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Ultrahigh carbon (UHC) s tee ls  have been invest igated for thei r  s t rength and ducti l i ty 
cha r ac t e r i s t i c s  from 600 to 850~ It has been shown that such UHC s tee ls ,  in the carbon 
range 1.3 to 1.9 pct C, a re  superp las t ic  when the mic ros t ruc tu re  consisted of fine 
equiaxed fe r r i t e  or austenite gra ins  (~1 ~zm) s tabi l ized  by fine spheroidized cementi te  
pa r t i c l e s .  The flow s t r e s s - s t r a i n - r a t e  re la t ions  obtained at var ious  t empera tu re s  can 
be quanti tat ively descr ibed  by the additive contributions of grain boundary (superplast ic)  
c reep  and s l ip  (lattice diffusion controlled) c reep .  It is predic ted that superp las t ic  
cha r ac t e r i s t i c s  should be observed at normal  forming ra te s  for the UHC s tee ls  if the 
gra in  s ize can be s tabi l ized at 0.4 ~m. The UHC s tee ls  were found to be read i ly  ro l led  
or forged at high s t r a i n - r a t e s  in the warm and hot range of t empera tu res  even in the 
a s - c a s t ,  coa rse  grained,  condition. 

R E C E N T L Y  a c lass  of ultrahigh carbon s tee ls  (1.3 
to 1.9 pet C), combining superp las t ic  cha rac t e r i s t i c s  
at elevated t empera tu re  with good room tempera tu re  
p roper t i e s ,  was developed. T M The bas i s  of our abil i ty 
to make plain carbon s tee l s  superp las t ic  was the 
at tainment of ultrafine s t ruc tu res  with gra in  s izes  in 
the order  of 0.5 to 5 ~m in s ize  and cementi te  pa r t i c l es  
about 0.1 gm in s ize .  The high volume fract ion of 
cementi te  pa r t i c l es  present  (20 to 35 vol pct) maintains 
the fine gra in  s ize at warm tempera tu re .  Severa l  
t he rma l -mechan ica l  process ing  methods were devel-  
oped to obtain these fine s t ructures . l ,2  Not only should 
such hypereutectoid s tee ls  exhibit superp las t i c i ty  below 
the A~ c r i t i c a l  t empera tu re ,  723~ but they should a lso  
be superp las t ic  above the Ax t empera tu re .  This is 
possible  because the anstenite gra ins  obtained upon 
t rans format ion  should also be fine gra ined (since many 
nuclei  exis t  f rom the p r io r  fine gra ined fe r r i t e ) .  
Fu r the rmore ,  the fine austenite gra ins  should remain  
fine because of the presence  of the undissolved 
cementi te  pa r t i c l e s .  This condition should yield a 
wide range of t empera tu re  where superp las t ic  flow 
can be expected and Fig .  1 i l lus t r a t e s  the predic ted  
influence of carbon on the expected range for super -  
p las t ic  flow. Thus, for a 1.9 pct C s teel ,  supe rp las t i c -  
ity may be expected to be observed f rom 600 to 850~ 
a des i rab le  cha rac t e r i s t i c  from the viewpoint of f lexi-  
bi l i ty  in the manipulation of t empera tu re  for super -  
p las t ic  metal  forming.  

The purpose of the presen t  paper  is to present ,  
desc r ibe  and a s s e s s  the mechanical  p roper t i e s  of 
ul t rahigh carbon (UHC) s tee l s  (1.3 to 2.3 pct C) at 
elevated t empe ra tu r e s .  

MATERIALS AND EXPERIMENTAL 
PROCEDURE 

Castings of 1.3, 1.6, 1.9 and 2.3 pct C steels* were 

*The 2.3 pct C composition steel is more correctly def'med as cast iron since 
most definitions place cast irons as alloys of iron and carbon containing more 
than 1.7 pct C. The significance of this level of carbon is that it formerly was 
thought to be the maximum solubility of carbon in ~,-iron. In the early 1940's, 
however, the maximum solubility of carbon in ")'-iron was shown to lie at about 
2 pct and the current, widely accepted, value is 2.11 pct C. s Since we make only 
minimal reference to the 2.3 pct C composition alloy in this paper we will clas- 
sify it as part of the UHC steels studied. 

