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CHAPTER 2

LITERATURE SURVEY
2.1 Introduction

W ro u g h t n icke l based supera llov E l 698 V D  is m a in ly  used in  com pressor parts 

o f  turb ines. J. Z rn ik  [7J studied about the e ffects o f  s tru c tu re  m o d ific a tio n  by heat 

trea tm ents on creep properties. H e  had found  th a t the  o p tim a l creep properties 

obtained fro m  creep tests and p rop er m ic ro s tru c tu re  fo r  th is  a llo y  w ere  carried out 

using a heat trea tm en t cond ition  as fo llo w  s:

1. S o lu tio n  trea tm ent at 1 J00°c fo r  8 Ill's, and subsequent a ir c o o ling

2. P re c ip ita tio n  trea tm ent at 1,000°C fo r  4 hrs. and subsequent a ir coo ling .

3. A g ing  775°c fo r  16 hrs. and subsequent a ir cooling .

T he  size o f  gamma p rim e partic les and the ex ten t o f  fin e  carbide p rec ip ita tion  

and size on  g ra in  boundaries depend on  annealing tem p eratures in  in d iv id ua l stages. 

T h is  heat trea tm en t c o nd ition  is also used c o m m erc ia lly  to  p roduce substruc tu re  w ith  

having  b im odal d is tr ib u tio n  o f  spheroidal gam m a p rim e p ric ip ita tes  w ith  an average 

partic le  size o f  50 nm.

In  case o f  constant load ing  creep tests at stress leve ls 663 and 728 M P a  at 

tem perature  o f  650°c, the a llo y  gave life  tim e  259 and 106 hrs., respective ly. These 

satified  agreem ent in  T U -7 3  standard o f  av ia tio n  th a t in  creep test, the a llo y  m ust have 

a b ility  to  resist the  creep stress leve l at 706 M P a  at tem p era tu re  o f  650°c fo r  at least
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50 hrs. I t  was also reported  tha t in  the  fra c tu re  specimens show ing  three ru p tu re  

modes. Such as in te rc rys ta lline  b r itt le  frac tu re , transc rys ta lline  b r itt le  frac tu re  and 

transc rys ta lline  ductile  frac tu re  w e re  revealed. A  substructure  on frac tu re  surface 

showed n a rro w  stacking fa u lts  inside the  la rg e r gam m a p rim e partic les. S lip  bands also 

occured close to  frac tu re  surface. It w as found  in E l 698 V D  [7] th a t b o th  d is loca tion  

shearing and O ro w a n  b ow ing  in te ra c tio n  w ith  gam m a p rim e precip ita tes on the creep 

ru p tu re  tests at elevated tem perature  o f  650°c in  the range o f  stresses 580-730 M P a.

T h e  m ateria l in th is in ve s tig a tio n  was the p o lyc rys ta llin e  w ro u g h t n icke l base 

supera lloy ( E l  698 V D ) .  T he  chem ical c o m p o s itio n  o f  th is  a lloy , as show n in Tab le  1. 

was qu ite  s im ila r to  Incone l w ro u g h t a llo y  grade X -7 5 0 .

E lem ent c C r A I T i M o N b Fe Si M n ร p N i

w t.% 0.08 13- 1.3- 2 .3 - 2 .8 - 1 .8 - 2 .0 0.6 0.4 .007 .015 bal.

16 1.7 2 .7 3 .2 2 .2 max. max. max. max. max.

Table. 1 T h e  C hem ical c o m p os ition  o f  E l  698 V D  a llo y

T h re e  steps o f  heat tre a tm e n t w ere  applied to  achieve an op tim a l 

m ic ro s tru c tu re  o f  the a llo y  w h ic h  m ust sa tify  the  a v ia tio n  testing  standard T U -7 3  [7], 

T h e  a llo y  w h ic h  passed th is  heat tre a tm e n t c o nd itio n  has m echanical p roperties at 

am bient tem perature  as fo llo w s :

R up tu re  strength (R m ) > 1127,7  M P a .

Y ie ld  strength (R p o  2 ) > 206 M P a .
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E x te n s io n  percent ( A 5 ) > 17 %

R ed uc tion  area percent ( Z 5 ) > 1 9 %

T he  in it ia l m ic ros truc tu re  characteristic  o f  the  a llo y  w il l  be investigated  by 

op tica l m icroscope. These investig a tions w ill inc lude the  g ra in  size, m o rp h o lo g y  and 

d is tr ib u tio n  o f  coarse carbides panic les, and its  d is tr ib u tio n  as w e ll. G ra in  boundary' 

carbide p rec ip ita tion  characteristics w ill be analyzed using T E M

2.2 Properties of Superalloys |! j.

2.2 .1  M ech an ica l p ro p e rtie s

T h e  p rim e  reason fo r  using supera lloy in  gas tu rb in e  engines is its  h igh strength 

at elevated tem perature . T h e  m ic ro s tru c tu re  type o f  n ike l base superalloys are close- 

packed face centered-cubic (F C C ) la ttice  o f  austen itic  com positions. T h e y  have good 

tensile , good ru p tu re , good creep properties, excellen t m odulus and d iffu s iv ity  o f  the 

F C C  la ttice  fo r  secondary elements. T he  m ost im p ortance  is the  both  o f  ab ilities  to  

so lu te  m any elem ents in  the austen itic  m a tr ix  and c o n tro l in te rm e ta llic  com pounds 

p re c ip ita tio n  such as y  1 fo r  strength. In  add ition , s treng then ing  is also obta ined by 

solid  s o lu tio n  hardening and carbides p recip ita tion . B y  these reasons, supera lloys are 

p roper fo r  m ed ium  and high tem perature  service fo r  tu rb ine  w heels, tu rb ine  blades fo r  

sh o rt- live d  m ilita ry  a irc ra fts , h igh lo n g -tim e  c reep -rup tu re  resistance fo r  ind us tria l 

tu rb in e  and com m erc ia l a irc ra ft buckets, and a ll types o f  vanes. F u rth e rm o re , fo r  

design o f  com p lex parts in  gas tu rb ines, these m echanical p roperties are considered
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w h ich  are good d u c tility , and good  resistance fo r  h igh-cyc le  and lo w -c yc le  fa tig ue  as 

w e ll as therm al fa tigue.

2 .2 .2  P hysical C h a ra c te r is tic s  111

D e n s it y .  N icke l-base superalloys have a w id e  range densities. T h ey  depend 

on the com p osition  o f  o th e r elem ents such as a lum in ium  and tita n iu m  w h ich  m ake a 

lo w  density and tungsten and tan ta lum  w h ich  m ake high density. D ens ity  is ve ry 

im p o rtan t consideration fo r  design o f  ro ta tin g  com ponents to  m in im ize  centrifuga l 

stress.

T h e r m a l E x p a n s io n .  T h e rm a l expansion is im p o rta n t design fa c to r to  operate 

m ost perform ance w ith  close to lerances. L o w  coe ffic ien t in  superalloys is used fo r  

m in im iz in g  therm al stresses w h ich  prevents b uck ling  and the rm a l fa tig ue  cracking.

T h e r m a l C o n d u c t iv i t y .  H ig h  the rm a l c o n d u c tiv ity  in  supera lloys is considered 

to  be used in tu rb ine  engines fo r  d issipating  heat and m in im iz in g  tem p era tu re  gradients, 

thus reducing therm al stress and w il l  decrease tendency fo r  the rm a l fa tig ue  fa ilu re .

