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The effects  of de format ion- induced  fo rmat ion  of m a r t e n s i t e  have been studied in me ta s t ab l e  
aus teni t ic  s t a in less  s tee ls .  The s tabi l i ty  of the austeni te ,  being the c r i t i ca l  fac tor  in the f o r m a -  
tion of mar t ens i t e ,  was contro l led  p r inc ipa l ly  by vary ing  the amounts  of carbon and manganese .  
The format ion  of m a r t e n s i t e  was a lso  af fec ted  by d i f fe ren t  tes t  and ro l l ing  t e m p e r a t u r e s ,  r o l l -  
ing t ime,  and var ious  reduct ions  in th ickness .  The t e r m s  " s t r e s s - i n d u c e d "  and " s t r a i n - i n -  
d u c e d "  fo rmat ion  of m a r t e n s i t e  a r e  defined. E x p e r i m e n t a l  r e s u l t s  show that low aus teni te  
s tabi l i ty  r e su l t ed  in s t r e s s - i n d u c e d  fo rma t ion  of m a r t e n s i t e ,  high work-harden ing  r a t e s ,  high 
tens i le  s t rengths ,  low "y i e ld  s t r e n g t h s , "  and low elongation values .  When the aus teni te  was 
stable,  p las t ic  deformat ion  was ini t ia ted by sl ip,  and the work-ha rden ing  r a t e  was too low to 
p reven t  ear ly  necking. A spec i f ic  amount  of s t r a in - induced  m a r t e n s i t e  led to an " o p t i m u m "  
work-ha rden ing  ra te ,  r e su l t ing  in high s t reng th  a n d  high ducti l i ty.  For  best  r e s u l t s  p r o c e s s i n g  
should be c a r r i e d  out above M d and tes t ing  between M d and M s .  Mechanical  working above M d 

had a negl ig ible  effect  on the yield s t reng th  between M d and M s when the aus ten i te  s tabi l i ty  was 
low, but i ts effect  i nc rea sed  as the aus teni te  b e c a m e  m o r e  s table .  Se r ra t ions  appeared  in the 
s t r e s s - s t r a i n  curve  when m a r t e n s i t e  was s t r a in  induced. 

U N U S U A L L Y  high s t reng ths  can be impar ted  to many 
s tee l s  through spec ia l  heat  t r e a tmen t s  or by combined 
t he rma l  and mechan ica l  t r ea tmen t s .  Most  u l t rah igh  
s t rength  s t ee l s  undergo an a u s t e n i t e - m a r t e n s i t e  phase  
t r ans fo rmat ion ,  so that at l eas t  a port ion of the i r  
s t rength  is due to a t r ans fo rma t ion  product  of low 
ducti l i ty which often l imi t s  the applicat ion of such 
s tee l s .  

Austeni t ic  s t ee l s  can be s ignif icant ly  s t rengthened  
without a concomitant  phase  t r ans fo rma t ion  through 
heavy working in combinat ion with prec ip i ta t ion  ha rd -  
ening. The low elongation values  obse rved  for these  
s tee l s  during tens i le  tes t ing  a r e  due to a loca l  p las t i c  
instabi l i ty  which occu r s  because  the m a t e r i a l  is un-  
able to work harden at a ra te  high enough to compen-  
sate  for  the s t r e s s  i n c r e a s e  due to the reduct ion in 
c r o s s  sec t iona l  area .  Inc reas ing  the duct i l i ty  in high- 
s t rength  austeni t ic  s t ee l s  thus becomes  a p rob lem of 
inc reas ing  the work-ha rden ing  ra te .  This  can be 
achieved through a de fo rma t ion - induced  phase t r a n s -  
format ion.  B r e s s a n e l l i  and Moskowitz ~ studied the 
combined and individual ef fects  of composi t ion ,  t e s t  
t e m p e r a t u r e ,  and de fo rmat ion  ra te  on the t ens i l e  
p r o p e r t i e s  of type 301 s t a in l e s s  s t ee l  and c l ea r ly  
demons t ra t ed  the benef ic ia l  effect  of a " s p e c i f i c  
amount of m a r t e n s i t e  f o r m a t i o n "  on t ens i l e  e longa-  
tion. In r ecen t  y e a r s  this  de fo rma t ion - induced  f o r m a -  
tion of m a r t e n s i t e  was success fu l ly  u t i l ized  to enhance 
the ducti l i ty of h igh-s t r eng th  me ta s t ab l e  aus teni t ic  
s t a in less  s t ee l s .  2 

When the f r ee  energy d i f f e rence  between m a r t e n s i t e  
and austeni te ,  A F  = F M --  F A ,  r e aches  a c r i t i c a l  neg-  
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ative value, martensite starts forming spontaneously 
on cooling at the M s temperature. Since the marten- 
site transformation is a diffusionless shear transfor- 
mation aided by positive normal stresses, 3'4 it can be 

made to occur at temperatures above M s by deforma- 
tion of the austenife. Above a certain temperature, 
Md, no deformation-induced transformation is pos- 

sible. 
Between the M s and M d temperatures the formation 

of martensite can be induced by elastic 3-5 and/or plas- 

tic 6-14 deformation. Within this temperature interval 
the driving force for the reaction consists of I) the 

free energy difference, AF, between the martensitic 
and austenitic states, and 2) the externally applied 
stress. As the difference between F A and F M in- 
creases with decreasing temperature, lower applied 
stresses are needed to form martensite. At tempera- 
tures near M s the stress required for slip in the aus- 
tenitic matrix exceeds that necessary for the marten- 
sitic transformation. Conversely, as the temperature 
increases toward the M d temperature the stress re- 
quired for martensite formation increases to a level 
above that required for slip in the austenite. 

