE 10. Frac ture  Surface Appearance o f  Convent ional ly  Heat- 
Treated A l l o y  718 a t  649°C. 
( a )  Fat igue s t r i a t i o n s  observed under in te rmed ia te  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A K  cond i t i ons .  
( b )  I n t e r g r a n u l a r  f r a c t u r e  observed i n  t h e  low zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAK 

r e g i  me. 
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t h e  t ransg ranu la r  faceted growth mechanism observed a t  lower temperatures 

(F igu re  7 ) .  

Typica l  f a t i g u e  f r a c t u r e  markings f o r  convent ional  Heat A t e s t e d  a t  tempera- 

t u r e s  ranging from 24 t o  538°C a re  shown i n  F igure 11. I n  general ,  t he  

f r a c t u r e  sur face morphology f o r  t h i s  heat was r a t h e r  s i m i l a r  t o  t h a t  o f  

convent ional  Heat E (F igu re  7 )  except f o r  one fea tu re ,  a d d i t i o n a l  evidence 

of dimple rupture.  

completely covered w i t h  we l l -de f i ned  dimples (F igu re  l l a )  , i n  c o n t r a s t  t o  

Under h i g h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAK condi t ions,  Heat A f r a c t u r e  surfaces were 

the  r a t h e r  poor ly-def ined dimples and l a r g e  s t r i a t i o n s  observed i n  Heat E 

under comparable zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaK l e v e l s .  

coupled w i t h  r e l a t i v e l y  small  patches o f  f a t i g u e  s t r i a t i o n s  p e r s i s t e d  a t  

i n te rmed ia te  and low s t r e s s  i n t e n s i t y  l e v e l s  as shown i n  Figures l l b  and J l c ,  

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

these cond i t i ons .  

Furthermore, i n  Heat A evidence o f  d imple rup tu re  

No evidence o f  dimple r u p t u r e  was observed i n  Heat E under 

F igures l l b  and l l c  al 'so reveal  t h a t  s t r i a t i o n s  tend t o  curve around dimples 

( i  .e., s t r i a t i o n s  a r e  o r i e n t e d  i n  var ious d i r e c t i o n s  i r r e s p e c t i v e  o f  t h e  

o v e r a l l  crack growth d i r e c t i o n ) .  Th is  f i n d i n g  i n d i c a t e s  t h a t  microvoids 

nucleated ahead o f  the macroscopic crack f r o n t .  More s p e c i f i c a l l y ,  these 

microvoids i n i t i a t e d  dimple r u p t u r e  beyond t h e  advancing crack t i p  and crack 

extens ion between the  dimples then occurred by a s t r i a t i o n  fo rma t ion  mecha- 

nism, which accounts f o r  s t r i a t i o n s  being o r i e n t e d  i n  va r ious  d i r e c t i o n s .  A 

p a r t i c u l a r l y  good example o f  t h i s  behavior i s  i l l u s t r a t e d  between the  two 

arrows i n  F igu re  l l b .  

p a r t i c l e s  separated 'from t h e  m a t r i x  and formed an elongated dimple ahead of 

t h e  advancing crack f r o n t .  (Note the  l e n t i c u l a r  6 p r e c i p i t a t e s  on the  frac- 

t u r e  sur face i n  F igure l l b . )  

surrounding m a t e r i a l  i n  a c y c l i c  manner as i n d i c a t e d  by t h e  s t r i a t i o n s  being 

p a r a l l e l  t o  t h e  elongated dimple even though t h i s  o r i e n t a t i o n  i s  normal t o  

t h e  o v e r a l l  macroscopic crack f r o n t .  

I n  t h i s  reg ion,  a s e r i e s  o f  coarse, l e n t i c u l a r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 phase 

The f a t i g u e  crack then propagated i n t o  the  

S t r i a t i o n  spacings and macroscopic FCP r a t e s  f o r  conven t iona l l y - t rea ted  Heat 

A a r e  compared i n  F igu re  8. Under room temperature cond i t i ons ,  microscopic 
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FIGURE 11. Electron Fractographs I1 1 ustrat ing the Fracture Surface Morpho1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
ogy of Conventional Heat A .  
( a )  Extensive dimple rupture found a t  h i g h  FCP ra tes a t  room 

temperature. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( b )  Dimple rupture coupled w i t h  s t r ia t ions  observed under in ter -  

mediate growth rates a t  room temperature. 
row of lent icu lar  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 par t ic les on the f racture surface. 

