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T r a n s f o r m a t i o n  of aus teni te  dur ing  cycl ic  loading was studied in AISI 301 and 304 al loys 
whose s tab i l i ty  was adjusted by heat t r e a t m e n t  and t e m p e r a t u r e  changes.  Fat igue life was 
de t e rmined  under  cont ro l led  s t r a i n  ampli tude t e n s i o n - c o m p r e s s i o n  condit ions.  The amount  
of t r a n s f o r m a t i o n  to or' (bcc) m a r t e n s i t e  was cont inuously  indicated magne t i ca l ly  dur ing  
tes t ing ,  and the ~ '  and E (hcp) phases  were  observed  me ta l log raph ica l ly  at fa i lure .  It was 
found in room t e m p e r a t u r e  t e s t ing  that at s t r a i n  ampl i tudes  in excess  of 0.4 pct the for -  
mat ion  of a ~ (bcc) m a r t e n s i t e  was d e t r i m e n t a l  to the fatigue life.  At 200~ (366 K) the fa-  
t igue l ife of an uns tab le  al loy was inc reased ,  while in a comple te ly  s table  aus ten i t i c  al loy 
(20Cr, 6Ni, 9Mn), the l ife at 200~ (366 K) was l e s s  than that at room t e m p e r a t u r e  for the 
same  cycl ic  s t r a i n  ampli tude.  The di f fer ing effect of t e m p e r a t u r e  on life of these  two 
types of al loy is a t t r ibuted  to the a l t e ra t ion  of the aus teni te  s tacking fault energy  and the 
re l a t ive  f ree  ene rg ie s  of the c~' (bcc), E (hcp) and ~ (fcc) phases  in the uns table  al loys.  It 
has been observed  that within the s tandard  composi t ion  ranges  of the two 300 s e r i e s  s t a in -  
l e s s  s teel  g rades  there  can be marked  d i f fe rences  in the degree  of t r a n s f o r m a t i o n  r e s u l t -  
ing f rom cycl ic  loading. This has the impl ica t ion  that for fatigue appl ica t ions  modif ica-  
t ions in the spec i f ica t ions  for the d i f ferent  grades  of s t a in l e s s  would be advantageous.  

S E V E R A L  of the aus ten i t i c  s t a in l e s s  s tee l s  a re  m e t a -  
s table  at room t e m p e r a t u r e  and undergo m a r t e n s i t i c  
t r a n s f o r m a t i o n s  as a fo rm of p las t ic  deformat ion .  The 
fo rmat ion  of m a r t e n s i t e s  i n c r e a s e s  the work h a r d e n -  
ing ra te ,  r e su l t i ng  in high u l t imate  s t r e s s  leve ls  with 
good uni form elongation.  1 For  monotonic t ens i l e  t es t s  
on s t a in l e s s  s tee l s  the s t r e s s - i n d u c e d  m a r t e n s i t i c  
t r a n s f o r m a t i o n s  have been  desc r ibed  on macroscop ic  
(Refs. 1 thru  5) and mic roscop ic  (Refs. 6 thru 9) l eve ls .  
Only r ecen t ly  have inves t iga to rs  begin to explore  the 
fatigue of uns table  aus teni te ,  both in r ega rd  to c rack  
propagat ion r a t e s  ~o- ~z and fatigue life.  13,14 

Though the re  is some con t rove r sy  over  the sequence 
of format ion ,  it  is  well  e s tab l i shed  that an hcp (~) and 
a bee (or') m a r t e n s i t e  may  form e i ther  on cooling or  
upon s t r e s s i n g . I I n  genera l ,  as  the solute  content  o r  
the t e m p e r a t u r e  i n c r e a s e s  the aus ten i te  becomes  
more  s table .  Breedis  and Kaudman Is have ca lcula ted  
re la t ive  f ree  ene rg i e s  of the phases  in the F e - C r - N i  
sys tem,  and o thers  have de t e rmined  emp i r i c a l  r e l a -  
t ions  for the M~ 6 and M~ t e m p e r a t u r e s .  Not only the 
in i t ia t ion  of the t r a n s f o r m a t i o n  upon cooling or  under  
s t r e s s  is  impor tan t ,  but also the course  of t r a n s f o r -  
mat ion  dur ing  s t r a i n i n g  wil l  affect the mechanica l  be -  
havior. l~ F u r t h e r m o r e ,  the local ized t r a n s f o r m a t i o n  
is  impor t an t  in d e t e r m i n i n g  mechan ica l  behavior  13' 18 
and not m e r e l y  the average  amount  at a given s t r e s s  
or  s t r a in .  Never the less ,  for  p r ac t i ca l  purposes  it is 
helpful to quantify r e l a t ionsh ips  between macroscop ic  
m e a s u r e m e n t s  and fat igue behavior .  

In low cycle fatigue it is f requent ly  observed  that  
when the total s t r a i n  ampl i tude  per  cycle,  AE, is held 
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constant ,  the fat igue l ife can be e m p i r i c a l l y  re la ted ,  
and expressed  s imply ,  in t e r m s  of e las t ic  s t r a i n  a m -  
pli tude,  A%, and the p las t ic  s t r a i n  ampli tude,  AEp, 
dur ing  a cycle,  t~'z~ A log- log plot of the cycl ic  total  
s t r a i n  ampl i tude  v s  the n u m b e r  of s t r e s s  r e v e r s a l s ,  
2 N f , *  in which fa i lu re  is produced at that ampl i tude 

*Instead of the number of cycles to failure, Nf, the number of stress reversals, 
2Nf, is frequently used. In a monotonic test the material fails at one fourth cycle 
or one stress reversal. 

is a curve  which can be analyzed into the sum of two 
s t ra igh t  l ines .  At high ampl i tudes  the life is d e t e r -  
mined a lmos t  en t i r e ly  by the amount  of p las t ic  de for -  
mat ion  per  cycle,  whereas  at low ampl i tudes  there  is 
v e r y  l i t t le  macroscop ic  p las t ic  deformat ion  per  cycle,  
and the e las t ic  s t r a in  (or s t r e s s )  is  the cont ro l l ing  
factor .  