P h a s e  I n s t a b i l i t y .  B y  the na tu re  o f  superalloys, the  in d iv id ua l phase has 

tendency to  change th e ir  fo rm a tio n  w hen expose to  h igh tem p era tu re  fo r  long  tim e  

T h us  heat trea tm ents are used fo r  deve lop ing  the  o p tim u m  com p osition , the  size, the 

shape, the  am out o f  carbides and in te rm e ta llic  phases. W h e n  the  base m eta l has to o  

h ig h ly  a lloyed w ith  certa in  elements. T h is  can w eaken o r  e m b rittle  the  s truc tu re , but



f o r  n ic k e l is  b e t te r  th a n  o t h e r  b a s e  m e ta ls  s in c e  i t  h a s  m o r e  re s is ta n c e  f o r  a l lo y in g

additions.

O x id a t io n .  O x id a tio n  is the  reac tion  o f  an a llo y  w ith  oxygen, free  o f  

contam inant such as sod ium , su lfu r, and vanad ium . G ood  o x id a tio n  resistance is 

obta ined by a tig h  con tinuous surface scale fo rm a tio n  w h ic h  is d iffus io n  barrie r. H ig h  

a lum in ium  conten t w i l l  fo rm  the p ro te c tive  oxides C r2 Û 3 and A I2 O 3 , as w e ll as 

y t tr iu m , lanthanum , o r  cerium  p ro m o te  scale re te n tion  to  m ake good ox id a tio n  

resistance in superalloys.

H o t  C o r r o s io n s .  H o t c o rro s io n  is com b ina tion  effects between norm al 

o x id a tio n  and reac tion  w ith  su lfide and o th e r contam inants w h ich  occur by com bustion  

o f  m ix tu re  a ir and fue l. M o lte n  N a 2 SC>4 d issolves the  p ro te c tive  oxide so su lfu r can

penetrate  th ro u g h  ox ide  layer in to  base m etal w h ic h  has reac tion  o f  su lfu r w ith  

ch rom ium  th a t m ake p rec ip ita tion  o f  in te rna l sulfide. H o t  c o rro s io n  w i l l  n o t occur at 

tem p era tu re  above 980° c, w here  o x id a tio n  w i l l  dom inate.

2 .2 .3  T h e  M eta llu rg ica l a sp e c ts  o f  N ic k e l-B a se  A llo y s  [1]

2 .2 .3 .1  C h em ica l C o m p o sitio n

N icke l-base  superalloys have m any c o m p o s itio n  elem ents w h ich  are n icke l, 

ch rom ium , cobalt, m o lybdenum , tungsten , tan ta lum , co lum b ium , a lum in ium , tita n iu m , 

iro n , manganese, s ilicon, carbon, b o ron , z irc on iu m , and o th e r elements.

T h e  elem ents can be devided in  th ree  m ain groups:



13

1. E lem en ts w h ich  m ake F C C  austenetic  m a tr ix , th a t consist o f  n icke l, cobalt, 

iro n , ch rom ium , m olybdenum , tungsten , and vanad ium .

2. E lem ents w h ich  m ake y ' p rec ip ita tion  o f  M 3 A I, th a t consist o f  a lum in ium ,

tita n iu m , co lunb ium . and ta n ta lu m  ( tita n iu m , co lum b ium , and ta n ta lu m  can substitu te  

fo r  a lum in ium  in  N i^ A l ).

3. E lem ents w h ich  m ake a segregation on g ra in  w h ich  consisted o f  m agnesium , 

boron , carbon, and z ircon ium

2 .2 .3 .2  T he E ffec ts  o f  A llo y in g  E lem en ts  {1 ,10J

N ic k e l  I t  helps to  m ake FC C  austen ite  m a trix , and it is a good base m etal 

w h ich  can stand fo r  high s o lid -s o lu tio n  elem ents add ition  in  a llo ys  w ith o u t d e trim enta l 

phase fo rm a tio n . In  some elem ents, there  is phase in s ta b ility  w h ic h  is a resu lt fro m  

phase fo rm a tio n  tha t can w eaken o r  easily to  b r itt le  w hen  the  base m eta l has elem ents 

add ition.

C h r o m iu m  N icke l-base superalloys w h ich  con ta in  c h ro m iu m  conten t, it  w i l l  

m ake an increase in o x id a tio n  and h o t co rro s io n  resistance due to  c h ro m iu m  w il l  m ake 

a p ro te c tive  ox ide  (C r2 0 3 ). In  ad d ition , ch rom ium  is e lem ent th a t m akes a solid

so lu tio n  hardening w h ich  cause a llo y  strengthening. A s  w e ll as, i t  can fo rm  a carbide 

at g ra in  boundaries to  m ake g ra in  boundary strengthening.

A l u m i n i u m  In  general, n ickel-base supera lloys w h ic h  have c om p os ition  o f  

h igh a lum in ium  content w il l  increase o x id a tio n  resistance, because it  can m ake a
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p ro tec tive  ox ide  ( A I2 O 3 ). F u rth e rm o re , i t  produced th e  y  ' p re c ip ita tio n  th a t is FC C  

coherent in te rm e ta llic  phase N i3 A l w h ic h  resu lts  in  supera lloys have strengthening ,

rup tu re  strength increasing. H o w e ve r, i f  the re  is to o  m uch h igh a lu m in iu m  conten t fo r  

m aking  ox ide  f i lm  and segregation, it w i l l  increase d iff ic u lty  fo r  h o t w o rk in g  in 

fo rm ing .

T i t a n iu m  T h is  element w il l  m ake age hardening by p re c ip ita tio n  o f  y ' to  

m ake a lloys strengthen ing  and also increase ho t c o rro s io n  resistance. H o w e ve r, i f  

there  is to o  m uch high tita n iu m  conten t fo r  m ak ing  ox id e  f i lm  and segregation, it w il l  

increase d iff ic u lty  fo r  ho t w o rk in g  in  fo rm ing .

M o ly b d e n u m  T h is  elem ent w i l l  p roduce so lid  so lu tio n  and carbide fo rm in g  

streng thener on  g ra in  boundary w h ic h  m ake a lloys  strengthening .

C o lu m b iu m  I t  w i l l  increase stra in -age cracking  resistance in  w e ld in g  due to  

age hardening o f  co lum b ium  has s lo w e r y ie ld  aging than  m ix in g  w ith  a lu m in iu m  and 

tita n iu m  (a llo ys  w h ich  have c o m p o s itio n  o f  c o lum b ium  w i l l  use in  tem p era tu re  tha t 

under 705° C ). In  add ition, co lum b ium  w il l  fo rm  w ith  n icke l to  be F C C  y  ' fo rm in g  

tha t w i l l  m ake a llo ys  strengthening.

I r o n  T h is  elem ent help to  m ake F C C  austenetic  m a trix . I ro n  can be used fo r  

lo w  tem perature  service because iro n  can n o t stand at h igh tem perature . H o w e ve r, 

iro n  can be substitu te  by re fra c to ry  m eta ls such as vanad ium , tungsten , tita n iu m , and 

etc. H o w e ve r, by th is  w a y  it w i l l  m ake density  increasing  in  a lloys  w h ic h  resu lts  fo r

cen trifug a l stress increasing.
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C a rb o n  C arbon is a c o m p o s itio n  o f  carbide by carbon w i l l  fo rm  carbide w ith  

ch ro m iu m , m olybdenum , tungsten, vanad ium , co lum b ium , ta n ta lu m , and titan iu m . The  

com m on classes o f  carbide are M C , M 2 3 C 6  , C ry C 3 , and M 5 C.

T u n g s te n  T h is  e lem ent is added to  produce so lid -so lu tio n  hardening tha t w ill 

p rov id e  a lloys strengthening. It  also increases density o f  a lloys  tha t is ve ry  inportance 

fo r  ro ta tin g  com ponents design w h ich  w an t to  reduce centrifuga l stress at m in im um .

T a n t a lu m  T a n ta lu m  w il l  fo rm  w ith  n ickel to  be FC C  y  ' fo rm in g  that w ill 

m ake a lloys strengthening and also increase a lloys density.