In analogy to "stress aging" and "strain aging ''Is'I~ 
the author proposes therefore to distinguish between 
' 'stress-induced" and "strain-induced" formation of 
martensite. Martensite is considered to be "stress 
induced" when it forms as a result of elastic stresses 
from an external load (i. e., below the actual yield 
strength of the austenite). The condition for stress- 
induced formation of martensite is therefore aA --M 

< (~yieldA" Martensite is "strain induced" when slip 
in the austenite precedes its formation. Strain-induced 

martensite, thus, forms only when cr A ~ M ~ ayieldA" 
The rate of martensite formation upon straining a 

metastable austenitic steel depends on the stability of 
the austenite. For a given deformation temperature 
the austenite stability is a function of the alloy content 
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and t he  t h e r m o m e c h a n i c a l  h i s t o r y .  T h e  a d d i t i o n  of a l -  
m o s t  any  e l e m e n t ,  w i th  the  p o s s i b l e  e x c e p t i o n  of c o b a l t ,  
i n c r e a s e s  t he  a u s t e n i t e  s t a b i l i t y  wi th  r e s p e c t  to  the  
f o r m a t i o n  of m a r t e n s i t e  e i t h e r  s p o n t a n e o u s l y  o r  by 
d e f o r m a t i o n  (i. e . ,  s u p p r e s s e s  the  M s and  M d t e m p e r -  
a t u r e s ,  i n d e p e n d e n t  of w h e t h e r  o r  no t  t he  added  e l e -  
m e n t  h a s  an fcc  l a t t i c e  s t r u c t u r e ) .  A u s t e n i t e  of a g i v e n  
c o m p o s i t i o n  can  be  f u r t h e r  s t a b i l i z e d  by  m e c h a n i c a l  
a n d / o r  t h e r m a l  t r e a t m e n t s .  L a r g e  a m o u n t s  of d e f o r -  
m a t i o n  of the  a u s t e n i t e  i n c r e a s e  i t s  d i s l o c a t i o n  d e n s i t y  
and  t h u s  m a k e  the  c o o p e r a t i v e  m o v e m e n t  of a t o m s  
d u r i n g  f o r m a t i o n  of m a r t e n s i t e  m o r e  d i f f i c u l t .  M o r e -  
o v e r ,  t he  v o l u m e  of t h e  m a r t e n s i t e  i s  l a r g e r  ( a p p r o x i -  
m a t e l y  4 pet )  t han  t h a t  of the  a u s t e n i t e  f r o m  w h i c h  i t  
f o r m s .  4 T h i s  v o l u m e  i n c r e a s e  m u s t  b e  a c c o m m o d a t e d  
by the  g e n e r a t i o n  and  m o t i o n  of d i s l o c a t i o n s  in  the  a u s -  
t e n i t e .  A h i g h  d i s l o c a t i o n  d e n s i t y  in t he  a u s t e n i t e  
m a k e s  t h i s  m o r e  d i f f i cu l t .  T h e r m a l  t r e a t m e n t s  a l l ow  
i n t e r s t i t i a l  a t o m s  to l o c k  m o b i l e  d i s l o c a t i o n s  and  t h u s  
i n c r e a s e  t he  a u s t e n i t e  s t a b i l i t y  f o r  t he  s a m e  r e a s o n .  
P r i o r  t r a n s f o r m a t i o n  h a s  an  e f f e c t  s i m i l a r  to p l a s t i c  
d e f o r m a t i o n  on the  a u s t e n i t e  s t a b i l i t y .  If a s t e e l  i s  
p a r t i a l l y  t r a n s f o r m e d  to m a r t e n s i t e ,  t he  r e m a i n i n g  
a u s t e n i t e  i s  m o r e  d i f f i c u l t  to  t r a n s f o r m  and  t h i s  s t a -  
b i l i t y  of the  a u s t e n i t e  i s  i n c r e a s e d  e v e n  m o r e  by ag ing .  

T h e  a u s t e n i t e  s t a b i l i t y  i s  l o w e r e d  c h e m i c a l l y  w h e n  
t h e r m o m e c h a n i c a l  t r e a t m e n t s  l e a d  to e x t e n s i v e  p r e -  
c i p i t a t i o n  of a l loy  c a r b i d e s .  17 T h e  a u s t e n i t e  m a t r i x  
b e c o m e s  d e p l e t e d  of c a r b o n  and  a l l o y i n g  e l e m e n t s  and  
t he  M s a n d  M d t e m p e r a t u r e s  i n c r e a s e .  S m a l l  a m o u n t s  
of p l a s t i c  d e f o r m a t i o n  t end  to p r o m o t e  t he  f o r m a t i o n  
of m a r t e n s i t e  in f e r r o u s  a l l o y s  w i th  a low s t a c k i n g  
fault energy. ~8 Several investigators I~'~s'19 have sug- 
gested that strain-induced stacking faults may play a 
role in the nucleation of the martensite, but local 
stress concentrations are generally believed to be the 
primary martensite nucleation sites. 

This investigation was conducted to determine the 
conditions for an optimum balance of high strength 
and ductility when martensite is forming during the 
test. Since the austenite stability plays an all-impor- 
tant role, alloys with varying manganese and carbon 
contents were processed and tested at different tem- 
peratures and reduced from 20 to 80 pct in thickness. 

EXPERIMENTAL PROCEDURE 

Alloy Preparation 

The alloys listed in Table I were prepared by induc- 
tion melting commercially pure (99.9 pct) elements 
in an argon atmosphere. The resulting 20-1b. ingots 
were homogenized for three days at I050~ forged at 
II00~ to break up the cast structure, and then re- 
duced by rolling at 450~ This was followed by an 
austenitizing treatment of I hr at 1200~ in a helium 
atmosphere. 

Table II lists the thermomechanical treatments ap- 
plied to the as-austenitized alloys. The samples were 
reheated to the rolling temperature between passes. 