obtained in the form of s labs 335 mm long wherein the 
dimensions of the bases  were 50 by 50 and 50 by 25 
mm. The chemical  composit ion of the cast ings is 
given in Table I. Examples  of carbon r ep l i ca  t r a n s -  
miss ion photographs of the a s - c a s t  mic ros t ruc tu re  
a re  shown in F ig .  2 for a 1.6 and a 1.9 pet C s tee l .  
One observes  mass ive  p r i m a r y  cementi te  networks; 
oftentimes,  a well  developed pear l i t e  s t ruc ture  is seen 
adjoining the proeutectoid cementi te  pa r t i c l e s .  The 
influence of extensive mechanical  working on the 
ref inement  of the cas t  m ic ros t ruc tu r e  is shown in the 
same figure.  The 1.6 pct C s tee l  exhibits a uniformly 
spheroidized s t ruc tu re .  This sample was heated to 
1150~ and deformed continuously at 10 pct per  pass 
to a t rue s t ra in  of about - 2 . 0  as it cooled to 600 to 
650~ it was then i so thermal ly  ro l led  at 650~ 5 pct 
per  pass ,  to an addit ional t rue s t ra in  of about - 1 . 5 .  
The worked 1.9 pct C s tee l  was not as fully spher -  
oidized as the 1.6 pct C s tee l  (lower r ight  photograph 
in Fig .  2). This was, in part ,  a t t r ibuted to insufficient 

Table I. Chemical Composition of Ultrahigh Carbon Steels Investigated (Wt Pct) 

C Mn Si P S Fe 

1.3 pct C 1.25 0.65 0.10 0.016 0.024 bal. 
1.6 pct C 1.57 0.73 0.28 0.015 0.020 bal. 
1.9 pct C 1.92 0.82 0.30 0.018 0.019 bal. 
2.3 pct C 2.28 0.80 0.31 0.017 0.020 bal. 
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Fig. l -iron-carbon phase diagram illustrating range of carbon con- 
tents and temperature where superplastic flow can be expected. Fine 
grained hypereutectoid steels, stabilized by the presence of fine 
particles of cementite, can be expected to be superplastic over a wide 
range of temperature. 

w o r k i n g  in t h e  a l p h a  r a n g e  (only  0.9 t r u e  s t r a i n  in  t h i s  
e a s e ) .  O p t i c a l  m i c r o g r a p h s  of a 1.9 pet C s t e e l  in  t he  
a s - c a s t  s t a t e  an d  a f t e r  e x t e n s i v e  a l p h a  w o r k i n g  a t  
650~ (~ = - 1 . 5 )  a r e  s h o w n  in  F i g .  3. T h e  g r a i n  s i z e  
f o r  a fu l l y  s p h e r o i d i z e d  s t e e l ,  in  t h e  UHC s t e e l s  i n v e s -  
t i g a t e d ,  i s  in  t h e  o r d e r  of 0 .5  to  1.5 ~ m  a n d  t he  
c e m e n t i t e  p a r t i c l e  s i z e s  a r e  in  t h e  o r d e r  of 0.1 to  
0 .5  /~m. T h e  e x a c t  g r a i n  s i z e  a n d  c a r b i d e  s i z e  d e p e n d s  
upon  t h e  c a r b o n  c o n t e n t  a n d  t h e  t h e r m a l - m e c h a n i c a l  
p r o c e s s i n g  r o u t e .  

T e n s i l e  s p e c i m e n s  of r e c t a n g u l a r  c r o s s - s e c t i o n  
w e r e  u s e d ,  w i t h  a g a g e  s e c t i o n  of 12.7 o r  25.4  m m  
l e n g t h  a n d  d i f f e r e n t  t h i c k n e s s e s  d e p e n d i n g  on  the  
t h i c k n e s s  of t h e  a s - r o l l e d  p l a t e  ( t y p i c a l l y  2 to  5 m m ) .  
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 e  s p e c i m e n s  w e r e  

15#m t 

}5um I 

Fig. 2-The above carbon replica electron photomicrographs illustrate the influence of warm working on the breakup of the original massive ce- 
mentite particles in cast ultrahigh carbon steels (left photomicrographs). Extensive warm working yielded a fully spheroidized structure in the 1.6 
pet carbon steel (upper right). Considerable refinement of the structure occurred in the 1.9 pct carbon steel (lower right) by warm working but 
because it was not extensively worked some cementite plates are still present: (a) 1.6 pet carbon steel as-cast, (b) 1.6 pet carbon steel after warm 
working, (c) 1.9 pct carbon steel as-cast, and (d) 1.9 pet carbon steel after warm working. 
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(a) (b) 
Fig. 3-Optical photomicrographs of 1.9 pct C steel, illustrating change ir~ rnicrostructure from coarse proeutectoid cementite structure in as-cast 
condition (a) to equiaxed fine grained state in extensively hot and warm worked condition (b). Magnification 1674 times. 

p r e p a r e d  by spa rk  cutt ing thin plates  f rom tes ted  s a m -  
ples  followed by gr inding to a th ickness  of 0.1 mm.  
The f ina l  e l ec t ro ly t i c  thinning was done in an Na2CrO4- 
CI-IaCOOH-electrolyte at 20~ and 25 V. 