C o b a l t  C oba lt w il l  increase y  ' so lvus tem perature  and im p ro ve  tem perature  

capab ility.

V a n a d iu m  T h is  e lem ent helps to  m ake F C C  austenetic  m a tr ix  occuring  and 

carbide fo rm a tio n  tha t m ake a lloys  strengtening.

Y t t r i u m ,  L a n t h a n u m , and C e r iu m  T h e y  w il l  help to  m ake scale re te n tion  and 

increase o x id a tio n  resistance o f  a lloys.

S i l i c o n ,  S u l f u r ,  and P h o s p h e r o u s  T h e y  w il l  m ake a ve ry  ha rm fu l fo r  a lloys. 

W h e n  they are high conten t, th e y  w i l l  m ake a b r ittle  frac tu re . H o w e ve r, they have

benefic ia l e ffect fo r  casting process.
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B o r o n ,  M a n g a n e s e ,  and Z i r c o n i u m  T h e y  w i l l  m ake g ra in  boundaries

segregation.

2 .2 .4  E ffec ts  o f  M a jo r  P h a se s  o n  S tru c tu re  an d  M ic ro s tru c tu re  [11

T here  are th ree m a jo r phases in  superalloys w h ich  are fo llo w in g :

2.2 .4 .1  T h e  A u sten ite  M atrix  (y)

Pure n icke l does not have high m odulus o f  e las tic ity  o r lo w  d iffu s iv ity  

p roperties w h ich  m ake high rup tu re  and creep resistance. H o w e ve r, its  austen itic  

m a trix  struc tu re  w ith  o the r solid  so lu tio n  elem ents is w anted  fo r  using these a lloys to

0 .8 T m  (m e ltin g  p o in t) and fo r  tim es up to  1 0 0 ,0 0 0  hrs. at som ew hat lo w e r 

tem perature . T h e  basic reasons fo r  th is  endurance are g iven

1. N ic k e l has a h igh to le rance fo r  a llo y in g  w ith o u t phase ins tab ility .

2. C h ro m iu m  add ition  w il l  fo rm  C r2 C>3 , p ro te c tive  scales having  lo w  cation

vacancy conten t, thus it  can res tric t the  d iffu s io n  rate o f  m e ta llic  elem ent go ou ts ide  as 

w e ll as oxygen, n itrog en , su lfu r, and o th e r aggressive a tm ospheric  elem ents go inside.

3. A t  h igh tem perature , there  is A I2 O 3 fo rm in g  w h ic h  is p ro te c tive  scales to  

m ake good o x id a tio n  resistance.

2 .2 .4 .2  G am m a  P rim e P h a se s  (y ')

In  the  y '-type  A 3 B  com pound, there  are b o th  e lec tronegative  elem ents such as

n icke l, cobalt, o r  iron , com pose th e  " A "  and e lec tro p o s itive  elem ents such as



17

a lum in ium , tita n iu m , o r  c o lu m b iu m  com pose th e  "B " .  In  n ickel-base a llo y , y  ' is (N i, 

C o ) 3 (A 1, T i )  w ith  n icke l and a lu m in iu m  d om ina tin g , a lthoug h  adding at least as m uch 

tita n iu m  as a lum in ium , fo r  m u lt ia llo y in g  e lem ents roles.

y  ' by d is loca tion  in te ra c tio n , i t  con trib u tes  antiphase boundary (A P B )  

strengthening  to  the  y  -y  ' a llo y , th e  s treng th  o f  y ' increases as tem p era tu re  increases. 

T he  inherent d u c tility  o f  y  ' can p revent the  severe e m b rittlem en t, T h is  is d iffe ren t 

fro m  strengthening by phases o f  h igher hardness, such as carbides, severe 

em b rittlem en t can occur by the  fo rm a tio n  o f  b r itt le  sigma (a ) , and Laves phases.

2.2.4.3 Carbides

F irs tly , carbides appeared on  g ra in  boundaries as lo c a tio n  sites in  n icke l a lloys, 

thus p rev ious rep orts  to ld  th a t g ra in  b ound ary  carbides decreased d u c tility , then m any 

deve lopm ent m ethods reduced carbon conten t. H o w e ve r, w o rk  fro m  N im o n ic  8 0 A  

and U d im e t reported  th a t i f  the re  is carbon con ten t less than  0 .0 3 % , i t  w o u ld  sharp ly 

reduce creep life  and d u c tility . M o s t in ve s tig a to rs  fee l th a t carbides has benefic ia l 

e ffec t on  ru p tu re  s treng th  at h igh tem p era tu re . In  add ition , carbide m o rp h o lo g y  has 

e ffec t to  d u c tility , chem ical s ta b ility  o f  the  m a trix .

2.2.4.3.1 Classes of Carbide and Typical Morphology

T h e  com m on classes o f  carbides are M C , M 2 3 C 6  , CT7 C 3 5 and MgC, M C  

usu a lly  are coarse rand om  cubic o r  sc rip t m o rp h o lo g y . M 2 3 C 6  usu a lly  occurs at g ra in  

boundaries as irre g u la r d iscon tinuous b lo c ky  partic les also p lates and reg u la r geom etric
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fo rm s. CT7 C 3 occurs as a b lo c ky  in te rg ra n u la r fo rm . T h e  con tin u o u s  and /o r denuded 

gra in  boundary M 2 3 C 6  and M g C  are avoided fo r  best d u c tility  and ru p tu re  life  tim e.

M C  c a rb id e s .  M C  carbides fo rm  in  superalloys sh o rtly  b e low  freez ing  as 

discrete partic les. M C  carbides d is trib u ted  he te rogeneously  b o th  in  in te rg ranu la r and 

transg ranu la r p o s itio n  also o fte n  in te rd en d ritic a lly . T h e  p rim a ry  carbides are FC C  

s truc tu re , c lose ly packed s tru c tu re  are ve ry  strong. T h e y  occur by com b ina tion  o f  

carbon w ith  reactive  and re fra c to ry  m eta ls such as T a C , N b C , T ic ,  and V C . M  atom s 

can substitu te  by o th e r less reac tive  elem ents such as m o lyb d enum  and tungsten w h ich  

can find  (T i,M o )C  in บ - 500, M -2 5 2 , and Rene'77. T h e  change in  s tab ility  o rd e r cited 

o f  M  a tom  sub s titu tion  can w eaken  the  b ind ing  fo rce  in  M C  carbides w h ich  

degenerates reac tion  to  fo rm  m o re  stable M 2 3 C 6  and M g C  type carbides d u ring  heat

trea tm ents o r  service. M o d e m  a llo y  w ith  h igh c o lu m b iu m  and tan ta lu m  contents 

stab ilize M C  carbides. T h is  w i l l  n o t b reak d o w n  easily d u ring  so lu tio n  trea tm ents.

^ 2 3 0 )  c a rb id e s ,  are am ple in  a lloys  w ith  m odera te  to  h igh ch ro m iu m  content.

T h e y  fo rm  fro m  degeneration o f  M C  carbides and so lub le  carbon residual in  a llo y  

m a tr ix  du ring  lo w e r tem perature  heat tre a tm e n t and service w h ic h  tem perature  is about 

760-980° c. T h e y  usua lly  occur a t g ra in  boundaries b u t th e y  can also occur d o n g  

tw in  line , stacking  fau lts , and at tw in  ends. M 2 3 Cg carbides are a com p lex cubic

struc tu re , w h ic h  i f  carbon a tom s w e re  rem oved. Tu ng s te n  o r  m o lybdenum  can also 

m ake M 2 3 Cg carbide w h ic h  its  c o m p o s itio n  is C r2 i  (M o ,พ ) 2 Cg. N ic k e l can 

substitu te  in  the  carbide, cobalt o r  iro n  can substitu te  fo r  c h ro m iu m  as w e ll as o the r 

re fra c to ry  elem ents can loca te  in  th e  subscrip t-2  p os ition . M 2 3 Cg carbides w h ic h  have
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c ritica l lo c a tio n  at g ra in  boundaries w i l l  have e ffec t on  ru p tu re  s treng th  such as 

counteract g ra in  boundary slid ing . H o w e v e r, a t th e  last, fra c tu re  usua lly  in it ia te  at 

g ra in  boundary M 2 3 C 6  partic les o r  by decohesion o f  th e  M 2 3 C 6 -y  in terface.