Specimen Preparation and Testing 

Tensile specimens with a gage length of I in. and a 
width of 0.125 in. were ground from 0.050 in. sheet. 
Tensile tests were conducted at four different temper- 

Table I. Composition of Steels Examined 

Composition*, wt pct 

Heat Number Cr Ni Mn C 

692-9 9.0 8.0 (7.6) 1.0 0.2 (0.21) 
692-7 9.0 8.0 1.0 0.3 (0.29) 
6811o15 9.0(10.1) 8.0(7.6) 1.0 0.4(0.43) 
689-18 9.0 (10.3) 8.0 1.0 0.5 (0.53) 

6811-14 9.0 (10.1) 8.0 (7.6) 2.0 0.0 (0.01) 
6811-13 9.0(10.1) 8.0(7.6) 2.0(2.2) 0.1 (0.17) 
6811-12 9.0 (10.7) 8.0 (7.7) 2.0 0.2 (0.28) 
689-15 9.0 (9.8) 8.0 2.0 0.3 (0.32) 
689-16 9.0 (10.2) 8.0 2.0 0.4 (0.35) 
686-21 9.0 (9.2) 8.0 (7.8) 2.0 (2.3) 0.5 (0.51) 

692-8 9.0 8.0 3.0 0.2 (0.25) 
6812-11 9.0 (10.1) 8.0 (7.7) 3.0 0.3 (0.34) 
692-6 9.0 8.0 3.0 (3.4) 0.4 (0.42) 
686-22 9.0 8.0 (7.8) 3.0 (3.2) 0.5 (0.52) 

689.19 9.0 (10.0) 8.0 4.0 0.5 (0.51) 

*Actual values are given in parentheses for carbon and for the other elements 
when deviation from intended value was greater than • wt pet. 

Table II. Thermomechanical Treatments Applied to the As.Austenitized Alloys 

Reduction in Thickness, Pct Rolling Temperature, ~ 

20 450 
40 450 
60 450 
80 450 
80 250 
80 100 
80 24 

atures using an Instron Testing Machine at a cross- 
head speed of 0.04 in. per min. Tests were performed 
at room temperatur'e in air, at 100~ in boiling dis- 
tilled water, at- 78~ in dry ice and ethanol, and at 
- 196~ in a liquid nitrogen bath. 

E X P E R I M E N T A L  R E S U L T S  AND DISCUSSION 

Only  a few of the  m a n y  s t r e s s - s t r a i n  c u r v e s  o b -  
t a i n e d  a r e  p r e s e n t e d  in t h i s  p a p e r .  T h e y  show the  
t y p i c a l  f e a t u r e s  a s s o c i a t e d  w i t h  s t r e s s -  and  s t r a i n -  
i n d u c e d  f o r m a t i o n  of m a r t e n s i t e  d u r i n g  a t e n s i l e  t e s t  
a s  a f u n c t i o n  of t he  v a r i a b l e s  i n v e s t i g a t e d .  

W h e n e v e r  a w e l l - d e f i n e d  y i e l d  p o i n t  was  o b s e r v e d ,  
t he  u p p e r  y i e l d  p o i n t  w a s  t a k e n  as  t h e  y i e l d  c r i t e r i o n ;  
o t h e r w i s e ,  the  0.2 p c t  o f f s e t  y i e l d  s t r e n g t h  w a s  u s e d .  

S t r e s s -  and  s t r a i n - i n d u c e d  m a r t e n s i t e  w e r e  d i s -  
t i n g u i s h e d  on the  b a s i s  of y i e l d  s t r e n g t h .  When  the  
y i e l d  s t r e n g t h  a t  r o o m  t e m p e r a t u r e  w a s  l e s s  t h a n  a t  
100~ i t  w a s  c o n c l u d e d  t h a t  s t r e s s - i n d u c e d  f o r m a t i o n  
of m a r t e n s i t e  i n i t i a t e d  p l a s t i c  d e f o r m a t i o n  a t  r o o m  
t e m p e r a t u r e .  T h e  s a m e  r e a s o n i n g  a p p l i e d  to r e s u l t s  
o b t a i n e d  a t  l o w e r  t e m p e r a t u r e s .  Q u o t a t i o n  m a r k s  a r e  
u s e d  to d i s t i n g u i s h  b e t w e e n  t h e  o n s e t  of p l a s t i c  d e -  
f o r m a t i o n  due  to the  f o r m a t i o n  of m a r t e n s i t e  ( " y i e l d -  
i n g , "  " y i e l d  s t r e n g t h " )  and  t he  c o n v e n t i o n a l  y i e l d i n g  
(y ie ld  s t r e n g t h )  in t he  a b s e n c e  of a p h a s e  t r a n s f o r m a -  
t ion .  

Whenever the formation of martensite is stress in- 
duced, slip in the austenite is a consequence of the 
formation of martensite. Strain-induced formation of 
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Fig. 1--Optical photomicrograph of the microstructure of Al- 
loy 689-15 after 80 pet reduction in thickness at room tem- 
perature showing deformation markings in an austenitic grain 
that is surrounded by deformation-induced martensite. Elec- 
tropolished (90 pct/10 pet aeetic/perchloric acid solution at 
0~ and 20 V) and etched (5 g cupric chloride, 100 ml hydro- 
chloric acid, 100 ml methyl alcohol, and 100 ml distilled 
water).  

martensite, on the other hand, is itself a consequence 
of slip in the austenite. 

Fig. 1 shows deformation markings in an austenitic 
grain surrounded by martensite. Since that sample 
was fully austenitic at room temperature after cool- 
ing from 1200~ both the martensite and the deforma- 
tion markings were due to the deformation process at 
room temperature. As a matter of fact, formation of 
martensite and slip in the austenite compete with one 
another as modes of deformation. 17 This competition 
is revealed in serrations in the s t ress-s t ra in  curves 
when the martensite is strain induced. While the 
strain-induced martensite forms intermittently re -  
sulting in bursts of transformation (serrations), 
stress-induced martensite does not cause any se r ra -  
tions in the s t ress -s t ra in  curves; it forms so readily 
that externally applied s t resses  are sufficient to sus- 
tain the phase transformation. Fig. 2 shows the sur-  
face relief of stress-induced martensite. 