RESULTS AND DISCUSSION 

Most of the mechanica l  t es t s  were pe r fo rmed  in the 
t e m p e r a t u r e  range  f rom 600 to about 850~ where 
supe rp l a s t i c  effects were noted.  T h r e e  a r e a s  a re  d i s -  
cussed  in the following sect ions ;  namely ,  the na tu re  of 
the s t r e s s - s t r a i n  curves  observed,  the flow s t r e s s -  
s t r a i n - r a t e  r e l a t ions  noted below and above the A1 t em-  
pe ra tu re ,  and las t ly ,  the inf luence of s t r a i n - r a t e  and 
t e m p e r a t u r e  on the tens i le  duct i l i ty .  

1) S t r e s s - S t r a i n  Curves  

Examples  of t rue  s t r e s s - t r u e  s t r a i n  cu rves  obtained 
for the 1.6 pet C s tee l  a re  shown in F ig .  4. In this 
f igure the fully spheroidized,  fine g ra ined  s t ee l  is 
compared  with the a s - c a s t  m a t e r i a l .  The samples  
were deformed at  an eng ineer ing  s t r a i n - r a t e  of 1 pet 
per  min at 650~ A high duct i l i ty  (> 500 pct e longa-  
tion) and low flow s t r e s s  of the fine g ra ined  s t ee l  
compared  to the coarse  gra ined  a s - c a s t  m a t e r i a l  is 
noted.  These  r e su l t s  follow the expected behavior ,  that 
is ,  fine supe rp la s t i c  s t r u c t u r e s  exhibit  lower  s t reng ths  
than coarse  s t r u c t u r e s  at e levated t e m p e r a t u r e  and 

low s t r a i n - r a t e s .  Two r e su l t s  were observed,  however,  
which were somewhat  unexpected.  The f i r s t  r e l a t e s  
to the cons ide rab le  s t r a in  hardening that was observed  
to occur  dur ing  supe rp la s t i c  flow of the fine g ra ined  
s t ee l s .  F o r  example ,  the flow s t r e s s  more  titan dou- 
bled (30 to 65 MPa) af ter  200 pct e longat ion.  We 
a t t r ibu te  this  r e s u l t  to g r a i n  growth that occu r r ed  

b 

W 
0~ 

W 

0~ 

200 

ENGINEERING STRArN (%) 
20 40 6 0 8 0  IOOtSO 2 0 0 2 5 0 3 0 0 4 0 0 5 0 0  700 

1.6% C STEEL 
T = 6 5 0 ~  

e (INITrAL)= I% MIN -1- 

I00 

AS CAST W''.,~( 

30 

25 b 

20 

15 

SPHEROIDIZED 

. . . . . . . . . . .  ..., 

7 5  

I0 

O I ~ ~ I 1 I I ( I 0 
0.2 0.4 0.60.81.0 r.2 1.4 t.6 1.8 2.0 

TRUE STRAIN , E 
Fig. 4 -T rue  stress-true strain curves at 650~ for a 1.6 pct C steel in 
coarse grained, as-cast state and in spheroidized, fine grained condi- 
tion. 
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.A AS ROLLED ! 0"5p'm �9 J B. e = IOO% ELONGATION 

C. e = 2 0 0 %  ELONGATION D. GRIP REGION OF C. 
Fig. 5-Transmission electron micrographs of a warm worked 1.9 pct C steel illustrating the grain growth that occurs during superplastic flow: (a) 
steel in as-rolled condition [(Tw)c+ a w  at 650~ (b) and (c) superplastically deformed at 650~ and 6 = 1 pct per rain to strains indicated, (d) 
grip region of sample shown in (e). 