Thus 

[(~f ~ ( 2 N f )  -b  + e~f(2Nf) - c  AC = AC e + Acp = \ E / 

where E is the Young's modulus.  
In many m a t e r i a l s  the e m p i r i c a l  p a r a m e t e r s  cr~ and 

e~ a re  the t rue  f r ac tu r e  s t r e s s ,  ~f and the t rue  f r ac -  
tu re  duct i l i ty ,  ef  r e spec t ive ly ,  as de t e rmined  in a 
monotonic  t ens i l e  test .  2~ Somet imes  the exponents  b 
and c can be expressed  s imply  in t e r m s  of the cycl ic  
s t r a i n  harden ing  exlx)nent. 21 

The p r e se n t  expe r imen ta l  p r o g r a m  examines  the ef-  
fect  of phase t r a n s f o r m a t i o n  on fatigue life and con-  
v e r s e l y  the effect of cyclic  loading on the phase t r a n s -  
fo rmat ions .  T e n s i o n - c o m p r e s s i o n ,  total  s t r a i n - c o n -  
t ro l led  fatigue tes ts  were  made on three  di f ferent  aus -  
teni t ic  s t a in l e s s  s t ee l s  having di f ferent  t r a n s f o r m a -  
t ion behavior .  The aus ten i te  s tab i l i ty  of each s teel  
was a l t e red  by t es t ing  at e levated t e m p e r a t u r e s  ap-  
proaching  the M D t e m p e r a t u r e  and by us ing  di f ferent  
annea l ing  t r e a t m e n t s  to cont ro l  aus ten i te  composi t ion.  
A magnet ic  technique was used dur ing  cycl ing to mon i -  
to r  the format ion  of c~' m a r t e n s i t e ,  while l ight  and 
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electron microscopy yielded further information about 
the transformation products and fracture  characterist ics.  

EXPERIMENTAL PROCEDURE 

Commerci~I heats of AISI type 301 and type 304 au~ 
stenitic stainless steels and Armco 21-6-9" were stud- 

*This matedat, now kno~-a as Nitron~c 40, was donated by the Armco Steel 
Corporation. 

led. The 300-series  alloys were selected because they 
are  among the most unstable, that is, the most suscep- 
tible to martensite formation, of the austenRic stain- 
less steels.  The 21-6-9 atloy was chosen because of 
its stability. The chemical composition of each mate-  
r ial  is given in Table L The 301 and 304 specimens 
had a uniform diameter section 0.30 in. (7.62 mm) Iong 
with a diameter of 0.13 in. (3.30 ram), while the 2 t -6 -9  
specimens had a 0.25 in. (6.35 ram) diam. They were 
annealed in a vacuum of tess than 10 -~ Torr  (0.13 Pc) 
for 30 rain, either at 2000~ (1366 K) o r  1750~ 
(1227 K). Those specimens annealed at the higher t em-  
perature were oil quenched, while the others were fur-  
nace cooted [3 h from 1750~ (1227 K) to less than 400~ 
(477 K)]. In the slowly cooled specimens, precipitation 
of chromium carbide reduced the carbon and chromium 

, , , , , , _ . _  : :  , , , , , v  - - - � 8 4  : . . . . . . .  , , , ,  . ,,,,,,,,,,, 

Table I, Chemical Composition of Alloys, Wt Pet 

Element 301 304 21-6-9 

C 0,107 0.062 O.007 
Cr 17.31 t &30 20.04 
Nt 7.37 8.64 6.67 
Mn t ,90 055 8.73 
P 0.035 0.022 &O| 7 
S 0.02,r 0.015 0,0t6 
Si 0A2 0.47 0A9 
Me 0,48 0. t 0 - 
Cu 0,28 0.06 - 
N ~ - 0.3i 
Ti ~ - 0.014 
Fe Ba|ance Balance Balance 

concentration in the austenite, rendering it more un- 
stable than in the oil quenched condition. No marten-  
sitic product was observed magnetically or micro-  
scopically at room temperature,  even in specimens 
which had been cooled to 77 K prior  to measurement.  
After heat t reatment all samples were electropolished 
and then heated at 392~ (473 K) to remove hydrogen, 
Monotonic tensile propert ies  of the AISI steels in these 
conditions are  given in Table II. 

Fatigue tests were performed in air  at room tem- 
perature,  200~ (366 K) and 240~ (389 K) using an 
MTS electrohydraulic closed-loop system. A fusible 
metal gripping arrangement was used to insure good 
alignment, no grip back-lash, and minima/c lamping 
s t resses f l  ~ Specimens were f i rs t  threaded into the 
load celt and then into a steel plug around which the 
fusible alloy was allowed to solidify. I~ngitudinal 
s t rain over a 0,2 in. (5.1 mm) gage tength was mea-  
sured with a clip-on extensometer and controlled at 
various levels f rom a: 0,3 pet to ~ 3.0 pet. Tests were 
conducted using a triangular wave form and cyclic 
frequencies between 0.1 and 1.0 Hz (strain rate of the 
order  of 0.5/rain). For  the elevated temperature tes ts  
a small furnace surrounded the specimen and extens- 
omelet .  At various times during the life of the speci-  
men the s t ress - s t ra in  hysteresis  loop was plotted, 

A measure  of the amount of BCC martensite was 
obtained using a commercial  " fe r r i te  detec tor"  sen- 
sitive to changes in magnetic permeability. Lineal 
analysis of metallographic specimens taken after cy- 
clic loading and measurements  on compacted powder 
mixtures of known composition were used to calibrate 
the instrument in te rms  of the absolute quantity of 
magnetic phase under no-load conditions. The output 
voltage of the fe r t i le  detector could be readily s tan-  
dardized using a known specimen and was very  r ep ro -  
ducible and stable. Relative changes corresponding to 
a fraction of a volume percent  could be easily r e -  
corded. The t ransducer  was mounted within the gage 
length of the specimen and its output was recorded as 
a function of s t r e ss  or  s train during cycling. 