( c )  Dimple rupture and fat igue s t r ia t ion  found a t  538°C. 

Arrows denote a 
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and macroscopic crack growth ra tes were in good agreement a t  intermediate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A K  levels (20 t o  50 MPafi). This agreement between s t r ia t ion  spacings and 

macroscopic FCP data indicates t h a t  s t r ia t ion  formation i n  the matr ix  con- 

t ro l led the fat igue response of Heat A under intermediate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAK levels even 

though considerable evidence of dimple rupture was observed in th i s  regime 

( recal l  Figure l l b ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A were somewhat larger t h a n  those in Heat E a t  a given AK level ,  which 

accounts fo r  the s l igh t ly  higher FCP rates observed i n  Heat A under inter-  
mediate s t ress  intensi ty conditions. 

s t r ia t ion  spacings i n  Heat A were approximately a factor of 3 lower t h a n  

macroscopic FCP ra tes.  

dimples dominated the fracture surface a t  h i g h  crack growth rates (Figure 

l l a ) ,  indicates tha t  the dimple rupture mechanism rather tha’n s t r ia t ion  

formation controlled the room temperature fat igue response of Heat A under 
high A K  conditions. -Furthermore, this increased dimple rupture observed a t  

high FCP ra tes accounts for  the accelerat ion i n  macroscopic growth rates and 

the signi f icant discrepancy in fat igue behavior between Heats A and E i n  the 

h i g h  A K  regime a t  room temperature. 

Figure 8 also reveals that  s t r ia t ion  spacings for  Heat 

A t  higher zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA K  levels (50 t o  60 MPah) ,  

This dif ference, coupled w i t h  the observation that  

A t  538°C microscopic and macroscopic growth rates for  conventional Heat A 

were found to  be i n  excellent agreement (Figure 8 b ) .  I n  addit ion, s t r ia t ion  
spacings for Heat A agreed very well w i t h  those measured i n  Heat E, which i s  

consistent w i t h  the comparable macroscopic crack growth ra tes exhibited by 

Heats A and E a t  this t e s t  temperature. Final ly, Figure 8 reveals tha t  

experimentally determined s t r i a t i on  spacings fo r  Heat A tend t o  f a l l  s l igh t ly  
above the Bates and Clark empirical relat ionship (Equation ( 1 ) )  a t  both room 

temperature and 538°C. 

In the 649°C regime, the conventional Heat A f racture surface exhibited 
considerable intergranular f racture under a l l  s t ress  intensi ty leve ls ,  i n  

contrast to  Heat E where intergranular f a i l u re  was confined to  low A K  levels 

(Figure 10).  
amount of grain boundary surface area in Heat A ( recal l  that  conventionally- 
treated Heat A exhibited a very f ine grain s ize of 11-l/Z) are believed t o  be 

T h i s  increased intergranular cracking coupled w i t h  the large 
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respons ib le  f o r  t he  i n f e r i o r  FCP response o f  t h i s  A l l o y  718 heat a t  649°C 

(see F igu re  5 i n  Reference 1 ) .  

2. Mod i f i ed  Heat-Treated A l l o y  718 

The f a t i g u e  f r ac tu re  surface morphologies o f  mod i f i ed  Heats A and E were 

found t o  be ve ry  s i m i l a r  a t  a l l  t e s t  temperatures. Typica l  f r a c t u r e  sur face 

ma-rkings f o r  mod i f i ed  A l l o y  718 a t  24 and 538°C a r e  summarized i n  F igure 12. 

I n  t he  low zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA K  regime, F igu re  12 revea ls  t h a t  faceted growth behavior was 

dominant a t  room temperature, whereas extens ive i n t e r g r a n u l a r  f r a c t u r e  was 

observed a t  538°C. Under p rog ress i ve l y  h igher  s t ress  i n t e n s i t y  cond i t i ons ,  

both the room temperature and 538°C f a t i g u e  f r a c t u r e  surfaces e x h i b i t e d  

f a t i g u e  f i s s u r e s  and s t r i a t i o n s  fo l l owed  by a duplex mechanism i n v o l v i n g  

m ic rovo id  coalescence and s t r i a t i o n  format ion i n  t h e  h ighest  A K  regime. 

t h e  h ighes t  t e s t  temperature (649"C), extens ive i n t e r g r a n u l a r  f r a c t u r e  was 

observed under both low and in termediate s t r e s s  i n t e n s i t y  c o n d i t i o n s  (F igu re  

13a), w h i l e  a combination o f  i n t e r g r a n u l a r  f r a c t u r e  coupled w i t h  l i m i t e d  

evidence o f  s t r i a t i o n  format ion (F igu re  13b) was found a t  h ighe r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA K  values 

(40 t o  50 MPa46) . 