dur ing  superp las t i c  flow s ince  it is  well  e s tab l i shed  
that  coarse  g ra ined  samples  a re  s t r onge r  than fine 
g ra ined  samples  (typically r is d i r ec t ly  p ropor t iona l  
to the g ra in  size6-8). T r a n s m i s s i o n  e lec t ron  m i c r o s -  
copy s tudies  r evea led  that the o r ig ina l  g r a in  s ize  was 
about 0.5 ~m.  After deformat ion  to 100 pct elongation,  
the gra in  s ize  i nc rea sed  to 1.5 to 2 ~m and af ter  a to- 
tal  elongation of 300 pct the gra in  s ize  was about 3 
pro. These  m i c r o s t r u c t u r a l  changes dur ing  s u p e r p l a s -  
tic s t r a in ing  were  typical  of those noted for the 1.3, 
1.6, and 1.9 pct C s tee l s  although other,  l e s s  sens i t ive ,  

va r i ab l e s  were  s t r a i n - r a t e  and t empera tu re .  4 An ex-  
ample  of g ra in  growth dur ing  superp las t i c  flow of a 
1.9 pct C s tee l  is  shown in the t r a n s m i s s i o n  photomi-  
c rographs  of Fig.  5. Of specia l  note in this f igure  is 
that straining enhances grain growth dramatically. 
Thus, the grip region of the tested sample (Fig. 5(d)), 
where no straining occurred, exhibits a grain size of 
I ~m after exposure to the same time at temperature; 
this grain size is about three times smaller than that 
observed in the gage region of the fractured sample. 

Another interesting observation in Fig. 4 is that the 
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carbon  content  s teel ,  al though recen t  work ~ sugges ts  
that d imin i sh ing  the p re sence  of s i l i con  may contr ibute  
to inhibi t ion of edge c rack ing .  

Fig. 6-The UHC steels investigated exhibit great ease of formability 
even in the as-cast state. The above illustrates the lack of edge crack- 
ing after one rapid forging step, to a strain of about 1.2, at 850~ 
Only the 2.3 pct C steel exhibited edge cracking. 

a s - c a s t  1.6 pet C s tee l  exhibited a r e spec tab ly  high 
elongat ion to f r ac tu re  of 43 pct at 650~ (T = 0.51Tin).  
Such a r e s u l t  suggests  that UHC s tee l  cas t ings  a re  
r a t h e r  forgiving m a t e r i a l s  at e levated t e m p e r a t u r e  
and should not c rack  eas i ly .  Th i s  agreed  well  with our  
exper ience  s ince  edge c rack ing  r a r e l y  occu r r ed  dur ing  
ro l l ing  in the t empe ra tu r e  range  of 550 to l l 00~  An 
example  of the fo rgeab i l i ty  of the UHC s tee l s  in the 
a s - c a s t  condit ion is shown in F ig .  6. Cas t ings  in the 
fo rm of machined cubes  were  forged at 850~ in one 
s tep (about 3 to 5 s forging t ime)  to the capaci ty of the 
p r e s s  used,  170 tons force (1.52 MN). None of the s a m -  
ples exhibited c rack ing  except the 2.3 pct C s tee l .  The 
l a t t e r  s tee l ,  which conta ins  34 vol  pct cement i te  below 
the A~ t e m p e r a t u r e ,  could not be worked ex tens ive ly  at 
any t e m p e r a t u r e  without c rack ing  badly.  It is not at a l l  
c l ea r  why such diff icul t ies  were observed  with this 

2) Change in St ra in -Ra te  Te s t s  

A common method of de t e r mi n i ng  the flow s t r e s s -  
s t r a i n  r a t e  re la t ion  f rom,a  s ingle  superp las t i c  sample  
is to p e r f o r m  s t r a i n - r a t e  change t e s t s .  ~~ This  is a ve ry  
convenient  method and is espec ia l ly  meaningful  when 
s t r u c t u r a l  changes do not occur  dur ing p las t ic  flow. 
This  is often not the case ,  however,  as  emphas ized  by 
Rai  and G r a n t  ~ and by Baudelet  and his colleagues.~2 
We ment ioned e a r l i e r  that g ra in  growth occu r r ed  du r -  
ing supe rp l a s t i c  deformat ion  of the u l t rah igh  ca rbon  
s t ee l s  (Fig. 5) and that this  was r e spons ib l e  for the 
s t r a i n  hardening observed in the ea r ly  por t ion  of the 
t rue  s t r e s s - t r u e  s t r a i n  curve  (Fig. 4). We developed 
an expe r imen ta l  method which helped to min imize  this  
p rob lem by p redeforming  the m a t e r i a l  to a t rue  s t r a i n  
of 0.2 to 0.4 at which point a s teady state  f l o w - s t r e s s  
(and hence a steady state  s t ruc tu re )  was approached.  
The sample  was then deformed s m a l l  amounts  at sev-  
e r a l  d i f fe rent  s t r a i n - r a t e s .  In this  m a n n e r  a la rge  
amount  of in fo rmat ion  was obtained between the flow 
s t r e s s  and the cor responding  s t r a i n - r a t e  over a range  
of s t r a i n  where g ra in  growth was m i n i m a l .  The flow 
s t r e s s  obse rved  at each s t r a i n - r a t e  was a s s u m e d  to 
r e p r e s e n t  a given constant  g ra in  s ize  (~2 t~m). An 
example of a s t r a i n - r a t e  change tes t  for the 1.6 pct C 
s tee l  in the g a m m a  plus cement i t e  range  is shown in 
Fig. 7. 