After fatigue failure the f racture  surfaces  were ex-  
amined with a scanning electron microscope,  Speci- 

Table IL Monotoni~ Tensile Properties, Annealed 1750~F (1227 K), Furnace Cooled 
(Data in parentheses are for material oil que~(ched from 2000~ F (1366 K) 

Type 301 0 Type 304 

Test temperate)re, ~ (K) 72~ 200~F 240~ 7~. F 200~ 240~ 
(295 K) (366 K) (389 IQ (295 K) (366 K) (389 K) 

0.2 Pet os yeild strength (MPa) (262) (24D 
276 255 234 262 221 214 

True fracture streng~, of(btPa) (2144) (2165) 
2199 2213 2192 2386 1800 1910 

Reduction in area, pet (68) (79) 
67 75 71 69 84 79 

Tree fracture ductility, ef (I. 15) ( 1,55) 
LtO t,39 1.24 1,12 t-85 t.55 

Strain hardening exponent (approximate) 0.07 0.07 &07 0A t 0.07 0,06 

Magnetic pha~ at f~acture, pet 50 2.7 1.5 65 3.9 t-4 

Rockwell B, hardness 

. . . . . .  u u  , J , , ,  .... , , , ,  
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mens  f r o m  the gage length  we re  a l so  p r e p a r e d  fo r  op -  
t i c a l  and t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y .  Sec t ion-  
ing was  done with a slow speed  d iamond saw, and a f t e r  
ca re fu l  g r ind ing  the s p e c i m e n s  we re  e l e c t r o p o l i s h e d  
to r e m o v e  a l l  t r a c e s  of t r a n s f o r m a t i o n  dur ing  p r e p a -  
r a t ion  of the s u r f a c e s  o r  fo i l s .  E l e c t r o p o l i s h i n g  and 
thinning we re  done us ing a twenty p a r t s  g l ac ia l  ace t i c  
ac id ,  ten p a r t s  p e r c h l o r i c  ac id ,  one p a r t  wa te r  e l e c -  
t r o l y t e  at  8 vo l t s .  E l e c t r o e t c h i n g  was done in a 10 pct  
oxa l i c  ac id  so lu t ion  at  8 vo l t s .  

RESULTS 

Mechanica l  Tes t ing  

F ig .  I for  type 301 s t e e l  is  r e p r e s e n t a t i v e  of the 
s t r a i n - l i f e  da t a  for  a l l  m a t e r i a l s  t e s t ed .  The to ta l  
s t r a i n  was  ana lyzed  into the p l a s t i c  s t r a i n  ampl i tude ,  
a e p ,  which i s  half  the width of the  h y s t e r e s i s  loop at  
z e r o  s t r e s s ,  and  the e l a s t i c  s t r a i n  ampl i tude ,  AEe, 
which i s  the m a x i m u m  s t r e s s  d iv ided  by Young's  m o d -  
ulus .  F o r  a l l  the  m a t e r i a l s  and t e m p e r a t u r e s  the  l o g a -  
r i t h m  of t h e s e  s t r a i n  amp l i t udes  v a r i e d  l i n e a r l y  with 
the  l o g a r i t h m  of the number  of r e v e r s a l s  to cause  
f a i l u r e .  The p a r a m e t e r s  in Eq. [1], which thus s u c -  
c inc t ly  d e s c r i b e s  the data ,  a r e  given in Table  III. 
They were  obta ined  by a l e a s t  s q u a r e s  fi t  of the da ta  
poin ts .  

Typ ica l  p lo ts  of s t r e s s  v s  s t r a i n  a r e  shown for • 1.5 
pc t  and • 0.5 pc t  cyc l i c  s t r a i n  in the lower  p a r t  of 
F ig .  2 and 3, r e s p e c t i v e l y ,  at  v a r i o u s  t i m e s  throughout  
the l i fe  of type  301 s t e e l  s p e c i m e n s .  Genera l ly ,  a l l  the 
m a t e r i a l s  c y c l i c a l l y  h a r d e n e d  throughout  t he i r  l i fe  ex-  
cep t  at  low s t r a i n  amp l i t udes  (~>0.5 pct) ,  whe re  s l igh t  
sof tening  o c c u r r e d .  In F igs .  2 and 3 the change in 
magne t i c  r e s p o n s e  is  a l so  shown as  a function of 
s t r a i n .  At the  l e f t -hand  s ide  of Fig .  2 the output of 
the  d e t e c t o r  is  r e c o r d e d  s t a r t i n g  f rom the in i t ia t ion  
of the t e s t .  As the load  i n c r e a s e d  in the  f i r s t  ha l f -  
cyc le ,  so a l so  did  the ind ica t ed  amount  of t r a n s f o r m a -  
t ion.  This  i s  in a c c o r d  with expec ta t ions .  Af ter  s e v -  
e r a l  load ing  c y c l e s  a h y s t e r e s i s  loop deve loped .  These  
h y s t e r e s i s  loops  a r e  shown in F igs .  2 and 3 with the 

o r ig in  of the p lo t s  s u p e r i m p o s e d  on the o r ig in  of the 
s t r e s s - s t r a i n  loops ,  denoted by a c r o s s .  It wi l l  be 
shown l a t e r  that  a s  the s t r e s s  o r  s t r a i n  changes  two 
f a c t o r s  may  con t r ibu te  to the ind ica ted  p e r m e a b i l i t y  
change:  1) change in p e r m e a b i l i t y  of ex i s t ing  f e r r o -  
magne t i c  phase  (magne tomechan i ca l  effect)  and 2) 
change in p e r c e n t  of f e r r o m a g n e t i c  phase .  The cen t e r  
of the h y s t e r e s i s  loop (ave rage  va lue  of o rd ina t e  at  
z e r o  s t r a in )  was taken  as  an ind ica t ion  of the amount  
of t r a n s f o r m a t i o n  which o c c u r r e d ,  be c a use  th is  ap -  
p r o x i m a t e s  the condi t ions  under  which the dev ice  was 
c a l i b r a t e d .  It m a y  be seen  that  the ind ica ted  va lue  at  
the c e n t e r  of the h y s t e r e s i s  loops  i n c r e a s e d  with the 
number  of load ing  c yc l e s .  This  t r e n d  throughout  the 
l i f e  of the s p e c i m e n  i s  shown in Fig .  4 for  a s t r a i n  
amp l i t ude  of 1.5 pc t  fo r  the 301 and 304 s t e e l s  t e s t ed  
at  the t h r e e  t e m p e r a t u r e s .  Two t r e n d s  m a y  be noted 
f r o m  th is  plot :  f i r s t ,  under  fa t igue  condi t ions  th is  
p a r t i c u l a r  hea t  of 301 s t e e l  t r a n s f o r m e d  l e s s  ex t en -  
s i v e l y  than the 304 m a t e r i a l  at  r o o m  t e m p e r a t u r e ;  
second,  an i n c r e a s e  of t e s t i ng  t e m p e r a t u r e  by roughly  
100 K caused  a s h a r p  d e c r e a s e  in the amount  of bcc  
m a r t e n s i t e  fo rmed .  This  s u g g e s t s  that  the  M D for  
cyc l i c  load ing  i s  somewha t  above 240~ (389 K). 