A t  

S t r i a t i o n  spacings and macroscopic FCP r a t e s  f o r  t he  mod i f i ed  Heats A and E 

were compared a t  room temperature and 538°C (F igu re  14) .  Before examining 

t h i s  f i g u r e ,  however, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi t  i s  impor tant  t o  note t h a t  t he  extens ive amounts of  

f i s s u r e s  (F igu re  12) coupled w i t h  i l l - d e f i n e d  s t r i a t i o n s  made i t  extremely 

d i f f i c u l t  t o  o b t a i n  accurate spacing measurements, e s p e c i a l l y  a t  room tern- 

perature.  Consequently, t h e  r e s u l t s  p l o t t e d  i n  F igu re  14 were obta ined by 

c a r e f u l  measurement o f  many very small  patches o f  ' f a t i g u e  s t r i a t i o n s  (each 

s o l i d  data p o i n t  represents approximately 90 s t r i a t i o n  spacing measurements) 

which a c t u a l l y  comprise a r a t h e r  low percentage o f  t h e  t o t a l  f r a c t u r e  surface. 

Nevertheless, t he  room temperature microscopic and macroscopic FCP r a t e s  were 

found t o  be i n  good agreement a t  A K  l e v e l s  above 30 MPafi; s t r i a t i o n  spacing 

measurements were s l i g h t l y  g rea te r  than macroscopic values a t  AK l e v e l s  

below 30 MPafi. F igu re  14a a1 so revea ls  t h a t  exper imen ta l l y  determined 

s t r i a t i o n  spacings f o r  Heat A were c o n s i s t e n t  w i t h  the  Bates and C la rk  
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N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

FIGURE 12.  Electron Fractographs I l lus t ra t ing the Fatigue Fracture Surface Appearance of Modified 
Heat-Treated Alloy 718 Under Various zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFCP Rates a t  24 and 538°C. (Neg. 7906409-1) 



( b )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIGURE 13. Electron Fractographs I l lus t ra t ing Fatigue Fracture 

Surface Appearance of Modified Alloy 718 a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA649°C. 
Intergranular f racture a t  A K  levels below 40 MPa6. 
combination of intergranular cracking ( l e f t  side zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  
fractograph) and s t r ia t ion  formation a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA K  levels 
above 40 MPahi. 
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FIGURE 14. Comparison o f  S t r i a t i o n  Spacing Measurements and Macroscopic 
Crack Growth Rates f o r  Mod i f i ed  Heat-Treated Heats A and E a t  
( a )  Room Temperature and ( b )  538°C. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
emp i r i ca l  r e l a t i o n s h i p  (Equat ion (1  ) )  , whereas microscopic  growth r a t e s  i n  

Heat E tend t o  f a l l  s l i g h t l y  below t h e  Bates and C lark  equat ion under room 

temperature cond i t i ons .  

heats o f  mod i f i ed  A l l o y  718 were found t o  be i n  e x c e l l e n t  agreement w i t h  

bo th  macroscopic FCP r a t e s  as w e l l  as the  Bates and C lark  equat ion.  

A t  538°C s t r i a t i o n  spacing measurements f o r  bo th  

I n  general, t he  f r a c t u r e  sur face appearance o f  t he  mod i f ied  A l l o y  718 (F igures 

12 and 13) was r a t h e r  s i m i l a r  t o  f r a c t u r e  markings observed i n  t h e  conven- 

t i o n a l  m a t e r i a l  (F igu re  7) ,  bu t  a few i n t e r e s t i n g  d i f f e rences  were a l s o  noted. 