Effect of Alloying Elements 

Manganese and carbon were chosen as compositional 
variables because relatively small additions of these 
elements lower the M s and M d temperatures sig- 
nificantly. ~,8'17'2~ 

Fig. 2--Optical  photomicrograph  of s t r e s s - i n d u ced  m a r t e n -  
s i te  r evea led  by its sur face  rel ief .  Direct ion of applied 
s t r e s s  is indicated by a r rows .  (Alloy 6811-15 af te r  80 pct 
reduct ion in th ickness  at 250~ Elec t ropol ished (90 pet /10 
pct a c e t i c / p e r c h l o r i c  acid solution at  0~ and 20 V). 

o 

o 

300 

200 

iO0 

9 Cr ,8  Ni,X Mn,O.3C,BAL. Fe 

80 %,  450~ 
ROOM TEMPERATURE TESTS 

0 t0 20 30 40 
STRAIN (%) 

Fig. 3--Effect  of va ry ing  manganese  contents on r o o m - t e m -  
pe ra tu re  engineer ing  s t r e s s - s t r a i n  curves  of 0.3 pet C alloys 
a f t e r  80 pet reduction in th ickness  at  450~ Crosshead  speed: 
0.04 in. per  min. 

F ig .  3 s h o w s  t h e  r o o m - t e m p e r a t u r e  e n g i n e e r i n g  
s t r e s s - s t r a i n  c u r v e s  of the  0.3 p c t  C a l l o y s  c o n t a i n i n g  
1, 2, and  3 p c t  Mn.  T h e  r o o m - t e m p e r a t u r e  t e n s i l e  
d a t a  a r e  c o m p a r e d  wi th  t h o s e  o b t a i n e d  a t  100~ in  
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Table III. Tensile Properties* of  0.3% C Steels t w i th  Varying Manganese Contents 

Manganese Reduction o 
Alloy Content, in Thickness, Temperature, C Strength, psi Elongation, 

Number pet pet Rolling Test Yield Tensile pet 

X 103 X 103 
24 150 289 16.0 692-7 1 80 450 

100 206 212 3.0 

24 166 255 21.5 689-15 2 80 450 
100 176 182 0.5 

24 206 219 35.0 6812-11 3 80 450 
100 195 201 3.0 

*Crosshead speed: 0.04 in. per min. Tested in air at 24~ in distilled water at 
100~ 

?Nominal composition, pct: 9 Cr, 8 Ni, x Mn, y C, bal Fe. 
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9 Cr, 8 Ni,X Mn,O.4 C,BAL. Fe 
80%,450~ 

ROOM TEMPERATURE TESTS 
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STRAIN (%) 

Fig. 4--Effect of varying manganese contents on room-tem- 
perature engineering stress-strain curves of 0.4 pet C alloys 
after 80 pet reduction in thickness at 450~ Crosshead speed: 
0.04 in. per rain. 

Table  III. The "y ie ld  s t r e n g t h s "  of the 1 and 2 pet Mn 
al loys were 56,000 and 10,000 psi  lower at room t em-  
p e r a t u r e  than at 100~ indicat ing that s t r e s s - i n d u c e d  
format ion  of m a r t e n s i t e  ini t ia ted p las t ic  deformat ion  
at room t empera tu re  in these two al loys.  Slip in the 
aus ten i te  was r e spons ib le  for the onset  of p las t ic  de-  
fo rmat ion  in the alloy with 3 pct Mn. Inc reas ing  the 
manganese  content r e su l t ed  in a m o r e  stable aus teni te ,  
and thus in higher yield s t rength  and elongation values  
and lower work-harden ing  ra tes  and tens i le  s t rengths .  
The same effects were  observed for 0.4 pct C al loys ,  
Figs .  4 and 5, except that the higher carbon content  i t -  
self  led to a higher in i t ia l  aus ten i te  s tabi l i ty,  which in 
tu rn  reduced the di f ference in yie ld  s t rength between 
the 100~ and r o o m - t e m p e r a t u r e t e s t s  of the 1 and 2 
pet Mn al loys to 33,000 and 3000 psi ,  respec t ive ly ,  
Table  IV. While p las t ic  deformat ion  in these two a l -  
loys began as a r e su l t  of s t r e s s - i n d u c e d  format ion of 
m a r t e n s i t e ,  yielding occur red  by sl ip in the aus teni te  
in the m o r e  s table  3 pct Mn alloy. As in the 0.3 pct C 
al loys,  i nc reas ing  the manganese  content  i nc reased  the 
yield s t rengths  and lowered the work-harden ing  r a t e s  
and tens i le  s t rengths .  The elongation, however,  f i r s t  

0 0 
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180 ~ ~ l  

t60 
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9Cr,8Ni 4C,BAL. Fe 
80 %,450~ 

ROOM TEMPE "URE TESTS 

YIELD S ~  260280 

240 

220 
3 

E STRENGTH 

3 
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Fig. 5--Effect of increasing manganese content (increasing 
austenite stability) on room-temperature yield strength and 
tensile strength, respectively. 

Table IV. Tensile Properties* of 0.4% C Steels t with Varying Manganese Contents 

Manganese Reduction o 
Alloy Content, in Thickness, Temperature, C Strength, psi Elongation, 

Number pet pct Rolling Test pet Yield Tensile 

X 103 X 103 

24 177 293 25.0 
6811-15 1 80 450 100 210 217 2.0 

24 197 251 26.0 
689-16 2 80 450 

100 200 202 0.5 

24 223 225 11.0 
692-16 3 80 450 

100 217 225 1.5 

�9 . o 

*Crosshead speed: 0.04 in. per min. Tested m air at 24 C, in distilled water at 
100~ 

tNominal composition, pet: 9 Cr, 8 Ni, x Mn, y C, bal Fe. 

increased and then dropped off rapidly with increasing 
austenite stability, Fig. 6. Apparently not enough mar- 
tensite formed in the 3 pet Mn alloy to prevent necking 
at larger strains. The 3 pct Mn-0.3 pet C alloy dis- 
played a work-hardening rate that was near the opti- 
mum (for maximum elongation), whereas that observed 
for the 3 pet Mn-0.4 pet C alloy was obviously below 
the optimum rate, Fig. 6. Any further increase in aus- 
tenite stability (e.g., through higher alloy content) 
would result in even lower work-hardening rates and 
elongation values. The stress-strain curves in Fig. 7 
show that a 3 pet Mn-0.5 pct C alloy had indeed a 
lower elongation value than the alloys with less car- 
bon, and that the work-hardening rates increased with 
decreasing carbon content (decreasing austenite sta- 
bility). The elongation values increased because more 
martensite formed upon straining, and thus prevented 
early necking. As soon as the work-hardening rate 
exceeded its optimum value, the elongation values de- 
creased again, Fig. 8, since the ultimate tensile 
strength and the fracture strength of the respective 
alloys were reached more rapidly (i. e., at less 
strain). The stress-strain curve of the 0.2 pet C alloy 
in Fig. 7 shows this very clearly. The lower austenite 
stability of this alloy is further documented by the 
lower "yield point." "Yielding" began as a result of 
stress-induced formation of martensite while the al- 
loys with higher carbon contents yielded by slip in the 
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Fig. 6--Effect of increasing manganese content on room-tem- 
perature elongation values in alloys with different carbon 
contents (different austenite stabilities). 
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Fig. 7--Effect of varying carbon contents on room-tempera- 
ture engineering stress-strain curves of 3 pct Mn alloys after 
80 pet reduction in thickness at 450~ Crosshead speed: 0.04 
in. per min. 