F u r t h e r  c h a r a c t e r i z a t i o n  of the t r a n s f o r m a t i o n  b e -  
hav io r  is  p r e s e n t e d  in Fig .  5, w h e r e  i t  can be  seen  
that  the amount  of m a r t e n s i t e  at  f r a c t u r e  is  a function 
of the s t r a i n  ampl i tude .  It is  i m p o r t a n t  to note he r e  
that  the magne t i c  m e a s u r e m e n t  was made  on the l a t -  
e r a l  s u r f a c e  of the t e s t  s ec t ion  ad jacen t  to the f r a c -  
t u re  su r f ace ,  and i t  does  not give exac t ly  the amount  
of phase  at  the fa t igue  c r ack .  Gene ra l l y ,  however ,  the 
r e a d i n g  was h igher  n e a r  the  f r a c t u r e  than away f rom 
it,  i nd ica t ing  that  t r a n s f o r m a t i o n  was enhanced in the 
p l a s t i c  zone at  the c r a c k  t ip.  Unfor tunate ly ,  c o m p a -  
r a b l e  m e a s u r e m e n t s  of the  amount  of HCP phase  we re  
not  ob ta ined  dur ing  cycl ing.  

M e ta l l og ra phy  

In the undeformed  condi t ion t h e r e  was  no m e t a l l o -  
g raph ic  ev idence  of m a r t e n s i t i c  t r a n s f o r m a t i o n  of the 
aus ten i t e .  In the  s lowly  cooled 301 and 304 a l loys  c a r -  
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Fig. 1--Strain-life relations for type 301 
stainless steel tested at 72~ (295 K). 
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Table III. Fatigue Parameters Annealed 1750~ (1227 K), Furnace Cooled 
(Data in parentheses are for material oil quenced from 2000~ (1366 K) 

Ae = ~ (~vr)-~ + ~(~vr) -~ 

Type 
2I-6-9 Type 30t Type 304 

Test temperature OF (K) (295 K) (205 K) (366 K) 089 K (295 K) (366 K) (389 K) 

Ductility exponent, c (0378) (0.267) 

0.415 0.359 0.459 0.453 0.314 0.398 0,384 

Ductility coefficient, e~ (0.I 15) (0.036) 
0.376 0.088 0.282 0.267 0.047 0.I 89 0.165 

Strength exponent, b (0.245) (0.088) 
0.229 0.158 0.205 0.214 0.090 0.213 0.153 

Strength coefficient + Young's modulus, u~E (0.0i 5) (0,006) 
0.018 0.010 0.013 0,012 0,006 0.013 0.007 

Approximate volume pct magnetic phase at (8) (40) 
fracture for • pct strain 0 30 6 3 55 8 4 

t 
1.4% MAGNETIC PHASE (Upper loops) 

5OKSI STRESS (Lower loops) 
. ( 5 4 5 M P 0 )  

0.0!  in/in STRAIN 

2N~ 4 4  

Fig ,  2 - - C h a n g e  in h y s t e r e s i s  wi th  n u m b e r  of  r e v e r s a l s  (2N) for  type  301 s t a i n l e s s  s t e e l  f u r n a c e  cooled  f r o m  1750~ (1227 K) 
and  t e s t e d  a t  72~ (295K).  C y c l e d  a t  Ae = i 1.5 pet ,  2 N  = 358. Lower  p o r t i o n - - s t r e s s  v s  s t r a i n  U p p e r  p o r t i o n - - m a g n e t i c  
p h a s e  v s  s t r a i n .  The  c r o s s  d e s i g n a t e s  the  o r i g i n  of  b o ~  s e t s  of  h y s t e r e s i s  loops .  

bide precipitation made the grain boundaries etch 
deeply and caused much pitting within the grain in- 
terior,  in contrast to the oil quenched material  and 
the 21-6-9 alloy, in which carbide precipitation was 
not observed or  expected. No martensi t ic  t ransforma-  
tion product was observed under any condition in the 
21-6-9 alloy. Fig. 6 for type 304 steel serves to illus- 
trate the form and distribution of martensit ic phases 
resulting from cyclic loading of types 301 and 304 
steels. The HCP phase appeared as thin parallel in- 
dividual striations or  packets, occasionally extending 
completely across  grains. When present on more than 

one habit plane these platelets did not interpenetrate, 
a feature which distinguished them from slip lines; 
however, the possibility that some of these platelets 
were deformation twins could not be discounted. The 
frequent parallel ism with annealing twin t races  was 
consistent with their expected {111} habit. The dis-  
tribution of these plates was highly inhomogeneous, 
with dense packets in some grains and none in others. 
There was also occasionally a nommiformity across  
the specimen cross  section, suggesting chemical or 
s t ress  (strain) inhomogeneity. The c~' phase appeared 
in two microstructural ly  distinguishable forms. In the 
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1.4% MAGNETIC PHASE (Upper loops) 

50KSI STRESS (Lower loops) 
1 (345 M P a )  

0.0t in/ in STRAIN 

2N = I00 400  1000 2 0 0 0  3000  4000  5 0 0 0  6 0 0 0  7 0 0 0  8 0 0 0  9 0 0 0  9 6 0 0  

Fig, 3--Change in hysteresis with number of reversals (2N) for type 301 stainless steel furnace cooled from 1750~ (1227 K) 
and tested at 72~ (295K). Cycled at A~ = ~ 0.5 pct, 2N = 9870. Lower portion--stress vs strain. Upper portion--magnetic 
phase v s  strain. The cross designates the origin of bo~ sets of hysteresis loops. 
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absence  of obse rvab le  hcp phase the a '  had an e lon-  
gated blocky shape as at A in Fig. 6. When < phase 
was p re sen t ,  the BCC phase was also formed along the 
c p la te l e t s  giving it  a m o r e  fea thery  or  la thl ike ap-  
pea rance  as at  B in Fig.  6. Slip l ines ,  and p a r t i c u l a r l y  
the i r  i n t e r s ec t i ons ,  were  also favored s i tes  f rom 
which the a '  la ths  grew. 