S t r a i n - r a t e  change tes t s  pe r fo rmed  at d i f ferent  t em-  
pe r a t u r e s  for the 1.6 pct C s tee l  a r e  p resen ted  in F ig .  
8 as flow s t r e s s - s t r a i n - r a t e  cu rves .  The inf luence of 
ca rbon  content  on the flow s t r e s s - s t r a i n - r a t e  r e l a t i on -  
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Fig. 7-This graph illustrates 
change in strain-rate tests per- 
formed to determine the flow 
stress-strain rate relation at con- 
stant structure. The example 
shown is for a 1,6 pct C steel 
tested in the austenite plus ce- 
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ship  for  the UHC s t e e l s  is  shown in F i g .  9. T h e s e  da t a  
r e v e a l  the n o r m a l  t r e n d  expec ted  in s u p e r p l a s t i c  m a t e -  
r i a l s  at  low s t r a i n - r a t e s ,  n a m e l y  the  s t r e s s  exponents  
a r e  low and t yp i ca l  of those  o b s e r v e d  for  s u p e r p l a s t i c  
me ta l l i c  a l l oys  ( i .e .  n ~- 2). In th is  r eg ion ,  g r a i n  bound-  
a r y  s l id ing  is be l i eved  to be the r a t e  con t ro l l ing  p r o -  
c e s s  in p l a s t i c  flow and e longa t ions  in the o r d e r  of 500 
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Fig. 8 -F low stress-strain rate relation for fine grained 1.6 pct C steel 
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ature range. 
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to 700 pe t  were  noted .  At  high s t r a i n - r a t e s ,  the s t r e s s  
exponents  were  high and a p p r o a c h e d  va lues  in the o r d e r  
of e ight  (F ig s .  8 and 9). [A s t r e s s  exponent  of e ight  
was noted in the c r e e p  of c o a r s e  g r a i n e d  (d = 9 #m)  
i r o n - c a r b o n  a l l oys ,  13 an e xa mple  of which is  g iven in 
F ig .  9]. T h e s e  high va lues  can be c o m p a r e d  with s t r e s s  
exponents  noted in cons tan t  s t r u c t u r e  c r e e p  t e s t s  14 at  
high t e m p e r a t u r e  where  n = 8. One can a s s u m e  that  
cons tan t  s t r u c t u r e  is  ma in t a ined  in the UHC s t e e l  s ince  
the s u b m i c r o n  g r a i n  s ize  p r e s e n t  would make i t  unl ike ly  
tha t  s u b g r a i n s  would fo rm and at  high s t r a i n - r a t e s  
v i r t u a l l y  no g r a i n  growth  o c c u r s .  In th is  r eg ion  d e f o r -  
ma t ion  by s l ip  p r o c e s s e s  involving d i s l o c a t i o n  c l imb  
is  be l i eved  to be the r a t e  d e t e r m i n i n g  s t ep  for  p l a s t i c  
flow t 4  

The above  r e s u l t s  sugges t  that  the  c r e e p - r a t e  of the  
UHC s t e e l s  can be c o r r e l a t e d  by means  of two addi t ive  
con t r ibu t ions  to p l a s t i c  flow, n a m e l y :  

= ~sp.f .  + ~s .c .  [1] 

where  ~sp.f .  is  the c r e e p - r a t e  a s s o c i a t e d  with s u p e r -  
p l a s t i c  flow and ds .c .  is  the c r e e p - r a t e  a s s o c i a t e d  with 
s l i p  c r e e p .  Speci f ic  e x p r e s s i o n s  have been  deve loped  
to d e s c r i b e  t hese  r e l a t i o n s .  The s u p e r p l a s t i c  flow r a t e  
of fine g r a i n  s i ze  m a t e r i a l s ,  when g r a i n  bounda ry  diffu-  
s ion  is  r a t e  con t ro l l ing ,  %7'1%~6 is  g iven by :  