M f iC  c a rb id e s .  These carbides have a com p lex cubic s tru c tu re  w h ic h  fo rm  at 

h igher tem p erature  about 8 1 5 -9 8 0 °  c. T h e y  are s im ila r to  M 2 3 C 6  carbides but they

w il l  occur w hen there  is h igh re fra c to ry  m eta ls content. W h e n  a llo y  contains 

m olybdenum  o r  tungsten m ore  than  about 6 - 8 w t.% , M g C  w i l l  p rec ip ita te  at g ra in

boundary, usua lly  w ith  M 2 3 C 6 . T yp ic a l fo rm u la rs  fo r  M g C  are (N i,C o )3 M o 3 C, and 

(N i,C o )2 W 4 C. C o m p os ition  o f  M ^ c  can va ry  ve ry  w id e ly . M g C  carbides are stable at 

h igher tem perature  than M 2 3 C 6  carbides. M g C  p re c ip ita tio n  at g ra in  boundaries can 

c o n tro l g ra in  size in  w ro u g h t a lloys.

C r y C j  c a rb id e s .  T h e y  are ir re g u la r  b loclcy partic les in  sim ple a lloys  w ith  lo w  

c h ro m iu m  contents and lo w  reac tive  and re fra c to ry  e lem ent contents. W h e n  aging, 

C ry C 3 carbides usua lly  tra n s fo rm  to  M 2 3 C 6  carbides.

N icke l-base  superalloys have h ig h  s treng th  by these fo llo w in g  struc tu res

1. A llo y  m a tr ix  (y). T h e  F C C  n icke l-base austen itic  phase has h ig h  so lu b ility  fo r  

so lid  so lu tio n  elem ents such as cobalt, c h ro m iu m , m o lybdenum , and tungsten.

2. G am m a p rim e ( y  '). A lu m in iu m  and tita n iu m  w i l l  fo rm  w ith  n icke l as N i3 A l 

and N i3 T i  to  p rec ip ita te  fo r  h igh vo lu m e  fra c tio n s  o f  F C C  y  ' w h ic h  has in te rface  bond

w ith  austenitic.
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3. Carbides. C arbon is added at lo w  percentage about 0 .0 5 -0 .2  w t.%  and react 

w ith  reactive  and re fra c to ry  e lem ents to  fo rm  p rim a ry  M C  carbides. D u r in g  heat 

trea tm ents and in  service, M C  carbides w i l l  change to  be lo w e r  carbides such as 

M 2 3 C 6  and M 5 C along g ra in  boundaries.

4. G ra in  boundary y  '. H e a t trea tm en ts  w i l l  m ake y  ' f i lm  a long the  g ra in  

boundaries w h ich  can increase ru p tu re  p roperties.

2.3. Creep

In tro d u c tio n

N ic ke l base superalloys are the  m ost w id e ly  used as h igh tem p era tu re  m ateria ls 

fo r  app lica tion  in  blades and discs o f  tu rb ines, b o th  in  p o w e r g enera tion  and 

aeroengines. T h e  service c ond itions  in  these m achines o fte n  com bine w ith  aggressive 

env ironm en t, h igh stresses hav ing  tim e-dependent com ponents w ith  h igh tem peratures. 

F o r  com ponents lik e  tu rb ine  blades th e  load ing  can be idealised as s ta tio n a ry  o ve r a 

considerable period  o f  tim e , and th e re fo re  the  design engineers genera lly  approx im ate  

the  response o f  the  com ponent th ro u g h  the  app lica tion  o f  constant load  (o r  stress) 

creep data o f  m a te ria l [1 ],

In  h igh tem perature , b o th  o f  constant and uncostan t load  w i l l  m ake a l im it  

life tim e  o f  metals. T h is  is d iffe re n t fro m  using  m eta ls in  lo w  tem perature . S ince in  lo w  

tem perature , at constant load and n o t m o re  than  y ie ld  streng th  p o in t o f  each m etals, 

life tim e  is นn lim it. Stress at h ig h t tem p era tu re  m akes specimens have con tinuous 

stra in , then th is  resu lt w i l l  m ake creep [16],
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2.3.1 Creep Curve [5]

In  fin d in g  creep cu rve  o f  m eta l w i l l  use the  tes ting  w h ic h  apply constant load  

and constant tem p era tu re  w ith  tens ile  specimen, then m easure s tra in  w h ic h  take  place 

in each tim e  in te rva ls . T h en  p lo tin g  va lue  o f  s tra in  w ith  tim e  w h ic h  w i l l  p roduce a 

curve as F ig u re  2.1.

Figure 2.1 Schem atic R ep resenation  o f  H ig h  Tem p era tu re  Creep C urve  [5]

F ro m  th is  fig u re  w il l  sh o w  th a t creep curve  consists o f  3 parts w h ic h  are

1. P r im a ry  creep o r  trans ien t creep.

2. Secondary creep.

3. T e rt ia ry  creep.
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A ll  o f  3 stages ta ke  place a fte r  in it ia l s tra in  (sq), w h ic h  occurs im m ed ia tly  w hen 

applying load. A nd  in it ia l s tra in  can occur even stress is lo w e r  than  y ie ld  stress (e lastic  

in te rva l). E v e n  in it ia l s tra in  is n o t creep but it  is im p o rta n t va lue. Since the va lue o f  

a llow ab le  to ta l s tra in  in  parts o f  m achine w i l l  inc lude th is  in it ia l stra in , i f  it  has h igh 

value. S om etim e  it  m ust have cons id e ra tion  about the rm a l expansion.

2 .3 .1 .1  Primary Creep o r  T ran s ie n t creep is the  in te rva l o f  creep rate

decreasing. T h is  in te rva l has changing in  struc tu re  w h ic h  the  creep resistant increase 

by d e fo rm a tion  due to  w o rk  hardening  by d is locations p iling -up  and /o r d is locations 

rearrange to  be lo w  angle boundaries (P o lyg o n iza tio n ). Then  d is locations m ove 

d iff ic u lt ly , so i t  m akes creep ra te  decreasing.

2.3.1.2 Secondary creep is a period  o f  constant creep ra te  w h ic h  results 

fro m  a balance betw een the  tw o  com p eting  processes o f  s tra in  hardening and recovery. 

Secondary creep is u su a llly  re fered  to  as steady-state creep. T h e  average va lue  o f  the 

creep ra te  d u ring  secondary creep is  called the M in im u m  Creep R a te  (M C R ).

2.3.1.3 Tertiary creep is  in te rv a l w h ic h  has creep ra te  increasing u n til to  

frac tu re . T e r t ia ry  creep occurs w h e n  the re  is an e ffec tive  red uc tion  in  cross-sectional 

area e ith e r because o f  necking  o r  in te rn a l vo id  fo rm a tio n . T h ird  stage creep is o ften  

re la ted  w ith  m e ta llu rg ica l changing such as re c rys ta lliza tio n , o ve r aging o r  coarsening 

o f  p rec ip ita te  com pound partic les w h ic h  w i l l  m ake d e fo rm a tio n  rap id ly. A ls o  inc lud ing  

w o rk  hardening occuring  w h ic h  reduce f lo w  a b ility  o f  m eta ls then i t  w i l l  m ake a 

fra c tu re  la ter. S om etim e  e n v iro n m en t has effec t to  creep process such as o x id a tio n
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occuring  w h ic h  w i l l  reduce cross section area o f  specimen. T h is  w i l l  increase te r tia ry  

creep rate. In  m achine designing fo r  h igh tem p era tu re , data o f  tim e  and s tra in  before  

te r t ia ry  creep is the  m o st considering .