The opt ical  meta l lograph ic  r e s u l t s  conf i rmed  the 
indica t ions  of the magnet ic  detec t ion method for  the 
a '  m a r t e n s i t e ,  Figs .  4 and 5 and Table II, for the ef-  
fect of aus ten i te  s tabi l i ty .  That is,  at e levated tes t  
t e m p e r a t u r e  or low s t r a i n  ampl i tudes  l e s s  t r a n s f o r m a -  
t ion was observed .  Also, in the quenched spec imens ,  
the aus ten i te  was more  s table  than in the furnace  
cooled ones .  It was diff icul t  to be p r e c i s e  about the 
r e l a t ive  amounts  of ~ '  and c phases  as the aus ten i te  

1200 

Fig. 4--Magnetic phase ~'s number of reversals 
for type 301 and 304 stainless steel furnace 
cooled from 1750~ (1227 K) and tested at the 
temperatures indicated. Cycled at As - • 1.5 
pct. 

composi t ion,  t es t  t e m p e r a t u r e ,  s t r a i n  ampl i tude  and 
n u m b e r  of cycles  was va r i ed .  This  was l a rge ly  due 
to the i n t e r m i x t u r e  of the phases ,  the inhomogeneous 
d i s t r ibu t ion  and the diff icul ty in e s t ima t ing  volume of 
thin p la te le t s .  Genera l ly ,  it appeared  that the lower  
the s t r a i n  ampli tude or higher  the tes t  t e m p e r a t u r e ,  
the l e s s  e phase was p re sen t .  ~Fnus, for example,  at 
• 0.5 pct s t r a i n  ampl i tude  at 240~ (389K) the a had 
the blocky form.  At higher  s t r a i n  ampl i tudes  and 
lower  t e s t  t e m p e r a t u r e s  there  was l i t t le  of the blocky 
form of ~ ' ,  and the aus teni te  was rep laced  by the 
fea thery  mix ture  of a '  and e. The 301 and 304 al loys 
differed only  in the amounts  of the phases  p resen t ,  not 
in the i r  morphology.  At f r a c t u r e  this p a r t i c u l a r  heat  
of 304 s t a in l e s s  tended to have roughly  50 pct more  
t r a n s f o r m a t i o n  to both m a r t e n s i t i c  phases  then the 
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Fig. 5--Magnetic phase at f rac ture  v s  s t ra in  amplitude for 
type 301 and 304 s ta in less  s teel  furnace cooled f rom 1750~ 
(1227 K) and tes ted at the t empe ra tu r e s  indicated. 

Fig. 6--Light micrograph of type 304 stainless steel furnace 
cooled [rom 1750~ (1227 K) and tested at 200~ (366 K). Cy- 
cled at Ar = 1.5 pct, 2Nf = 1031. Magnification 388 times. 
A and B denote different morphologies of ~ '  martensite. 

301 type under  ident ica l  condi t ions  of s t r a i n  ampl i tude  
and t e s t  t e m p e r a t u r e ,  in a g r e e m e n t  with Fig.  5. 

T r a n s m i s s i o n  e l ec t ron  mic rog raphs  in the annealed,  
undeformed condit ion showed no hcp or  bcc mar t e ns i t e .  
In furnace  cooled spec imens  carb ide  pa r t i c l e s  a v e r a g -  
ing 0.3 ~m in d iam were  observed  at g ra in  boundar ies ,  
but there  were  none in the oil quenched spec imens .  In 
spec imens  of 301 deformed once to 1 pct s t r a i n  at 
room t e m p e r a t u r e  a high densi ty  of s tacking faults  
and d i s loca t ions  was observed ,  but there  were  no 
t r a n s f o r m a t i o n  products .  In the same  al loy cycled to 
fa i lu re  at • 1.5 pct s t r a i n  ampli tude (662 cycles)  and 
room t e m p e r a t u r e ,  bands  of E were  p r e s e n t  with ~ '  
a ssoc ia ted  with them. It was diff icult  to c l ea r ly  image  
and get sha rp  d i f f rac t ion  pa t t e rns  f rom these  spec i -  
mens  due to the high dens i ty  of d i s loca t ions ,  s tacking  
faults  and t r a n s f o r m a t i o n  product .  Yet in some a r e a s  
only aus ten i te  was observed  and in other a reas  only 
f e r r i t e  was observed.  The l a t t e r  a r ea s  were  ve ry  p rob-  
ably the blocky a ' .  When not in contact  with e, some 
isola ted ~ '  pa r t i c l e s  had a l en t i cu la r  form. Fig. 7 i l -  
l u s t r a t e s  the r e l a t ionsh ip  between the ~ and lath ~ '  
cons t i tuen ts .  Dark field imaging  using hcp and bcc r e -  
f lec t ions  conf i rmed  that the a '  was growing at and ap-  
pa ren t ly  r ep lac ing  the ~ bands .  After fatigue de fo rma-  
t ion there  was evidence of cel l  fo rmat ion  in the a us t e n -  
ire but no obse rvab le  ex tens ion  of pa r t i a l  d i s loca t ions  
in the cel l  wal ls .  

F r a c t u r e  su r faces  were  examined in the scann ing  
e lec t ron  mic roscope  af ter  fatigue fa i lu re  at room t e m -  
pe ra tu re .  In the uns tab le  a l loys the f r ac tu re  was par t ly  
i n t e r g r a n u l a r ,  Fig.  8, r e g a r d l e s s  of heat  t r ea tmen t .  In 
n e a r l y  al l  spec imens  the region  of fatigue c rack  in i t i a -  
t ion and advance had a fiat ,  b r i t t l e  appearance  (quasi-  

..... _....., , 0.51.t , 

:4 

D ~ 

Fig. 7--Transmission electron micrograph of type 301 stain- 
less steel oil quenched from 2000~ (1366 K) and tested at 
72~ (295K). Cycled at AE = :~1.5 pet, 2Nf = 662. Plane of 
foil is (112)T iL (120)~". 
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Fig. 8--Scanning electron micrograph of type 301 stainless 
stee] furnace cooled from 1750~ (1227 K) and tested at 72~ 
(295K). Cycled at Ae = •  2Nf = 1193. 

cleavage).  In spec imens  tes ted  at 0.5 pct or  lower 
s t r a in  ampli tudes fatigue s t r i a t ions  were  often p resen t  
in this region.  The region of fast ,  overload f rac tu re  
had a typica l  dimpled o r  microvoid  coalescence ap-  
pearance .  