bDgb (E)~ [2] ~sp.f .  = A 

where  A ~- l 0  s, d is  the g r a i n  s i ze ,  b i s  B u r g e r s  v e c t o r ,  
Dg b is  the g r a i n  bounda ry  d i f fus ion coef f ic ien t  in the 
m a t r i x  phase  of the s u p e r p l a s t i c  m a t e r i a l ,  a is  the 
c r e e p  s t r e s s ,  and E is the u n r e l a x e d  dynamic  Young 's  
modulus .  The  c r e e p - r a t e  in the s l ip  c r e e p  r ange ,  
where  l a t t i ce  d i f fus ion is r a t e  con t ro l l ing  is  g iven by:  14 

s .C �9 ~-"  

where  A '  ~- 10 9 for  high s tack ing  fault  e n e r g y  m a t e -  
r i a l s ,  X is  the subg ra in  s ize  or  b a r r i e r  spac ing  (in the 
ca se  of the u l t r ah igh  ca rbon  s t e e l  the g r a i n  s i ze  or  the 
i n t e r p a r t i c l e  spac ing  whichever  is  the f ines t ) ,  and D L 
is  the l a t t i ce  s e l f -d i f fu s ion  coef f i c ien t .  

The  da t a  shown in F i g .  8 w e r e  p lo t ted  to d e t e r m i n e  
the ac t iva t ion  ene rgy  for  p l a s t i c  flow in the two r e g i o n s  
in o r d e r  to c o m p a r e  the r e s u l t s  with those  p r e d i c t e d  
by Eqs .  [2] and [3]. The method s e l e c t e d  to ca l cu l a t e  
the ac t iva t ion  ene rgy  was to plot  the modulus  c o m -  
pensa t ed  flow s t r e s s  vs  the r e c i p r o c a l  abso lu te  t e m -  
p e r a t u r e .  Th i s  p e r m i t t e d  using da t a  within the s u p e r -  
p l a s t i c  r eg ion  and within the s l i p  c r e e p  r e g i o n .  Thus ,  
the ac t iva t ion  e n e r g y  for  p l a s t i c  flow, f rom Eqs .  [2] 
and [3], can be c a l c u l a t e d  by:  

/ /  / o 1.3 % C m : 0 .44-  
/' o 1.6%c m : 0 . 5 5  
/ A 1.9%C m : 0,46 

/ 
tO -5  l i I I I I I I .  

I0 IO0 

TRUE STRESS CT (MPo) 
Fig. 9-Influence of carbon content on the flow stress-strain rate 
relationship for fine grained UHC steels at 700~ A coarse grained 
(d - 9 t~m) iron-carbon alloy ~3 is shown for comparison where the 
stress exponent is seen to equal about 8. 

R d i n  (~)n  
= ~ [4] 

Q ~ = cons tan t  d 1 / T  

P l o t s  fo r  d e t e r m i n a t i o n  of the ac t iva t ion  e n e r g y  a r e  
g iven  in F i g .  10(a) and (b). As  can be seen ,  the a c t i v a -  
t ion e n e r g y  for  p l a s t i c  flow in the s u p e r p l a s t i c  r eg ion  
(Fig .  10(b)) is  about 160 k J / m o l  in both the a lpha  and 
g a m m a  plus  cemen t i t e  reg ion;  t he se  va lue s  a r e  n e a r l y  
i den t i ca l  to the g r a i n  bounda ry  se l f  d i f fus ion ac t iva t ion  
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Table I I .  Grain  Boundary ,  Lat t ice  Di f fus ion and Modu lus  Data  for  I ron in the  Ferr i te  and Austeni te  Phase Regions 

Grain Boundary Diffusion* Lattice Diffusiont 

T, ~ D O , 10 -4 mZ/s Q, kJ/mol Dg b, m2/s D 0, 10-4 m2/s Q, kJ/mol DL, m2/s 
Elastic Modulus 

E(G), MPa 

Alpha iron + F%C 17.7 170 1.6 252 
650 4.1 X 10 -~3 9.0X 10 ~19 
700 1.3 X 10 -l= 5 X 10 -18 

Gamma iron + F% C 1.8 163 0.18 270 
770 1.2 X 10 -l~ 4 X 10 -la$ 

1.61 X l0 s 
1 .52  X l0 s 

1.35 X l0 s 

*Average values, based on Refs. A, B, and C. 
fAverage values taken from a number of sources quoted in Ref. (D). 

Extrapolation of pure gamma iron data (T > 910~ down to 770~ then multiply by seven because of the enhancement of gamma iron self diffusion by carbon in 
solution at 770~ (0.8 wt pct C) as determined from Refs. E and F. 