austenite. The initial mode of plastic deformation also 
seems to affect the appearance of the yield points. 
Slip apparently resulted in a larger difference between 
upper and lower yield points than did formation of mar-  
tensite. 

The increase in yield strength with increasing car-  
bon content, Fig. 7, for the higher carbon alloys was 
not related to the austenite stability. The austenite 
was stable enough for yielding to occur by slip, but it 
was due to the different carbon content and its effect 
on strengthening mechanisms (such as precipitation 
and solid-solution hardening) during processing at 
450~ 

The s t r e s s - s t r a i n  c u r v e s  in Fig. 7 and other  data  
obtained during this inves t iga t ion  s t rongly  sugges t  
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Fig. 8--Effect of increasing carbon content (increasing aus- 
tenite stability) on the room-temperature elongation values of 
3 pct Mn alloys. 

that m ax im um  elongation cannot be obtained whenever  
the aus teni te  s tabi l i ty  is such that ini t ial  p las t ic  de -  
fo rmat ion  is  due to s t r e s s - i n d u c e d  format ion  of m a r -  
tens i te .  Work-ha rden ing  r a t e s  wi l l  always be higher  
than the opt imum in such a case .  Thus, the condition 
se t  forth for  s t r a in - induced  format ion  of m a r t e n s i t e  
mus t  be me t  in o r d e r  to obtain an optimum w o r k - h a r d -  
ening ra te .  

The s t rong  effect  of aus teni te  s tabi l i ty  on mechan ica l  
p r o p e r t i e s  and its suscept ib i l i ty  to compos i t iona l  
changes is under l ined  by the fact  that d i f fe rences  in 
carbon content  of only 0.1 pct could cause changes in 
elongation by a fac to r  of m o r e  than 3 at s t r e s s  l eve l s  
above 200,000 psi .  Another  va r i ab le  that affects  the 
aus teni te  s tabi l i ty  s t rongly is the tes t  t empera tu re .  

Ef fec t  of Tes t  T e m p e r a t u r e  

Tes t  t e m p e r a t u r e s  ranged f r o m  - 196 ~ to 100~ and 
thus al lowed a comple te  study of the effects  of the aus-  
teni te  s tabi l i ty  on t ens i l e  p r o p e r t i e s .  Since the M d 
t e m p e r a t u r e s  of m o s t  of the a l loys  were  below 100~ 
no phase  t r ans fo rma t ion  could be induced at that t e m -  
p e r a t u r e .  This  was r e f l ec t ed  in the mechan ica l  p rop-  
e r t i e s .  The work-ha rden ing  r a t e  of the ansteni te  was 
too low to p reven t  fa i lu re  at the s i te  of incipient  neck-  
ing. The low duct i l i ty  obtained for  mos t  al loys in l iq -  
uid n i t rogen t e s t s  was due to the m a r t e n s i t e  that 
f o rmed  spontaneously on cool ing to -196~ (M s 
> -196~ The elongation t e s t - t e m p e r a t u r e  curve  in 
Fig.  9 shows how the duct i l i ty  can be opt imized  when 
tes t s  a r e  c a r r i e d  out between these  two e x t r e m e s  
(i. e., between M s and Md). It a l so  indicates  the ap- 
p r o x i m a t e  t e m p e r a t u r e  (close to M d) where  the r a t e  
of fo rmat ion  of m a r t e n s i t e  led to an opt imum work-  
hardening r a t e ,  and thus to m ax im um  elongation. 

Fig.  10 shows the var ia t ion  of "y ie ld  s t r e n g t h "  with 
tes t  t e m p e r a t u r e  for a r e l a t i v e l y  unstable  alloy. 
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Stress-induced formation of martensite was respon- 
sible for the decrease in "yield strength" as the test 
temperature was lowered. Spontaneous formation of 
martensite on cooling to -196~ effectively strength- 
ened the remaining austenite. This explains why the 
"yield strength" at- 196~ is higher than at-78~ 

The stress-strain curves in Fig. II are represen- 
tative of alloys with different austenite stabilities. 
Three cases are described. The work-hardening 
rates at room temperatures are I) higher, Fig. ll(a), 
2) approximately at, Fig. ll(c), and 3) lower, Fig. 
ll(e), than the optimum work-hardening rate. In the 
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first case, more martensite formed than was re- 
quired to prevent necking, and in the last case, a 4 pct 
Mn alloy was tested to ensure that no martensite 
formed at all. The much lower austenite stability at 
-78~ as compared to room temperature is reflected 
in the stress-strain curves of Figs. ll(b), (d), and 
(f). The work-hardening rates were drastically in- 
creased, thus lowering elongation for the alloys that 
had work-hardeningrates at or above the optimum at 
room temperature, and increasing it for the alloy 
whose work-hardening rate was below the optimum at 
24~ The 4 pct Mn alloy, Figs. Ii(e) and (f), demon- 
strated impressively the effect of test temperature on 
the austenite stability, and thus on the mechanical 
properties. The stability of the austenite is also af- 
fected by the various processing variables. 
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Fig. ll--Comparison of effects of different test temperatures 
(24 ~ and -78~ on the shape of the engineering stress-strain 
curves of alloys with different austenite stabilities. Cross- 
head speed: 0.04 in. per rain. 
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Fig. 12--Effect of different rolling tempera tures  (different 
austenite stabilities) on the room- tempera ture  engineering 
s t r e s s - s t r a in  curves.  