DISCUSSION 

Fatigue Life 

Several  of the p a r a m e t e r s  used to desc r ibe  fatigue 
life,  Table Ill,  a re  anomalous in compar ison with the 
normal  ranges  obtained from stable  engineering mate-  
r i a l s .  The fatigue ducti l i ty exponent, c, tends to be 
cons iderably  l e s s  than one-half,  as  or ig ina l ly  given in 
the Coffin-Manson re la t ion,  or  the range from 0.5 to 
0.7 found for  a va r i e ty  of ma te r i a l s .  2~ In this work, if 
the m a t e r i a l s  a r e  ranked in o rde r  of increas ing  s t a -  
b i l i ty  by noting the amount of ~ ' ,  formed at fa i lure  
under • 1 pct s t ra in  amplitude, one has 304 (295 K), 
30t (295 K), 304 (366 K), 301 (366 K). In this same o r -  
der  the fatigue duct i l i ty  p a r a m e t e r  was found to in-  
c r e a s e  monotonically from ~0.30 to ~0.35 to ~0.40 
to ~0.45. Thus, the indication here  is that unstable 
ma te r i a l  would have a g r ea t e r  amount of plas t ic  s t r a in  
at  long life than the s table  mate r i a l ,  other things be -  
ing equal. Fig. 9, compar ing  301 s ta in less  with s ev -  
e ra l  types of s table  ma t e r i a l s ,  a lso  demonst~-ates this 
t rend.  Unfortunately when one compares  values  for 
the fatigue duct i l i ty  coefficient,  ~ (Table III) with the 
t rue  f rac tu re  ducti l i ty,  ef  (Table II), one observes  
that this  p a r a m e t e r  is  a factor  of five to ten lower in 
fatigue. Stated another way, the p las t ic  s t ra in  vs l i fe  
curves  for the 300 s e r i e s  s tee ls  tes ted  have r e l a t ive ly  
smal l  in tercepts  compared to s table ma te r i a l s ,  for 
which the t rue  f rac tu re  ducti l i ty in a monotonic tens i le  
t e s t  can be used to roughly pred ic t  fatigue behavior,  
according to the Coffin-Manson law. In contrast ,  
Chanani and Antolovich found that the Coffin-Manson 
law was indeed obeyed for  TRIP s tee l s ,  which t r a n s -  
formed during fatigue. ~3 The p a r a m e t e r  b for the 
presen t  ma te r i a l s  va r i ed  f rom roughly 0.09 to 0.25, 

somewhat above values  for  s table  m a t e r i a l s ,  which 
range f rom 0.05 to 0.15. z~ Values of the fatigue 
strength co-eff icient ,  e~, were  genera l ly  somewhat 
above the t rue  f r ac tu re  strength,  crf just  as in the case  
for many other ma te r i a l s .  2~ 

Figs.  10 and 11 summar ize  the effect of t e m p e r a -  
ta re ,  and therefore  austenite s tabi l i ty ,  on the fatigue 
life of type 301 and 304 s tee l s ,  respec t ive ly .  F rom 
both these plots i t  s eems  c lea r  that above a s t ra in  
amplitude of about 0.5 pct, mar tens i t i c  t ransformat ion  
of austenite can dec rease  fatigue life by as much as a 
fac tor  of three or  four, whereas  below 0.5 pct some 
mar tens i t e  formation may be beneficial .  It must  be 
apprecia ted,  of course ,  that the amount of t r ans fo r -  
mation is dependent not only on the t empera tu re  of 
test ing,  but also on the s t ra in  amplitude, so that the 
amount of mar tens i t e  v a r i e s  along each curve.  The 
situation is even more complicated in that the m a c r o -  
scopic measurements  (s train,  s t r e s s ,  magnetization) 
used to cha rac t e r i ze  the tes t s  do not r e f l ec t  the local  
conditions at the c rack  tip. Unfortunately, meta l lo -  
graphic techniques for observing mar tens i t i c  fo rma-  
tion at the c rack  tip cannot be conveniently adapted 
for  use under cycl ic  conditions. Nevertheless ,  it is 
an important  r e su l t  of this  study to indicate that m a r -  
tens i t ic  t ransformat ion  can be an influential factor  in 
determining fatigue behavior ,  e i ther  improving or  de -  
grading the life.  This suggests  that for  fatigue appl i -  
cations the des igner  must take into account the t em-  
pe ra tu re s ,  t empera tu re  cycling, and cyclic s t ra in  or  
s t r e s s  range in o rde r  to opt imize per formance .  Some 
guide to the metas tab i l i ty  of the s tee l  in fatigue is 
provided by the amount of ~ '  at f rac tu re  in a mono- 
tonic tens i le  tes t ;  compare  Tables II and III. It is 
proposed that 1 to 4 pct ~ '  formed in the tens i le  t es t  
may indicate a des i r ab l e  ins tabi l i ty  for low s t ra in  
fatigue. 

Fig.  12 compares  fatigue l ives  of the three  s t ee l s  
at room tempera tu re .  The 21-6-9 alloy is obviously 
super io r  to the AISI al loys at  high s t r a in  ampli tudes.  
Whether this  advantage is due solely to i ts  nont rans-  
formabi l i ty  is  uncertain,  s ince i ts  composit ion is 
r a the r  different  f rom the others .  At any ra te  there  
a re  indications that the more  unstable 304 compos i -  
tion may be super io r  to the 21-6-9 at low s t ra ins .  
Moreover ,  the effect of increas ing  the t empera tu re  
was to move the 301 and 304 curves  to longer l ives ,  
whereas  a few tes ts  in the 21-6-9 alloy at elevated 
t empera tu re s  gave shor t e r  fatigue l ives.  