References for Table II. 
(A) C. Leymonie, Y. Adda, A. Kirianenko, P. LaCombe, Compt. Rend. 248, (1959) 1512. 
(13) D.W. James, G. H. Leak, Phil. Mag., 12, (1965) 491. 
((2) P. LaCombe, P. Guiraldeng, C. Leymonie, Radioisotopes in the Physical Science Industry, (1962) I.A.E.A. Vienna, 179. 
(D) O.D. Sherby, P. M. Burke, Progr. Mater. Sci., 13, (1967) 333. 
(13) P.L. Gruzin, R. V. Kornev, G. V. Kurdimov, Dokl. Acad. Nauk., USSR, 80 (1957) 49. 
(F) H.W. Mead, C. E. Birchenall, Trans. AIME, 206 (1956) 1336. 
(G) W. Koster, Z. furMetallkde, 39,(1948) 1. 
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Fig. 10-Activation energy for plastic flow calculated from plots of 
modulus compensated stress as a function of reciprocal absolute 
temperature. Values of activation energy are given in parenthesis 
(kJ/mol) in the slip creep range and in the superplastic range. 

energy of iron in alpha iron, 170 kJ/mol ,  and in gamma 
iron, 163 kJ /mol  (Table II). 

The activation energy for plastic flow in the slip 
creep region was more difficult to determine with the 
available data. This is because the s t ress  exponent, n, 
at high s t resses  was not eight but rather more nearly 
six (Fig. 8). We hypothesize that this is because the 
slip creep process  is not yet fully rate controlling at 
the highest s t ra in-ra tes  investigated. Using n = 6, the 
activation energy for plastic flow in the slip creep 
region (Fig. 10(a)) was determined to be about 280 k J /  
mol. This value correlates  quite well with the activa- 
tion energy for creep of coarse grained ultrahigh 
carbon-iron alloys ~3 where Q = 250 kJ/mol;  in this 
case, n = 8 over a wide range of s t ress  (see dashed 
line in Fig. 8). These values for plastic flow in the slip 

creep region are essentially equal to the activation 
energy for lattice diffusion in alpha iron (251 kJ/mol) 
and in gamma iron (270 kJ/mol) (Table II). 

The above calculations yield qualitative evidence 
that the UHC steels behave in a manner predicted by 
the phenomenological creep flow Eqs. [2] and [3]. More 
importantly, a quantitative prediction can be made. 
Thus, the creep behavior of the 1.6 pct C steel in the 
alpha plus cementite region can be predicted by Eqs. 
[2] and [3] since Dg b and D L are known for alpha iron 
(Table II) and since the grain size, d, and the bar r ie r  
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id 4 

(7, KSI 
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i i T I 

1.6%C STEEL 

~oooc / / / /  

,,%,/ 
/ / / / /  

/ /k/  

/ 
/V 

- - - - - -  P r e d i c t e d  f r om 

~ : A  b~ (7 2 t X 31 (7 '  0,b(~-) +~(~-) p ~ u -  

iO -5  l I 1 r I i I I 
I0 I00 

TRUE STRESS U, MPo 
Fig. 1 1 -The  flow stress-strain rate relationship for fine grained 1.6 
pct C steel is compared with that predicted from the additive con- 
tribution of slip creep and superplastic creep [Eqs. [2] and [3] ]. 
Burgers vector was assumed equal to 2.5A. 
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spac ing ,  ~, a r e  known a f t e r  p l a s t i c  flow in th is  r e g ion .  
A s  ment ioned p r e v i o u s l y ,  g r a i n  growth  o c c u r r e d  due 
to the s u p e r i m p o s e d  effect  of s t r a i n  and t ime  dur ing  
s u p e r p l a s t i c  flow; g r a i n  s i z e s  in the s u p e r p l a s t i c a l l y  
d e f o r m e d  s a m p l e s  we re  typ ica l ly  2 # m  in the r a n g e  
of s t r a i n s  where  s t r a i n  r a t e  change t e s t s  were  p e r -  
f o r m e d  to obta in  the da t a  g iven in Fig .  8 and F ig .  9. 
To c o m p a r e  the e x p e r i m e n t a l  flow s t r e s s - s t r a i n - r a t e  
da ta  with Eqs .  [2] and [3J, the g r a i n  s i z e ,  d, was chosen  
a s  2 ~m to subs t i tu te  into the s u p e r p l a s t i c  flow r a t e  
e x p r e s s i o n  and X = 0.5 ~tm was chosen  for  the s l ip  
c r e e p  flow r a t e  e x p r e s s i o n  (the i n t e r p a r t i c l e  spac ing  
was taken as  the b a r r i e r  spac ing) .  The r e s u l t  of the 
p r e d i c t i o n  is  shown in F i g .  11 for  the 1.6 pct  C s t e e l  
at  650 and 700~ As  can be seen ,  good quant i t a t ive  
c o r r e l a t i o n s  were  obtained,  a t t e s t ing  to the p robab le  
v a l i d i t y  of the s u p e r p l a s t i c  flow and s l ip  c r e e p  r e l a -  
t ions  in d e s c r i b i n g  the c r e e p  behav io r  of fine g r a i n  
s i ze  u l t r ah igh  ca rbon  s t e e l s .  