2.3.1.4 Modified creep In  som e cond itions, m eta ls do n o t show  a ll o f  3

creep stages. Such as in  h igh tem p era tu re  and stress, p rim a ry  creep m ay n o t occur and 

som etim e there is o n ly  te r t ia ry  creep. In  contrast, such as in  case o f  cast a lloys  m ay 

not have te r t ia ry  creep. F ra c tu re  can occur w ith  o n ly  l i t t le  stra in. A n d  F ig u re  2.2 

show s the  effec t o f  applied stress on the  creep cu rve  at constant tem perature . I t  is 

apparent th a t a creep curve  w ith  th ree  w e ll defined staged w i l l  be found  fo r  o n ly  

certa in  com b ina tions o f  stress and tem perature .

Figure 2.2 Schem atic rep resen ta tion  o f  the  E ffe c t on  Stress L e ve ls  on Creep C urves at 

C onstan t Tem p e ra tu re  [5]

2.3.2 Creep in two phase Alloys [18]
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M a jo r  deve lopm ent in  creep resistantce can be achieved by a d ispers ion  o f  fine  

precip ita tes o r  inso lub le  partic les w h ic h  p rov id e  e ffe c tive  obstacles to  d is loca tion  

m ovem ent. U n d e r h ig h  tem perature  creep cond itions , d is lo ca tio n  can ra re ly  cut 

th ro u u g h  the  partic les. D is lo ca tio n s  m o v in g  in  the  a llo y  m a tr ix  m ust t r y  to  rise above 

the  obstacles by c lim b and cross slip. H o w e v e r, by p inn ing  g ra in  boundaries, partic les 

can also h inder g ra in  boundary slid ing  and a ffec t the  fa c ility  o f  vacancies genera ting  at 

g ra in  boundaries.

I t  is essential th a t the  p artic le  d ispersion does n o t coarsen rap id ly  during  

exposure service. P a rtic le  coasening increases b o th  th e  average p artic le  size and the  

m ean in te r-p a rtic le  spacing, so the  creep resistance w i l l  decrease w ith  tim e  as fe w e r 

partic les are present to  h inder d is loca tion  m ovem ent.

P rec ip ita te  coasening can be determ ined by re ference to  A -B  a llo y , w ith  

p recip ita tes consis ting  o f  B  a tom s in  a m a tr ix  o f  a lm ost pure A  atom s. T h e  

concentra tions o f  B  a tom s in  the  m a tr ix  w i l l  increase w ith  decreasing p artic le  radius. 

T h e  concen tra tion  o f  B  a tom s in  the  m a tr ix  around  la rge p recip ita tes is lo w e r  than  

around  sm all partic les. A t  h ig h  tem p era tu re , B  atom s w i l l  d iffuse  fro m  the  sm alle r to  

the  la rg e r p recip ita tes, so the  la rg e r p rec ip ita tes can g ro w . A s  the  sm all partic les 

disappear w ith  tim e , the  average p a rtic le  size and th e  average in te rp a rtic le  spacing 

increases.

2.3.3 Creep of Y /  Y  ' alloys flO]
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In  steady state creep o f  y /  y  ' a lloys , th e re  is  th e  presence o f  a hom ogeneous 

n e tw o rk  o f  a/ 2  < 1 1 0 > d is loca tions su rro u n d ing  the  y  ' pa rtic les and staying fo r  the 

m o st part at y  /  y  ' interfaces. W h e n  increasing  th e  applied stress, w h ic h  w i l l  increase 

the  density  o f  n e tw o rk  d is loca tions s tra in  harden ing  w i l l  increase in  steady state 

occurring  by th e  s trong  in te rac tions  be tw een these n e tw o rk  d is locations. R ec o ve ry  

m echanism  occurs by d is loca tion  a n n ih ila tio n  w ith in  n e tw o rk s  due to  th e rm a lly  

activated  cross slip and /o r c lim b processes. Thus , in  th is  steady state in te rv a l, 

d is locations rearrange w ith in  the  y  /  y  ' in te rfa c ia l n e tw o rk s  c o n tro llin g  b o th  the  s tra in  

hardening and recove ry  processes. T h e  benefic ia l e ffec t o n  creep p rop erties  o f  certa in  

a llo y in g  add itions, e.g., C o , M o , and C r  w h ic h  reduce stacking  fa u lt energy o f  n icke l 

resu lting  in  lo w  stacking  fa u lt energy y  m a tr ix  phase, w h ic h  re ta rd  th e  recove ry  ra te  o f  

the  n e tw o rk s , th u s  increasing the  s tra in  harden ing  resu lted  in  reduc ing  th e  steady state 

creep rate. A ls o , s lo w  d iffus ing  so lid  s o lu tio n  harden ing  e lem ents should  re ta rd  the  

recove ry  ra te  and decrease th e  steady state creep ra te , พ  and R e  w h ic h  p a rtit io n  to  the  

y  phase, are p o te n tia l creep s tre n g th e n ed  o f  supera lloys. T i ,  N b , and T a  p a rtit io n  

p rep eren tia lly  to  th e  y  ' phase, w i l l  change th e  a n iso tro p y  o f  th e  A P B  energy in  y  ' 

w h ic h  increases creep strengthening.

2.3.4 Mechanisms of Creep Deformation [18]

1. D is lo c a tio n  G lide  M echan ism , w h ic h  re la tes to  d is lo ca tio n  m o v ing  a long  slip 

plane and ove rcom ing  barrie rs  by th e rm a l ac tiva tio n . T h is  m echanism  w i l l  ta ke  place

at h ig h  stress.
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2. D is lo c a tio n  Creep M echan ism , w h ic h  re la tes to  d is lo ca tio n  m ovem ent 

ove rcom e barrie rs  by therm om echan ism  such as vacancy d iffu s io n  o r  in te rs tit ia lร.

3. D iffu s io n  Creep M echan ism , w h ic h  w il l  occur w hen  the re  is stress he lp ing  to  

p roduce vacancies and in te rs tit ia lร f lo w in g  th ro u g h  a crysta l. T h is  m echanism  re lates 

to  N a b a ro -H e rr in g  and C ob le  creep.

4. G ra in  boundary S lid ing  M echan ism , w h ic h  re la tes to  the  slid ing  o f  g ra in  

boundaries in  each other.

I f  the re  are m any m echanism s occur at th e  same tim e , th e y  are opera ting  

independently  o f  each o ther. T h e  fastest m echanism  w i l l  d om ina te  th e  creep behavior. 

H o w e v e r, i f  the re  are m echanism s op era ting  in  series, the  s low es t m echanism  w il l  

c o n tro l the  creep d e fo rm ation .

Creep is a process in  w h ic h  w o rk  hardening  and re co ve ry  processes occu r on 

the  same tim e  scale as the  d e fo rm a tio n  process. Severa l m echanism s o f  creep depend 

on  tem p era tu re  and applied stress, d is loca tion  g lide , d is lo ca tio n  recove ry , (  ie ., by 

process in v o lv in g  d is loca tion  c l im b ) , o r  o th e r d iflu s io n a l f lo w  mechanism s.