E f f e c t s  of P r o c e s s i n g  V a r i a b l e s  

Depend ing  on the s t ab i l i t y  of the  a u s t e n i t e ,  f o r m a -  
t ion of m a r t e n s i t e  could  be  o b s e r v e d :  1) on coo l ing  
f r o m  the a n s t e n i t i z i n g  t e m p e r a t u r e  (1200~ to r o o m  
t e m p e r a t u r e  (M s > R T ) ,  2) d u r i n g  r o t t i n g  at  r o o m  
t e m p e r a t u r e  (M d ~ R T) ,  3) d u r i n g  coo l ing  to t e s t  t e m -  
p e r a t u r e s  be low r o o m  t e m p e r a t u r e ,  and f ina l ly  4) d u r -  
ing the  t e n s i l e  t e s t  i t s e l f .  

R o l l i n g  T e m p e r a t u r e  

The  r o l l i n g  t e m p e r a t u r e  a f f ec t ed  the p r e t e s t  a u s -  
t en i t e  s t ab i l i ty  in two ways :  1) c h e m i c a l l y  by the  p r e -  
c i p i t a t i on  p r o c e s s  at h i g h e r  r o l l i n g  t e m p e r a t u r e ,  and 
2) m e c h a n i c a l l y  by the  f o r m a t i o n  of m a r t e n s i t e  d u r i n g  
r o t t i n g  at  l o w e r  t e m p e r a t u r e s  (i. e . ,  the  r e t a i n e d  a u s -  
t en i t e  b e c a m e  m o r e  s t ab le ) .  

This effect of rolling temperature is illustrated in 
Fig. 12, which shows room-temperature stress-strain 
curves after 80 pct reduction in thickness at 24 ~ 100 ~ 
250 ~ and 450~ respectively. Formation of marten- 
site during rolling at room temperature resulted in 
high yield strength and low ductility. The specimens 
rolled at higher temperatures were fully austenitic 
before the test, and "yielding" was initiated by stress- 
induced formation of martensite. Table V lists the 
room-temperature and 100~ tensile properties, and 
it can be seen that the difference in "yield strength" 
between room temperature and 100~ tests increased 
with increasing rolling temperature. Higher temper- 
atures led to increased precipitation, and thus to a 
lower austenite stability. Yield strengths, work-hard- 
ening rates, and tensile strengths reflected the marked 
effect of the rolling temperature on the austenite sta- 
bility, Fig. 12. 

Amount of Reduction During Rolling 
and Rolling Time 

Rolling above the M d temperature hardly affected 
the yield strength between M d and M s when "yielding" 

METALLURGICAL TRANSACTIONS 

Table V. Tensile Properties* of Alloy 6811-151" 

Reduction 
in Thickness, Temperature, ~ _ Strength, psi Elongation, 

pct Rolling Test Yield Tensile pct 

X I03 X 103 

24 289 0.5 80 24 
100 2815 0.0 
24 226 251 23.5 

80 100 100 2275 0.0 

80 250 24 203 286 26.0 
100 233 236 2.0 
24 177 293 25.0 80 450 100 214 217 2.0 

*Crosshead speed: 0.04 in. per min. Tested in air at 24~ in distilled water at 
100~ 

tNominal composition, pct: 9 Cr, 8 Ni, 1 Mn, 0.4 C, bal Fe. 
~:Fracture strength. 
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Fig. 13--Effect of prior  deformation at 450~ (>/~td) on the 
room- tempera tu re  (< 1V/d) yield strength of alloys with high 
(0.5 pct C) and low (0.1 pct C) austenite stabilit ies.  

began  as  a r e s u l t  of s t r e s s - i n d u c e d  f o r m a t i o n  of m a r -  
t e n s i t e .  The  y i e l d - s t r e n g t h  v e r s u s  r e d u c t i o n - i n - t h i c k -  
n e s s  c u r v e s  in F ig .  13 show tha t  the e f f e c t  of p r i o r  
co ld  w o r k  on the y i e ld  s t r e n g t h  i n c r e a s e d  with  i n c r e a s -  
ing c a r b o n  con ten t  (h ighe r  a n s t e n i t e  s t ab i l i ty ) .  

The  p r i o r  d e f o r m a t i o n  a t  450~ a f f ec t ed  the a u s t e n i t e  
s t ab i l i t y  in s e v e r a l  ways .  L a r g e  r e d u c t i o n s  in t h i c k -  
n e s s  tend  to s t a b i l i z e  the  a u s t e n i t e  m e c h a n i c a l l y  wh i l e  
c o n c u r r e n t  p r e c i p i t a t i o n  p r o c e s s e s  d e c r e a s e  the a u s -  
t en i t e  s t a b i l i t y  c h e m i c a l l y .  M o r e o v e r ,  l a r g e r  amoun t s  
of p l a s t i c  d e f o r m a t i o n  at  450~ g e n e r a l l y  p r o v i d e  m o r e  
n u c l e a t i o n  s i t e s  fo r  c a r b i d e  p r e c i p i t a t e s  and p o s s i b l y  
enhance  d i f fus ion .  S ince  m o r e  t i m e  was r e q u i r e d  fo r  
l a r g e  r e d u c t i o n s  in t h i c k n e s s ,  the  a m o u n t  of p r e c i p i t a -  
t ion i n c r e a s e d  and the a u s t e n i t e  thus  b e c a m e  l e s s  s t a -  
b le  c h e m i c a l l y  the l a r g e r  the r e d u c t i o n  in t h i c k n e s s  at  
450~ The  s t r e s s - s t r a i n  c u r v e s  in Fig .  14 show that  
the " y i e l d  s t r e n g t h "  of a s p e c i m e n  with 80 pc t  r e d u c -  
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Fig. 14--Effect of varying reductions in thickness (and rolling 
times) at 450~ on the room-temperature engineering s t ress-  
strain curves of a relatively unstable alloy. Crosshead speed: 
0.04 in. per rain. 