The de le ter ious  effect of la rge  amounts of ~ '  f o rma-  
tion on fatigue life at  high s t ra in  amplitude is in 
agreement  with the conclusion of Chanani and Antolo- 
vich for  TRIP s teel .  ~3 Yet this finding must be recon-  
ci led with the fact that in TRIP s tee ls  ~~ and unstable 
austenit ic  s t a in less  s tee l s  1~'z2 fatigue c rack  growth 
ra te  in notched specimens  is  lowered as the s teel  is  
made more  unstable.  This apparent  contradict ion in 
the effect of mar tens i te  formation may be found also 
in the c r o s s - o v e r  of the curves  in Figs .  10, 11, and 
12. It is proposed that the explanation l ies  in the dif-  
ference  between crack  propagation in an ~ ' / ~  mat r ix  
and that in an austenit ic  ma t r ix  which t r ans fo rms  at 
the c rack  tip. The fo rmer  is  the case  of our t es t s  at  
high s t r a in  ampli tude;  the l a t t e r  is  more  c h a r a c t e r i s -  
t ic  of our t es t s  at low s t ra in  ampli tudes.  It is not nec -  
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e s s a r y  to r e i t e r a t e  the a rgumen t s  of why crack  tip 
p las t ic i ty  should be b e n e f i c i a l . n  In the prenotched 
spec imens  used in c rack  growth s tudies  there  is not 
a g rea t  amount  of t r a n s f o r m a t i o n  throughout the spec i -  
men as there  is in smooth fatigue spec imens  at high 
s t r a in  ampl i tudes .  Instead,  the t r a n s f o r m a t i o n  is more  
loca l ized  to the c rack  tip, where it  probably  does the 
most  good in r e l i ev ing  the s t r e s s  concen t ra t ion  and 
c rea t ing  favorab le  r e s idua l  s t r e s s  in the plas t ic  
zone. ~2'24 This l a t t e r  effect of t r a n s f o r m a t i o n - i n d u c e d  
p las t i c i ty  is enhanced due to the fact that the 7 - a '  
t r a n s f o r m a t i o n  r e s u l t s  in a volume inc rea se ,  and thus 
r e s idua l  c o m p r e s s i v e  s t r e s s .  F u r t h e r  evidence of this 
is found in our  r e s u l t  that there  is a tendency to develop 
a mean  compres s ive  s t r e s s  in cont ro l led  s t r a in  ampl i -  
tude t e s t s  in which a l a rge  amount  of a '  is formed.  

S t r e s s - induced  r e v e r s a l  of t r a n s f o r m a t i o n  to and 
f rom the magnet ic  a '  phase has not been repor ted  in 
the l i t e r a t u r e  for these al loys.  Because of the t r a n s -  
fo rmat ion  shear  s t r a in  the r e v e r s a l  of t r a n s f o r m a t i o n  
under  load could cont r ibute  an impor t an t  means  of 
p las t ic  accommodat ion  at the c rack  tip. It is a pos s i -  
ble source  of the obse rved  la rge  p las t ic  s t r a in  compo-  
nent  obse rved  at low total  s t r a in  ampl i tudes ,  Fig. 9, 
jus t  where  the unstable  m a t e r i a l  has longer  life than 
more  s table  ma te r i a l .  Without fu r the r  in format ion  it 
is difficult  to i n t e rp r e t  the detai ls  of the magnet ic  
h y s t e r e s i s  curves  such as those in Figs.  2 and 3. To 
help in the task of s epa ra t ing  s t r e s s - i n d u c e d  t r a n s -  
fo rmat ion  f rom magne tomeehan ica l  effects n o r m a l -  
ized low carbon  s tee l  and quenched and t empered  al loy 
s tee l  were  cyc l ica l ly  s t r e s sed .  The m e a s u r e d  changes 
in magnet ic  de tec tor  output were  no rma l i zed  by d iv id-  
ing by the average  output. These no rma l i zed  plots,  
Fig.  13, indicate  that in the s t a in l e s s  s tee ls  the vo l -  
ume f rac t ion  of a '  may well  be changing, because  the 
f rac t iona l  change in magnet ic  output is far g rea t e r  
than in the s tee l s  which cannot undergo s t r e s s - i n d u c e d  
t r ans fo rma t ion ,  yet would be expected to show appre -  
c iable  magne tomechan ica l  effects.  Revers ib i l i ty  of the 
t r a n s f o r m a t i o n  s t r a in  could r e p r e s e n t  a l e s s  damaging 
p las t ic  deformat ion  mode than sl ip.  Since the 7 ~ a '  
t r a n s f o r m a t i o n  mechan i sm  is not known, however,  it 
is difficult  to fur ther  amplify  this  suggest ion.  It has 
been p rev ious ly  demons t ra ted ,  however,  that r e v e r s -  

Fig. 12-Comparison of strain-life relations for type 
301, 304, and 21-6-9 stainless steel furnace cooled 
from 1750~ (1227 K) and tested at 72~ (295 K). 

Io 

ible twin boundary  mot ion will  allow f e r r o e l a s t i c  m a -  
t e r i a l s  to undergo mi l l ions  of cycles  at • 5 pct 
s t ra in .  25 

Another poss ib le  benefi t  of the r e l a t i ve ly  la rge  p l a s -  
tic s t r a i n  in the unstable  a l loys is the r e s u l t a n t  m e -  
chanical  energy  d iss ipa t ion ,  as given by the a r ea  of 
the h y s t e r e s i s  loops. Under the cont ro l led  s t r a in  
t e s t s  of this inves t iga t ion  this benef i t  would not be as 
apparen t  as in a r e sona t ing  component .  It has long 
been  recognized  that in some appl icat ions  aus ten i t ic  
al loys a re  at a d isadvantage compared  with f e r r i t i c  
al loys,  which d iss ipa te  v ib ra t iona l  mechan ica l  energy  
through magne tomechan ica l  damping,  e6 T r a n s f o r m a -  
t ion h y s t e r e s i s  could be an a l t e rna te  me c ha n i sm  for 
damping in uns table  " a u s t e n i t i c "  al loys.  