2.3.4.1 Diffusional creep Processes [6]

D iffu s io n  occurs by vacancy m ovem ents in  c rys ta l la ttice . A to m  can m ove  to  

th e  site  o f  an adjacent vacancy, th a t fo r  o n ly  a tom  w h ic h  has enough th e rm a l energy to  

ju m p  fro m  its  o rig in a l site. V acancy m ovem en t is th e  d om inan t d iffu s io n  m echanism  in

m ost m eta ls and alloys.
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2.3.4.1.1 Nabarro-Herring creep [6]

T h is  m echanism  in vo lves  a to m ic  d iffus io n a l f lo w . N a b a rro -H e rr in g  creep 

dom inates creep process at m uch lo w e r  stress leve ls and h ig her tem p era tu re  than  those 

at w h ic h  creep is con tro lled  by d is loca tion  glide. In  F ig u re  2 .3 , show s N a b a rro - 

H e rrin g  creep resu lts  fro m  h igher tem p era tu re  and lo w  stress th a t m ake a vacancy f lu x  

and a mass f lu x  in  the  opposite  d irec tio n  in  grain.

Figure 2.3 Schem atic rep resen ta tion  o f  N a b a rro -H e rr in g  Creep [18]

(a ) T h e  re su ltin g  change in  g ra in  d im ensions

(b ) is equ iva len t to  a creep stra in



28

C ons id e r a cube-shaped g ra in  in  a p o lyc rys ta i d e fo rm ing  a t h igh tem peratures 

under stresses, vacancies d iffuse  to  the  boundaries und er com pression th a t resu lting  in  

a c oun te r f lo w  atom s. T h is  process is equ iva len t to  m ove  a tom s fro m  com pression 

boundaries and p late them  on tensile  boundaries. B y  b o th  vacancies and a tom s 

m ovem ent at the  same tim e , causes tim e-dependent extension o f  the  cry stal in  the 

tensile  d irec tion  w h ich  w ill reduced the cross-sectional area o f  the  g ra in  at r ig h t angles 

to  the  tens ile  axis.

2 .3 .4 .1 .2  C o b le  c reep  |6 |

C ob le  creep is same as N a b a rro -H e rr in g  creep by the  vacancy concen tra tion  

g rad ient but C ob le  creep transp o rt occurs by d iffu s io n  a long g ra in  boundaries in  a 

p o lyc rys ta l o r  a long the surface o f  single crysta l. Vacancies can tra n s fe r fro m  tensile  

boundaries to  those under com pression also a long the  boundaries. W h e n  tem perature  

decreases to w a rd s  about 0 .4  T M , d iffu s io n  a long p re fe ren tia l paths becomes im p o rta n t 

as la ttic e  d iffu s io n  processes are m ore  d iff ic u lt. C ob le  creep w i l l  be th e  dom inan t 

process. C ob le  creep is m ore  sensitive to  g ra in  size than  N a b a rro -H e rr in g  creep. T h us  

C ob le  creep w i l l  dom inate  in  ve ry  fin e  g ra in  m ateria ls. F o r  p reven ting  in te rn a l vo id s  o r  

crack d u ring  d iffus io n a l creep o f  p o lyc rys ta l, mass tra n s fe r process w i l l  be used and 

occur at g ra in  boundaries. These resu lt in  g ra in  boundary sliding.

2.3.4.2 Dislocation Creep Processes [6]

D u e  to  the  estim ated d iffus io n a l creep rates are to o  lo w  by m any orders o f  

m agnitude, so th a t a lte rna tive  theo ries  o f  d e fo rm a tio n  are required. T h e  s itu a tio n  is
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s im ila r to  tha t o f  lo w  tem p era tu re  d e fo rm ation  , theo ries can predict f lo w  

q u a n tita tive ly  o n ly  i f  they  a llo w  slip to  occur by the  passage o f  c rysta l d is locations. 

S lip  is observed during  creep and e lec tron  m icroscopy con firm ed  tha t a change in 

d is loca tion  density and arrangem ent occur as creep continues. V e ry  d iffe ren t m ateria ls 

o ften  show  s im ila r creep curves, even d iffe re n t crysta l s truc tu res and d is locations w ith  

ve ry  d iffe ren t p roperties, creep curves w il l  s till consist o f  p rim a ry  and secondary 

regimes. A n y  d is loca tion  th e o ry  o f  creep m ust have general f la m e w o rk  w h ich  is 

p rovide by the phenom ena o f  w o rk  hardening , recovery and in te rna l stress.

2 .3 .5  C re e p  T h eo rie s  [6j

W e ertm an  [6] suggested d is loca tion  c lim b as the recovery  process. D u rin g  

creep, the  d e fo rm ing  m ateria l w h ic h  conta ins o f  m any d is loca tion  sources, w il l  send 

o u t d is loca tions m ov ing  across th e ir  g lid e  planes u n til the  leading d is locations stop at 

obstacles and produc ing  a p iled -up  d is locations, resu lt in  an increase o f  w o rk  

hardening. T h e  leading d is loca tions w i l l  c lim b o u t o f  its  slip plane th a t they m ay be 

annih ila ted  w hen m eeting a d is loca tion  o f  opposite  sign o r  m ay be free  to  g lide in  a 

new  slip plane a fte r c lim b ing  some d istance u n til th e y  m eet new  obstacles. B u t at the 

same tim e , the source w il l  send o u t a n e w  d is loca tion  w h ich  continues creep process.

In  an a lte rn a tive  th e o ry  exp la ined tha t the d is loca tion  w ith in  the cell in te rio rs  

consisting o f  a th ree-d im ens iona l n e tw o rk , recovery processes such as c lim b w il l  m ake 

th is  n e tw o rk  coarsening ( in  a m anner s im ila r to  g ra in  g ro w th ). H o w e ve r, stress w il l  

p rov ide  the n e tw o rk  b ow ing  o u t and acting  as d is loca tion  sources. T h is  m u ltip lic a tio n
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o f  d is locations w h ich  increases the  d is loca tion  density  and re fines the n e tw o rk  size, by 

these reasons w il l  increase w o rk  hardening.

2 .3 .6  C re e p  F rac tu re  j6]

The  firs t in d ica tion  o f  creep fra c tu re  causes by the  acceleration in  creep rate 

m a rk in g  the onset o f  the  te r t ia ry  stage. The re  can be m any d iffe ren t causes fo r  th is  

acceleration such as during  constant-load  test, the stress g radua lly  increases as the 

cross-sectional area o f  the  specimen decreases w ith  increasing stra in  w hich causes the 

creep rate accelerating. H o w e ve r, even fo r  constant-s tress creep test o r w hen changes 

in  specimen cross-section can be regardless w ith  low ' creep d uc tilit ies  ( 1% o r  so), a 

te r tia ry  stage n o rm a lly  precedes frac tu re . In  these cases, te r tia ry  m ay creep by

a) mechanical in s ta b ility , such as the  presence o f  necking  w h ich  results in a 

loca lized  red uc tion  in  cross section area,

b) m ic ro s tru c tu ra l in s ta b ility , inc lud ing  g ra in  g ro w th  o r  re c rys ta lliza tio n  w ith  

single phase m ateria ls o r  the  gradual loss o f  creep streng th  as overag ing  occurs during  

creep o f  p rec ip ita tion -hardened  a lloys  and /o r

c) the nuc léa tion  and g ro w th  o f  in te rna l m icroc racks w h ich  develop u n til the 

num ber and size o f  the m icroc racks are su ffic ien t to  cause the  creep rate increasing.