For example, i n  c o n t r a s t  t o  the  c r i s p  c leavage- l i ke  face ts  found i n  

convent ional  l y - t r e a t e d  A1 l o y  718 (F igu re  7 )  , t he  faceted appearance e x h i b i t e d  

by the  mod i f i ed  m a t e r i a l  was r a t h e r  poor ly -de f ined (F igure  12),  which suggests 

t h a t  p l a s t i c  deformat ion was n o t  con f ined t o  in tense,  narrow bands o f  s l i p  

planes i n  the  mod i f i ed  m a t e r i a l .  

imposed on the  c r y s t a l l o g r a p h i c  face ts  i n  the  convent ional  c o n d i t i o n  were n o t  

observed i n  t he  mod i f i ed  cond i t i on .  Th is  l a c k  o f  in tense s l i p  o f f s e t s  on t h e  

mod i f i ed  f a t i g u e  f r a c t u r e  sur faces f u r t h e r  suggests t h a t  s l i p  tended t o  be 

more homogeneous i n  the  mod i f i ed  supera l loy .  

t e n t  w i t h  Smith and M iche l ' s  f i n d i n g s  ( I 7 )  t h a t  t h e  mod i f i ed  heat- t reatment  

coarsens t h e  y"  p r e c i p i t a t e s  which promotes homogeneous deformat ion s ince  t h e  

l a r g e r  p r e c i p i t a t e s  a re  more r e s i s t a n t  t o  d i s l o c a t i o n  shear ing. 

I n  add i t i on ,  the  f i n e  s l i p  o f f s e t s  super- 

These observat ions a r e  cons is -  

Under in te rmed ia te  FCP r a t e  cond i t i ons  (approx imate ly  mm/cycle) , t h e  

mod i f i ed - t rea ted  f r a c t u r e  sur faces were covered w i t h  f a t i g u e  f i s s u r e s  (F igu re  

12),  r a t h e r  than t h e  we l l -de f i ned  f a t i g u e  s t r i a t i o n s  e x h i b i t e d  by t h e  conven- 

t i o n a l  m a t e r i a l  (F igu re  7 ) .  

d i f f i c u l t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  f i n d  i n d i v i d u a l  s t r i a t i o n s ,  e s p e c i a l l y  a t  room temperature. A t  

The abundance o f  f i s s u r e s  made i t  extremely 

h igher  temperatures (up t o  538°C) , small reg ions  o f  we1 1-def ined  s t r i a t i o n s  

were observed a1 though f a t i g u e  f i s s u r e s  s t i l l  dominated the  f r a c t u r e  sur face.  

Both heat- t reatments r e s u l t e d  i n  considerable i n t e r g r a n u l a r  f a i l u r e  a t  649°C 

(F igures  10 and 13); however, t he  mod i f i ed - t rea ted  A l l o y  718 e x h i b i t e d  i n t e r -  

g ranu la r  f r a c t u r e  a t  538°C i n  t h e  low zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA K  regime (F igu re  12),  whereas t h e  

convent ional  A l l o y  718 e x h i b i t e d  t ransgranu lar  f a c e t i n g  under these cond i t i ons .  

9 
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This phenomenon i s  believed t o  be related t o  the dif ference in grain s ize for  

the two heat-treatments. Recall that  the modified solution anneal resul ts  in 

the formation of very large grains as shown in Figures l b  and 2b. In  a pre- 

vious study of the elevated temperature FCP response of Alloy 718, Clavel and 

Pineau(14) reported that  intergranular cracking occurred preferent ia l ly  along 

the boundaries of larger grains. Based on t h i s  observation, the material 
given the modified heat-treatment would be expected to  exhibit  additional 

intergranular f racture which i s  consistent with experimental resul ts  obtained 

during the current investigation.. 

Although a number of differences were noted in the conventional and modified 

f racture surface markings, the exact cause zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  the s l igh t ly  improved fat igue 

resistance exhibited by the modified Alloy 718 i s  s t i l l  n o t  completely under- 
stood. Nevertheless, possible explanations for  this phenomenon are suggested 
below. I n  a previous study, Smith and Michel (17)  attr ibuted the improved FCP 
response of modified Alloy 718 t o  enhanced homogeneous s l i p  processes t h a t  

resulted from coarsening of y"  precipi tates dur ing  the modified heat-treat- 

ment. The i l l -defined facets  observed in the modified material a t  low FCP 

ra tes (F igure ' l z ) ,  i n  marked contrast to the well-defined crystallographic 

facets found in the conventional Alloy 718 (Figure 7 ) ,  support t h i s  hypothesis 

under low s t ress  intensi ty conditions. 

regimes, however, the presence of s t r ia t ions  on conventional and modified 
f racture surfaces indicates tha t  homogeneous s l i p  was prevalent in both heat- 

t reated conditions. In  essence, the enhanced homogeneous s l i p  process 

exhibited by the modified material appears to  explain the improved fat igue 

behavior a t  low s t ress  intensi ty conditions; however, t h i s  argument i s  sus- 

pect a t  higher aK levels.  