T r a n s f o r m a t i o n  Behavior  

The p r e se n t  meta l lographic  r e su l t s  indicate  that a '  
can form from e i ther  the 7 or E phases ,  and its m o r -  
phology depends on which phase is the pa ren t  phase.  
This f inding for t r a n s f o r m a t i o n  under  fatigue condi-  
t ions is in a g r e e me n t  with that for monotonic  s t r e s s -  
induced t r ans fo rma t ion .  Two a '  morphologies  were  
seen by Lec ro i sey  and Pineau ~ and also by Lagneborg 7 
and Goodchild e t  a l ,  27 who observed  that c r y s t a l l o -  
graphic o r ien ta t ion  with r e spe c t  to the s t r e s s  axis 
was impor tan t  in de t e r mi n i ng  whether  a '  formed with 
or  without the E phase.  Langenborg ' s  model r a t i ona l -  
izes  the nuclea t ion  of a '  at ~ phase but does not ex-  
pla in  the growth, nor  the blocky a '  formed in the ab-  
sence of r We note d i s a g r e e m e n t  with Mangonon and 
Thomas 3 and o thers ,  2s who have concluded that a '  
fo rms  only when E is p resen t .  Yet another  school of 
thought has e fo rming  because  of p r i o r  a '  format ion .  29 
It is l ikely  that all  of these conclus ions ,  though s e e m -  
ingly cont rad ic tory ,  a re  cor i 'ec t .  As Breedis  3~ and 
o thers  ~ have demons t ra ted ,  the morphology is a s e n s i -  
t ive function of composi t ion.  This factor,  along with 
the t e m p e r a t u r e ,  d e t e r m i n e s  the r e l a t ive  f ree  ene rg ies  
of the th ree  phases ,  and also the s tacking fault  energy  
of the aus teni te .  This  l a t t e r  factor  d e t e r m i n e s  i ts  de-  
format ion  behavior  and inf luences  the nuclea t ion  and 
the morphology of the m a r g e n s i t i c  phases .  D i sc r ep -  
ancies  between inves t iga to r s  thus may be a t t r ibu tab le  
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Fig. 13--Exaraples of fractional  change in magnetic r e sponse  
cAM/M) v s  s t ra in  hys t e re s i s .  Cycled at Ae = ~ 1.0 pct  at 72~ 
C295K). C a) Type 301 s ta in less  s teel  furnace cooled f rom 
1750~ C1227 K). C b) Oil quenched and t empered  C600~ 
(590 K) for 1 h)AISI 4340 steel .  (c) Normal ized mild steel .  

to  s l i g h t  d i f f e r e n c e s  in c o m p o s i t i o n  of  n o m i n a l l y  i d e n -  
t i c a l  a l l o y s .  I t  s h o u l d  b e  n o t e d  h e r e  t h a t  the  AISI c o m -  
p o s i t i o n  l i m i t s  f o r  s t a i n l e s s  s t e e l s  a r e  too  b r o a d  to 
a d e q u a t e l y  c h a r a c t e r i z e  t r a n s f o r m a t i o n  b e h a v i o r .  F o r  
e x a m p l e ,  t he  301 s t e e l  u s e d  in t h i s  s t u d y  f o r m e d  l e s s  
~ '  t han  the  304 s t e e l ,  y e t  i t  i s  w i d e l y  b e l i e v e d  t h a t  AISI 
301 is  l e s s  s t a b l e  t han  AISI 304. T h i s  c o n f u s i o n  i s  f u r -  
t h e r  c o m p o u n d e d  by  u n i n t e n t i o n a l  m a t r i x  c o m p o s i t i o n a l  
c h a n g e s  due  to  d i f f e r e n t  h e a t  t r e a t m e n t s  o r  a p p l i c a t i o n  
t e m p e r a t u r e s  w h i c h  a l low p r e c i p i t a t i o n  of c a r b i d e s .  
C a r b u r i z a t i o n  and  d e c a r b u r i z a t i o n  in  s e r v i c e  c a n  a l s o  
s i g n i f i c a n t l y  c h a n g e  the  t r a n s f o r m a b i l i t y .  H y d r o g e n  
p r o d u c e d  by  a q u e o u s  c o r r o s i o n  o r  f r o m  g a s e o u s  e n v i -  
r o n m e n t s  i s  s a i d  to  l o w e r  t h e  FCC s t a c k i n g  fau l t  e n -  
e r g y ,  31 l e a d i n g  to  c h a n g e s  in t r a n s f o r m a t i o n  c h a r a c t e r -  
i s t i c s  t h r o u g h o u t  t he  s e r v i c e  l i f e  of  a c o m p o n e n t .  

The  a m o u n t  of  m a r t e n s i t e  i n c r e a s e s  p r o g r e s s i v e l y  
d u r i n g  the  f a t i g u e  l i f e ,  F ig .  4, so  t h a t  f o r  a g i v e n  s t r a i n  
t h e  a m o u n t  of  ~ '  c an  be  r e l a t e d  to  t h e  n u m b e r  of c y -  
c l e s .  The  e a s e  of d e t e c t i o n  of ~ '  by  m a g n e t i c  m e a n s  
s u g g e s t s  t h a t  n o n d e s t r u c t i v e  e v a l u a t i o n  of f a t i g u e  d a m -  
age  could  be  c o n v e n i e n t l y  done  m a g n e t i c a l l y .  C o m p o -  
n e n t s  cou ld  be  r e m o v e d  f r o m  s e r v i c e  and s c a n n e d  m a g -  
n e t i c a l l y  in o r d e r  to r e v e a l  g e n e r a l  o r  l o c a l i z e d  d a m -  
age .  It i s  no t  u n r e a s o n a b l e  to  e x p e c t  t h a t  the  t e c h n i q u e  
m i g h t  be  d e v e l o p e d  to  r e v e a l  p o t e n t i a l  f a i l u r e  l o c a t i o n s  
e v e n  b e f o r e  c r a c k s  h a v e  f o r m e d .  In f a c t ,  an NDE a d -  
v a n t a g e  cou ld  c o n s t i t u t e  a s u f f i c i e n t  r e a s o n  f o r  d e s i g n -  
ing  wi th  m a t e r i a l  of k n o w n  i n s t a b i l i t y .  

CONC LUSION 

We have shown in this work that the degree of insta- 
bility of austenite is an important factor in determin- 
ing its fatigue behavior, either improving or degrading 
it, depending on the amount of martensite formed and 
the cyclic strain amplitude. Because of the effect of 
steel composition and service conditions on the trans- 
formation, design of stainless steel components which 
are cyclically stressed must be carefully optimized. 
This is of particular importance for subambient tem- 
peratures, which favor transformation. Material for 
critical components should be individually character- 
ized with regard to transformation behavior, since the 
commercially specified alloy designations have com- 
position ranges which are too broad for this purpose. 
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