F o r m acroscopic character, i t  can be b o th  duc tile  and b rittle . I f  it is ductile , 

fra c tu re  w i l l  be transg ranu la r and occurs w ith  e lon g a tio n  and necking. F o r  b rittle , 

fra c tu re  w il l  be in te rg ra n u la r w h ich  has e long a tion  o r  necking  very l it t le  o r  none o f  

them  In  some cases fra c tu re  w i l l  has b o th  transg ranu la r and in te rg ranu la r frac tu re .



f ir s t ly  in te rg ranu la r w il l  occur w h ic h  w i l l  reduce cross section area so it w il l  increase 

stress u n til it  have transg ranu la r fra c tu re  at the  last. In  general transg ranu la r frac tu re  

w i l l  begin at g ra in  boundaries m eeting  o r  w il l  occur at area o f  one gra in b oundary m eet 

surface o r second phase. In  ad d ition , it w il l  have creep cavities at g ra in  boundaries, 

ecpecially fo r  p rec ip ita tion  phase in g ra in  boundaries. T h is  case, it  is no need to  occur 

at m eeting p o in t o f  gra in boundaries. T h is  process has been called C a v ita tio n  Creep. I f  

there is cavities in  gra in boundaries w h ich  are near cracking , can incicate th is  fra c tu re  

cuase by creep.

Type o f  frac tu re , beside it depends on tem perature , it w i l l  depend on stra in  

rate In general, s lo w  creep ra te  o r  s lo w  ru p tu re  tim e  w ith  h igh tem perature  w il l  m ake 

in te rg ranu la r cracking. F u rth e rm o re  th a t cracking  occurs at g ra in  boundaries, also 

character o f  gra ins are equiaxed, even at high p lastic  de fo rm ation . In case o f  

transgranu la r frac tu re , grains w il l  e longate w ith  the same d e fo rm a tion  d irec tion

H o w e ve r, it  should be emphasized th a t m icrocracks developm ent leads to  creep 

frac ture. U nder high tem p erature  creep cond itions, m icrocracks can fo rm  and g ro w  

a long g ra in  boundaries w h ich  can m ake in te rg ra n u la r frac tu res  w h ich  have tw o  fo rm s. 

W edge o r tr ip le -p o in t cracks are o fte n  found  at high stresses. F o r  lo w  stress creep, 

in te rg ranu la r cracks develop by nuc léa tion , g ro w th  and lin k -u p  o f  g ra in  b oundary 

cavities.

B o th  types o f  in te rg ra n u la r damage, the  vo ids and m icrocracks nucleate early  in 

the  creep life  w ith  num bers and sizes o f  cavities and cracks increasing as creep
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continues, w h ich  can m ake in te rg ra n u la r creep fra c tu re  by cav ities and /o r m icrocracks 

lin k in g  up to  fo rm  a crack w h ich  can propagate under the  applied tensile  stress.

2.3 .6 .1  T rip le  P o in t C ra c k in g  16]

U nder h igh tem perature  creep cond itions , the  gra ins w ith in  a p o lyc rys ta lline  

m ateria l can m ove re la tive  to  each o the r, w h ich  produced shearing a long grain 

boundaries, te rm ed g ra in  boundary' s lid ing  as show n in F ig u re  2 .4. Thus wedge cracks 

can fo rm  and g ro w  a long g ra in  boundary. S lid ing  on  g ra in  boundaries w h ich  produces 

a shear stress can lead to  stress concen tra tions w h ich  is high enough to  nucleate cracks 

at tr ip le  po in ts  and g ro w in g  by continued  s lid ing  a long boundaries no rm a l to  the tensile  

stress axis. Th e  re la tive  m ovem ent o f  tw o  adjacent gra ins in  a p o ly  c rysta lline  m ateria l 

also results in  d e fo rm a tion  o f  the su rround ing  grains. T h us  s lid ing  can occur w h ich  

th is  rate equal o n ly  to  the ra te  p e rm itted  by g ra in  d e fo rm ation . T he  ra te  o f  gra in 

boundary slid ing  o r  the  ra te  o f  w edge-crack deve lopm ent, is determ ined by the  ove ra ll 

creep rate.

Figure 2.4 Schem atic rep resen ta tion  o f  W edge-Shaped C rack at T r ip le  G ra in  Junction

| 6 ]



2 .3 .6 .2  C re e p  C av ita tio n  [6]

N u c lé a tio n  o f  g ra in  b oundary cavities also depends on g ra in  boundary sliding. 

In  th is  case, large stress concen tra tions is produced w here  slid ing  is held up at small 

obstacles, w h ich  include

a) ledges o r  steps fo rm ed , w h ic h  is a slip band in one gra in  in tersects the 

boundary (F ig u re  2.5a)

b) non-de fo rm ab le  partic les o r  hard inc lusions at g ra in  boundaries, w ith  vo ids 

fo rm in g  e ithe r by fra c tu rin g  the  p a rtic le  o r by decohering the p artic le  /  m a tr ix  in terface 

(F ig u res 2.5b and 2.5c ).

_> (b) >  (c )

๏ ---------O -

Figure 2.5 Schem atic rep resen ta tion  o f  G ra in  B ou n d a ry  C a v ity  N u c lé a tio n  [6]

In  ano the r v ie w  is tha t g ra in  b oundary slid ing  is responsib le fo r  b o th  nuc léa tion  

and continued  g ro w th  o f  cavities. W ith  the  rate o f  slid ing  was c o n tro lle d  by the  ra te  o f  

gra ins d e fo rm a tion , w h ich  is described fo r  the  dependence o f  the  ru p tu re  life  on creep 

rate. H o w e v e r, there  are m any theo ries  w h ich  are based on  the  concept tha t, the 

cavities have reached a c ritica l size, g ro w th  can occur by absorb tion  o f  vacancies fro m

surround ing  g ra in  boundaries.
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2.4 Fatigue

2.4.1 E la v a te d  T e m p e ra tu re  F atigu e

In  using m eta ls at h igh tem perature , w hen  the re  is increasing o r decreasing o f  

load fo r  som etim es as cyclic  load. T h is  w il l  m ake fa tig ue  in  m etals. T e m p era tu re  has 

high effec t to  fa tig ue  s treng th  o f  metals. W hen  tem perature  increases, fa tig ue  life  w il l  

decreases.
I

2 .4 .2  F atig u e  o f  S u p e ra llo y s  (11

There  are m any fa ilu re s  o f  eng ineering s truc tu re  as a resu lt o f  cyc lic  loads o r 

fa tigue. Fa tigue  frac tu res m ay be classified w h ic h  depend on frac tu re  path as lo w  

tem peratures frac tu res w h ic h  are n o rm a lly  characterized by transg ranu la r in it ia t io n  and 

p ropagation , and as h igh tem peratures frac tu res  are p red om inan tly  in te rg ranu la r. T he  

tra n s itio n  fro m  lo w  to  h igh tem perature  b ehav io r is a fu n c tio n  o f  tem perature , stra in  

ra te , a llo y  type, and a steady o r  mean com ponent o f  stress.

2 .4 .3  C h a ra c te r is tic s  o f  fa tig u e  at lo w  te m p e ra tu re s  [11

T h e  lo w  tem p era tu re  fa tig ue  fra c tu re  process can be devided in to  fo u r  stages

1. P lanar slip o f  he terogeneous na tu re  produces persistant slip bands at free  

surfaces. These slip bands are n o rm a lly  on  slip planes o f  h ighest reso lved  shear 

stresses, and develop to  be m icrocracks.

2. L in k in g  o f  m icroc racks w h ic h  propagate a long slip planes to w a rd  the  in te r io r  

o f  the  specimen, leads to  fo rm a tio n  o f  a m acrocrack.
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3. M acroc rack propagates s lo w ly  a long a noncrys ta llog rap h ic  plane w h ich  is 

usua lly  norm a l to  the  d irec tion  o f  the  m a x im um  princ ipa l stress.

4. C rack propagates rap id ly , fo llo w in g  a tta inm en t o f  the  c ritica l length fo r  the 

m a te ria l, g eom etry , and test cond itions.