lion in th ickness  was ac tual ly  lower  than that of a 
spec imen  of the same al loy with only 60 pct  p r i o r  de -  
format ion .  This was p r e sumab ly  due to addit ional  
p rec ip i t a t ion  in the spec imen  with 80 pct  reduct ion  
s ince  it took twice as much t ime  (60 vs 30 min) to 
reduce  a spec imen  8 0 p c t  as was r e q u i r e d  for a 60 pct  
reduct ion  in th ickness  at 450~ The s t r e s s - s t r a i n  
cu rves  in Fig.  15 show that the aus ten i te  s tabi l i ty  is  
d e c r e a s e d  as a r e su l t  of longer  ro l l ing  t imes  in a 
m o r e  s table  alloy as well .  The elongation values  de-  
c r e a s e d  with inc reas ing  amounts  of p r i o r  deformat ion  
for s p e c i m e n s  held for  the s a m e  length of t ime  at 
450~ (20, 40, and 60 pct  reduc t ion  in th ickness) .  The 
spec imen  with 80 pct  reduc t ion  in th ickness  at 450~ 
was dynamica l ly  " s t r a i n  a g e d "  for  a longer  t ime,  and 
the aus teni te  thus b e c a m e  l e s s  s table.  This  lower  
aus teni te  s tabi l i ty  r e su l t ed  in a h igher  elongation 
value than in the spec imen  with 60 pct  p r i o r  d e f o r m a -  
tion. 

To s epa ra t e  the effect  of t i m e  f rom that of p las t ic  
de format ion  on the aus teni te  s tabi l i ty ,  spec imens  with 
60 pct  reduct ion at 450~ ( rol l ing t ime  40 min) w e r e  
t es ted  at room t e m p e r a t u r e  in the a s - r o l l e d  condition 
and a f te r  an addit ional  aging t r e a t m e n t  of 80 min at 
450~ The s t r e s s - s t r a i n  c u r v e s  in Fig. 16 show how 
the d e c r e a s e d  austeni te  s tabi l i ty  of the t empe red  spec-  
imen r e su l t ed  in an i n c r e a s e d  work-ha rden ing  ra te ,  a 
h igher  tens i le  s t rength  (260,000 vs 240,000 psi),  and a 
lower  elongation value (11 vs 16 pct). The m i c r o s t r u c -  
t u r e s  of the un tempered  and the t e m p e r e d  spec imens ,  
as shown in Figs .  17(a) and (b),  c l e a r l y  r e v e a l  addi- 
t ional  p rec ip i ta t ion  due to pro longed  aging at the r o l l -  
ing t empe ra tu r e .  It is a s s u m e d  that the s t rengthening 
effect  of the p rec ip i t a t e s  in the par t ly  t r a n s f o r m e d  
spec imen  ( M  s > room t e m p e r a t u r e ;  2 pct  Mn-0.1 pct 
C) and, poss ib ly ,  fu r the r  t r a n s f o r m a t i o n  to m a r t e n s i t e  
on cooling f rom 450~ to r o o m  t e m p e r a t u r e  caused the 
t e m p e r e d  spec imen,  in spi te  of its lower  austeni te  s t a -  
bi l i ty,  to ' a ] i e l d "  at the s a m e  s t r e s s  as the un tempered  
spec imen.  
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Fig. 15--Effect of varying reductions in thickness (and rolling 
times) at 450~ on the room-temperature engineering s t ress-  
strain curves of a relatively stable alloy. Crosshead speed: 
0.04 in. per rain. 
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Fig. 16--Effect of annealing (80 min at 450~ on the room- 
temperature engineering s t ress-s t ra in  curve of a partially 
transformed (Ms > RT)  alloy (Alloy 6811-13). Crosshead 
speed: 0.04 in. per min. 

SUMMARY AND CONCLUSIONS 

The de fo rma t ion - induced  fo rma t ion  of m a r t e n s i t e  in 
m e t a s t a b l e  aus teni t ic  s t a in l e s s  s t ee l s  has been s tudied 
as a function of manganese  and carbon contents ,  t e s t  
t e m p e r a t u r e ,  and t h e r m o m e c h a n i c a l  t r ea tmen t .  Condi-  
t ions under  which the duct i l i ty  of h igh - s t r eng th  s t e e l s  
could be improved  w e r e  of p r i m a r y  in t e re s t .  T h e p r i n -  
cipal  r e s u l t s  and conclusions  can be s u m m a r i z e d  as 
fol lows:  

1) The aus teni te  s tabi l i ty  con t ro l l ed  the m e c h a n -  
ical  p r o p e r t i e s  invest igated.  Var ia t ions  in m a n g a n e s e  
and carbon content  and changes in t e s t  and p r o c e s s i n g  
t e m p e r a t u r e s  and the amount of reduct ion  in th ickness  
s t rongly  affected the stabil i ty of the aus ten i te .  

M E T A L L U R G I C A L  T R A N S A C T I O N S  



Fig. 17--Optical photomicrograph of the microstructure of 
Alloy 6811-13 after60 pet reduction in thickness at 450~ 
(rolling time: 40 rain). (a) Untempered; (b) tempered (80 
rain at 450~ Electropolished (90 pct/10 pct acetic/per- 
chloric acid solution at 0~ and 20 V) and etched (5 g cupric 
chloride, i00 ml hydrochloric acid, 100 ml methyl alcohol, 
and 100 ml distilled water). 

2) At t empe ra tu r e s  between M s and M d the m a r -  
t ens i t i c  t r ans fo rmat ion  can be " s t r e s s "  and /o r  
" s t r a i n  induced."  When the s t r e s s  nece s sa ry  for 
m a r t e n s i t e  format ion was lower than that r equ i red  for 
sl ip in the austeni te ,  the t r ans fo rma t ion  was regarded  
as " s t r e s s  induced"  (or A ~ M  < ayieldA)" When slip in 
the aus teni te  preceded the format ion of mar t ens i t e ,  
the t r ans fo rma t ion  was cons idered  " s t r a i n  induced"  
(aA ~ M ~ CryieldA). 