I n  the intermediate and high zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAK 

In  another study, Mills and James (16)  suggested t h a t  the absence of coarse 

6 par t ic les i n  the modified microstructure provided greater resistance t o  

fatigue-crack extension. 
o u t  conventional Heat A i n i t ia ted  extensive dimple rupture (Figure l l a ) ,  
thereby result ing i n  a signi f icant acceleration i n  crack growth rates under 

high AK conditions (see Figure 1 i n  Reference 1 ) .  When th i s  heat was given 

Recall that  the coarse zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS phase network found through- 



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

t h e  mod i f i ed  heat- t reatment,  which d i sso l ved  the coarse zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 p a r t i c l e s  (F igu re  

4b), no a c c e l e r a t i o n  i n  crack growth r a t e s  was detected. 

t i o n  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 p r e c i p i t a t e s  d u r i n g  the  mod i f i ed  t reatment  appears t o  improve the  

f a t i g u e  response o f  A l l o y  718 under h igh  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAK cond i t i ons ;  however, t h i s  argu- 

ment i s  a l s o  suspect i n  the i n te rmed ia te  s t r e s s  i n t e n s i t y  regime. 

i n te rmed ia te  growth ra tes ,  s t r i a t i o n  spacings and macroscopic FCP r a t e s  f o r  

convent ional  A l l o y  718 were i n  e x c e l l e n t  agreement (F igu re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl l ) ,  i n d i c a t i n g  

t h a t  s t r i a t i o n  format ion,  r a t h e r  than dimple rup tu re ,  c o n t r o l l e d  the  f a t i g u e  

response o f  t h e  convent ional  supera l l oy .  Consequently, even though t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs 
p a r t i c l e s  i n i t i a t e d  dimples ahead of t he  advancing crack f r o n t  a t  i n te rmed ia te  

AK l e v e l s  (as i l l u s t r a t e d  i n  Figures 10b and lOc),  they d i d  n o t  i n f l u e n c e  the  

o v e r a l l  macroscopic FCP r a t e s  i n  t h i s  regime. 

Hence, the d i s s o l u -  

Under 

A t  i n te rmed ia te  crack growth ra tes ,  t h e  o n l y  d i s c e r n i b l e  d i f f e r e n c e s  between 

the  convent ional  and mod i f i ed  f r a c t u r e  surfaces were s l i g h t l y  smal ler  s t r i a -  

t i o n  spacings a t  a g iven aK l e v e l  and increased evidence o f  f a t i g u e  f i s s u r e s  

i n  the  mod i f i ed  m a t e r i a l .  

was more r e s i s t a n t  t o  s t r i a t i o n  format ion,  which would account f o r  t he  some- 

what lower FCP r a t e s  e x h i b i t e d  by the mod i f i ed  A l l o y  718. 

These observat ions suggest t h a t  t h e  mod i f i ed  m a t r i x  

3. Annealed A l l o y  718 

The f a t i g u e  f r a c t u r e  sur face appearance o f  annealed Heat B a t  24 and 538°C 

( i l l u s t r a t e d  i n  F igu re  15) was found t o  be very s i m i l a r  t o  t h a t  o f  

c o n v e n t i o n a l l y - t r e a t e d  A1 l o y  718 (F igu re  7 ) .  L i k e  the  convent ional  mate- 

r i a l ,  t he  annealed A l l o y  718 e x h i b i t e d  th ree  bas ic  crack growth mechanisms 

a t  each t e s t  temperature, w i t h  t h e  opera t i ve  mechanism being dependent on 

t h e  a p p l i e d  s t r e s s  i n t e n s i t y  range. Under h igh  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA K  c o n d i t i o n s  (above 50 

MPah) , a duplex process was observed i n v o l v i n g  f a t i g u e  s t r i a t i o n s  and micro-  

vo ids i n i t i a t e d  by broken MC-type carbides. I n  t h e  i n te rmed ia te  s t r e s s  

i n t e n s i t y  regime (20 t o  50 MPyh) ,  we l l -de f i ned  s t r i a t i o n s  covered the  

f r a c t u r e  surface, a l though numerous broken carb ides were a l s o  found. By 

back-counting the  s t r i a t i o n s  i n  the v i c i n i t y  o f  these ca rb ide  i n c l u s i o n s  

( F i g u r e  16), i t  i s  seen t h a t  t h e  p a r t i c l e s  f a i l e d  as the crack f r o n t  reached 
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FIGURE 16. Electron Fractograph zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  Annealed Alloy 718 
Revealing a Broken MC-Type Carbide Inclusion 
Surrounded zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby Fatigue Str iat ions.  Arrows 
denote position o f  crack f ront when the 
inclusion fai led.  
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the inclusions, rather than failing ahead of the advancing crack front. 