P re c ip ita tio n  hardening can im p ro ve  fa tig ue  p roperties under these cond itions  

w h ich  are u n ifo rm  and stable d ispersion o f  a second phase w h ich  increase stain 

hardening capacity and tend to  disperse slip. A t elevated tem peratures fo r  

p rec ip ita tion -streng thened  supera lloys, the  strengthening  phases are ne ithe r u n ifo rm  

no r stable w h ich  reduced fa tig u e -to -s ta tic -s tre n g th  ra tios. In  some a lloys  have 

tendency fo r  denuded zone fo rm a tio n  near g ra in  boundaries and tendency in some 

a lloys  fo r  stra in -induced  so lu tio n in g  o f  precip ita tes, d e fo rm a tion  bands develop  in 

these p rec ip ita te -free  areas and lead to  p rem ature  m icroc rack ing  and fa tig ue  fa ilu re .

2 .4 .4  C h a ra c te r is tic s  o f  F a tig u e  a t H igh T e m p e ra tu re s  HI

Fatigue at elevated tem p eratures show s m any characteristics o f  creep rup tu re . 

G ra in  boundary slid ing  is im p o rta n t fo r  ove ra ll de fo rm ation . Fa tig ue  frac tu res  in it ia te  

as g ra in -b ound ary  vo ids and wedge cracks as in  static  frac tu re . A t increasing 

tem peratures, c rys ta llog rap h ic  slip is m o re  hom ogeneous and slip-band cracking  is 

suppressed in  fa v o u r o f  in te rg ra n u la r frac tu re . In  general h igh tem p era tu re  fa tig ue  m ay 

be tho u g h t o f  as a cyclic  c reep -rup tu re  process. T he  com b ina tion  e ffects o f  e levated 

tem perature  fa tig ue  and creep damages m ay be represented by the  sum o f  the  plastic 

stra ins produced in  each.
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There  is also a tra n s itio n  stage betw een lo w  and high tem perature  behav io r that 

frac tu re  in itia tes  in te rg ra n u la rly  but propagates p r im a rily  transg ranu la rly  w h ich  results 

fro m  com b ina tion  effects, inc lud ing  increased stress in te ns ity  and stra in ra te  at the tip  

o f  the enlarged crack, and increased resistance to  d e fo rm ation  as the  crack fro n t m oves 

aw ay fro m  the surface.

2 .4 .5  T he  B eh av io r o f  S u p e ra llo y s  in T h e rm a l F atigue  (1|

Therm a l fa tig ue  is im p o rta n t e ffec t fo r  considera tion  to  ve ry  high gas tu rb ine  

opera ting  tem peratures fo r  m ax im um  p o w e r and e ffic iency as w e ll as longer 

opera tiona l lives. T he  sequence o f  event consists o f  the fo llo w in g :

1. A  heating cycle d u ring  w h ich  the  com ponent is heated n o n u n ifo rm ly , then 

g iv ing  an increase o f  in te rna l stresses tha t are com pressive in  areas h o tte r than the 

instantaneous mean and tens ile  in  areas c oo le r than  the  mean.

2. A n  e q u ilib rium  period  d u ring  w h ic h  the  com ponent operates at a steady state 

but no t necessary at u n ifo rm  tem perature .

3. A  coo ling  cycle d u ring  w h ich  the  com ponent is n o n u n ifo rm ly  cooled  and 

during  w h ich  those areas th a t w e re  stressed in com pression during  heating are stressed 

in tension and v ic e  v e rs a .

I f  the re  are stresses h igh enough during  the  trans ien t heating and c o o ling  cycle,

and su ffic ien t repeating num ber o f  tim es, then resu lting  in  localized  fracture.
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In  the rm a l fa tig ue  fra c tu re  are also classified as e ith e r lo w  tem p era tu re  o r  h igh 

tem perature , depending on the  fra c tu re  path w h ich  is trang ranu la r on in te rg ranu la r. 

T he  tra n s itio n  fro m  transg ranu la r to  in te rg ra n u la r depending on these fac tors: 

m ax im um  and m in im u m  cycle tem peratures; heating  and c o o ling  rates ( o r  s tra in  ra te  ), 

tem peratures at w h ich  peak cycle stresses o r stra ins are reached, e n v iro n m en t ( 

o x id iz in g  ); ho ld  tim es at steady state stresses, w h ich  resu lts  a creep damage; and the 

a llo y  itse lf,

2.5 Creep-fatigue Interaction and Cyclic Creep in Structural Alloys 
[101

C reep-fa tigue  in te ra c tio n  re la tives  to  cyclic load ing  at h igh tem p era tu re  w h ich  

has tim e-dependent and the rm a l a c tiva ting  process. A  basic m easuring  o f  c reep-fa tigue 

in te reac tion  are devided in  creep and fa tig ue  then com binâtes th e ir  lives. M o s t 

d e fo rm a tion  at e levated tem p era tu re  can occur by b o th  creep and fa tig ue  th a t cause 

damage m ateria ls.

T he  te rm  cyclic  creep, it means a num ber o f  tes ting  cond itions  w h ich  have 

stress c o n tro llin g  w ith  lo w  o r  ve ry  lo w  frequencies. Typ e  o f  load ing  c o nd itions  have 

b o th  tr ia n g u la r and square w ave  load ing  betw een zero  and tensile  stress, o r  betw een a 

tensile  and com pressive stress, o r  betw een tw o  tensile  stress. T h e  resu lts  o f  these tests 

w il l  be com pared w ith  static  creep tests th a t w il l  show  e ith e r cyc lic  creep acce lera tion  

o r  deceleration. T h e  com parison betw een the  cyclic  testing  and static  creep tests w i l l  

measure re la tiv e ly  to  tim e  on load. T h u s  i f  there is no creep-fa tigue in te ra c tio n , the
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specimen w il l  fa il when the  sum o f  the  tim es on -load  is equal to  the  static creep ru p tu re  

life .

F o r load cycling  betw een ze ro  and m ax im um  stress, cyc lic  creep acce lera tion  

w h ich  increases m in im u m  stra in  ra te  and decreases ru p tu re  life , w h ich  based o n -tim e  

on load has been reported  fo r  a num ber o f  steels. D u rin g  the o ff- lo a d  period , the 

hardened m ic ro s tru c tu re  w h ich  occurred  during  the on load period  w il l  recover. Thus 

w hen there is repeating load, p r im a ry  creep in te rva l w il l  occur repeatly u n til w o rk  

hardening can be observed. These repeating  p rim a ry  creep in te rva l during  the in it ia l 

p o rtio n  o f  the on-load  m ake the creep acceleration.

H o w e ve r, it w il l  have cyc lic  s tren then ing  effect such as reports  fro m  p rev ious 

w o rk s  [19,20] w hen it  has a load rang ing  fro m  hours to  m in itues because there  are the 

storage and recovery' o f  an elastic stra in. M in im u m  stra in  ra te  depens on frequency 

because o f  anelastic stra in  storage in te rac ting  w ith  nonrecoverab le creep. T h us  

un load ing  period  decelerates the  ra te  o f  nonrecoverab le  creep. B o th  processes, 

anelastic stra in  storage and recoverab le  creep occur d u ring  on -load  in  series. Thus 

du ring  in it ia l p o rtio n  o f  the  on load  cycle, the  storage o f  anelastic stra in  occurs and it 

w i l l  delay nonrecoverab le  creep th a t w il l  m ake the cyclic  creep deceleration.

F rom  the m any behaviors fo r  these partic le  strengthened system even fo r  the  

sim ple square w ave  load ing  fo rm , it  is d iff ic u lt to  use em p irica l equations such as life

fra c tio n  ru le  to  p red ict lives
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