3) LOW austeni te  s tabi l i ty  r e su l t ed  in low "yie ld  
s t r eng th"  and elongation values,  high tens i le  s t rengths ,  
and work-harden ing  ra tes .  With inc reas ing  aus teni te  
s tabi l i ty ,  "yie ld  s t r e n g t h "  and elongation values in-  
c reased  and tens i le  s t rengths  and work-hardening  
r a t e s  decreased.  

4) The work-ha rden ing  ra te  of s table  aus teni te  was 
found to be inadequate to delay necking at high s t r e s s  
levels .  

5) The effect of i nc reas ing  amounts  of p r io r  de-  
format ion  (above M d) on the yield s t rength (between 
M d and M s) was la rge  when the s t r e s s  requi red  for 
m a r t e n s i t e  format ion exceeded the yield s t rength  of 
the austeni te .  The effect was, however,  negl igible  
when the austeni te  s tabi l i ty  was low and the m a r t e n -  
si te  s t r e s s  induced. 

6) When s t r e s s - i n d u c e d  format ion  of m a r t e n s i t e  

ini t ia ted plas t ic  deformat ion,  the work-harden ing  ra te  
of me tas t ab le  austeni te  was always higher than the 
opt imum work hardening ra te  assoc ia ted  with maxi -  
mum elongation. The combinat ion of high s t rength  and 
high ducti l i ty can, therefore ,  only be obtained at t em-  
p e r a t u r e s  close to (but below) the M d t e m p e r a t u r e  
(i. e., when slip in the aus teni te  in i t ia tes  plas t ic  de- 
format ion  and the format ion of m a r t e n s i t e  is s t ra in  
induced). 

7) Se r ra t ions  in the s t r e s s - s t r a i n  curves  were 
caused by s t r a in - induced  format ion  of mar t ens i t e .  
Slip in the austeni te  and format ion  of m a r t e n s i t e  were 
rega rded  as competing modes of p las t ic  deformation.  
No s e r r a t i o n s  occur red  when the m a r t e n s i t e  was 
s t r e s s  induced. 

8) Whenever  the format ion  of m a r t e n s i t e  is s t r e s s  
induced, s l ip in the aus teni te  is  a consequence of the 
format ion  of mar t ens i t e .  S t ra in - induced  format ion of 
ma r t e ns i t e ,  on the other hand, is i tself  a consequence 
of s l ip in the austeni te .  

9) Tes t  t empera tu re s  above M d (no phase t r a n s -  
formation)  and below M s (untempered  p re t e s t  m a r t e n -  
site) led to low elongation values .  

10) Rolling at t e m p e r a t u r e s  below M d (formation of 
mar tens i t e )  resul ted  in " m e c h a n i c a l "  s tabi l iza t ion of 
the r e ma i n i ng  austeni te .  Working at t e m p e r a t u r e s  
above M d provided a less  s table  aus teni te  because  of 
prec ip i ta t ion .  The aus teni te  s tabi l i ty  also dec reased  
with inc reas ing  (roiling) t imes  at 450~ 

11) The austeni te  s tabi l i ty  has been shown to be 
s ignif icant ly  affected by sma l l  va r i a t ions  in compos i -  
tion and the rmomechan ica l  t r ea tmen t .  It also changes 
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d r a s t i c a l l y  w i t h i n  a r e l a t i v e l y  n a r r o w  t e m p e r a t u r e  
r a n g e .  F o r  t h e s e  r e a s o n s  a p p l i c a b i l i t y  of  s u c h  m e t a -  
s t a b l e  a u s t e n i t t c  s t a i n l e s s  s t e e l s  i s  s e v e r e l y  l i m i t e d  
s i n c e  b o t h  s t r e n g t h  a n d  d u c t i l i t y  v a r y  w i t h  t h e  a u s -  

t e n i t e  s t a b i l i t y .  A p p l i c a t i o n  w i t h i n  a s m a l l  t e m p e r a -  
t u r e  r a n g e  m a y  b e  p o s s i b l e  o n l y  w h e n  s t r i n g e n t  c o m -  
p o s i t i o n  a n d  p r o c e s s i n g  r e q u i r e m e n t s  a r e  m e t .  

A C K N O W L E D G M E N T  

T h e  a u t h o r  w i s h e s  to  e x p r e s s  h i s  a p p r e c i a t i o n  to  
P r o f s .  V i c t o r  F .  Z a c k a y  a n d  E a r l  R .  P a r k e r  of  t h e  

D e p a r t m e n t  o f  M a t e r i a l s  S c i e n c e  a n d  E n g i n e e r i n g ,  
U n i v e r s i t y  o f  C a l i f o r n i a ,  B e r k e l e y ,  f o r  t h e i r  s u p p o r t  

a n d  e n c o u r a g e m e n t  d u r i n g  t h e  c o u r s e  o f  t h i s  i n v e s t i -  
g a t i o n .  T h e  a u t h o r  i s  a l s o  v e r y  g r a t e f u l  t o  R .  W .  C a r -  
p e n t e r  a n d  D.  G. H a r m a n  o f  t h e  M e t a l s  a n d  C e r a m i c s  
D i v i s i o n ,  O a k  R i d g e  N a t i o n a l  L a b o r a t o r y ,  f o r  t h e i r  
h e l p f u l  c o m m e n t s  m a d e  on  r e v i e w i n g  t h i s  p a p e r .  

T h e  r e s e a r c h  w a s  p e r f o r m e d  in  t h e  I n o r g a n i c  M a -  
t e r i a l s  R e s e a r c h  D i v i s i o n  o f  t h e  L a w r e n c e  R a d i a t i o n  
L a b o r a t o r y ,  B e r k e l e y ,  a n d  w a s  s u p p o r t e d  by  t h e  U.  S. 
A t o m i c  E n e r g y  C o m m i s s i o n .  

T h e  m a n u s c r i p t  w a s  p r e p a r e d  by  t h e  M e t a l s  a n d  
C e r a m i c s  D i v i s i o n  R e p o r t s  O f f i c e  a n d  t h e  i l l u s t r a t i o n s  
b y  t h e  G r a p h i c  A r t s  D e p a r t m e n t ,  O a k  R i d g e  N a t i o n a l  
L a b o r a t o r y .  
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