Figure 16 also reveals that localized accelerations in FCP rates caused by 

these broken particles were compensated for by the formation of smaller 

striations in the wake of the inclusion until the localized crack 

finally joined up  with the overall advancing crack tip. 

Striation spacings and macroscopic crack growth rates in the annea 

ront 

ed Alloy 

718 were found to be in excellent agreement at 24 and 538°C as indicated in 
Figure 17. On the other hand, striation spacing measurements deviated from 

the empirical Bates and Clark equation (Equation (l)), particularly at 

higher FCP rates. 

Bates and Clark equation overestimated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA K  by approximately 70% at room tem- 

perature and 538°C. 

In fact, for a measured striation spacing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  mm, the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
In the low stress, intensity regime (below 20 M P a A ) ,  the annealed Alloy 718, 

1 i ke the conventional material , exhibited a we1 l-defined faceted appearance 

(Figure 15). In addition, periodic slip offsets were often superimposed on 

the crystallographic facets of annealed Heat B at 24 and 538°C. 

of these fine, straight lines (approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 to 50 nm) was found to be 

slightly larger than the spacing o f  parallel fracture markings in conventional 

Alloy 718 (25 nm). 

The spacing 
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IV. CONCLUSIONS 

Microstructural aspects of heat-treatment and heat-to-heat variat ions that  
influenced the room temperature and elevated temperature fatigue-crack growth 

behavior of Alloy 718 were characterized i n  t h i s  study. 

f racture surface morphologies of conventional zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, modified, and annealed Alloy 

718 were found t o  be dependent on microstructure, temperature, and s t ress  

in tens i ty  level as summarized below: 

In  general, fat igue zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e A t  intermediate AK levels,  the room temperature and elevated temperature 

f racture surfaces for  a l l  three heat-treated conditions exhibited a 

h igh ly  s t r ia ted  appearance followed by a combination of s t r ia t ions  and 

microvoids i n  the highest zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA K  regime. Microscopic FCP ra tes obtained 

from s t r ia t ion  spacing measurements were generally found to  be i n  good 

agreement w i t h  macroscopic crack growth ra tes ,  thereby indicating that  

s t r i a t i on  formation controlled the fat igue response of Alloy 718 a t  

intermediate FCP ra tes.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 Experimentally determined s t r ia t ion  spacings in the conventional and 

modified Alloy 718 conformed to the Bates and Clark empirical re lat ion- 

ship between s t r ia t ion  spacings and prevail ing A K  levels a t  24 and 
538°C. I n  the annealed material,  however, s t r ia t ion  spacing measure- 

ments deviated from the Bates and Clark equation, part icular ly under 

higher crack growth ra te  conditions. 

0 The accelerat ion in macroscopic crack growth rates and the generally 
in fer ior  fat igue resistance exhibited by conventional Heat A i n  the 

h i g h  FCP regime was associated w i t h  the presence of a coarse zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 phase 

network that  in i t ia ted  extensive dimple rupture a t  h i g h  A K  levels.  

0 Under low A K  conditions, the conventional and annealed materials 

exh ib i ted  a cleavage-like, faceted appearance indicative o f  crysta l -  

lographic f racture along act ive s l i p  planes a t  temperatures u p  to  

538°C. A t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 and 427"C, modified Alloy 718 also exhibited faceting 

under low s t ress  intensi ty conditions; however, the facets  were not 

very well defined, since the modified heat-treatment tends t o  promote 

homogeneous s l i p .  
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0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn the 538°C regime, the modified material exhibited extensive inter- 

granular fracture at low stress intensity levels, in contrast to the 

faceted fracture morphology observed in the conventional and annealed 
Alloy 718 under comparable test conditions. 

to be related to the larger grain size associated with the modified 

heat-treatment. 

observed in both the conventional and modified conditions. 

This behavior is believed 

At 649"C, considerable intergranular cracking was 
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