The s t r e n g t h  d i f f e rence  of the 1.6 pc t  C s t e e l  above 
and below the A1 i s  r e a d i l y  seen  in F i g .  10. E x t r a p o l a -  
t ion of the da t a  in th is  f igure  to the t r a n s i t i o n  t e m p e r a -  
t u r e  r e v e a l s  that  the UHC s t e e l  in the g a m m a  p lus  
cemen t i t e  r eg ion  is s t r o n g e r  than in the a lpha  plus 
cemen t i t e  r eg ion .  Th i s  is  p robab ly  due to the lower  
di f fus ion r a t e  in the fec aus t en t t i c  s t e e l  than in the 
f e r r i t i c  s t e e l .  I t  was dec ided  to c o m p a r e  the s t r e s s -  
s t r a i n - r a t e  r e l a t i o n  for  the UHC s t e e l  both  above and 
below the A1 by se l ec t ing  a t e m p e r a t u r e  at  which the 
g r a i n  boundary  dif fus ion coef f i c ien t s  were  i den t i ca l .  
The two t e m p e r a t u r e s  s e l e c t e d  were  700~ for  the 
a lpha  p lus  cemen t i t e  r ange  and 770~ for  the g a m m a  
plus  cemen t i t e  r ange .  At  these  t e m p e r a t u r e s ,  Dg b 
-~ 1.2 x 10 -1~ m2/s  (Table  I t) .  By co inc idence ,  the l a t -  
t i ce  se l f  d i f fus ion  coef f i c ien t s  in the  f e r r i t i c  and 
aus t en i t i c  p h a s e s  were  a l so  n e a r l y  iden t ica l ,  D L ~ 5 
x 10 -~s m2/s  (Table  II) .  And, the d y n a m i c  Young ' s  

10 -2 

,-,, ~63 

d 

r r  

Z 

or" 
I-- 
03 

w Id4 
n'-" 
I'-- 

I i , ' I 

I 
I 

t I 

// 

/ 
! " ' - \  7" + F%C 

/ 
! 

165 I , , , i i  I 
10-4 iO-5 

O/E 
Fig. 1 2 - T h e  modulus  compensated flow stress-strain rate relationship 
for 1.6 pct C steel is compared at 770~ (austenite plus cementite 
range) and at 700~ (ferrite plus cementite range) where the diffu- 
sion coefficients are nearly identical, The small difference in the re- 
suiting curves can be primarily attributed to a difference in grain size. 

modulus  va lue s  for  pu re  i ron  in the two c r y s t a l l i n e  
f o r m s  a r e  a l so  qui te  s i m i l a r ,  (E7)770oc = 1.35 x 105 
M P a  and (Eoz)770oc = 1.52 x 105 M p a .  (The modulus  
va lue  for  g a m m a  i ron  at  770~ should  be c o r r e c t e d  for  
the 0.9 wt pct  C in so lu t ion  at  th is  t e m p e r a t u r e ;  no 
modulus  da ta  a p p e a r  ava i l ab l e  to make  the a p p r o p r i a t e  
ca lcu la t ion ,  a l though the c o r r e c t i o n  is  l ike ly  to be 
s m a l l . )  A c o m p a r i s o n  of the 1.6 pc t  C s t e e l  at  700 and 
770~ is  shown in F i g .  12. The c u r v e s  n e a r l y  s u p e r -  
impose  a t t e s t ing  to the p rev ious  sugges t ion  that  the 
a p p r o p r i a t e  d i f fus ion coefficients (Dg b and D L) and the 
e l a s t i c  modul i  p r o p e r l y  account  for  the p l a s t i c  flow 
b e h a v i o r  of the 1.6 pct  C s t e e l .  In the fol lowing we wil l  
d i s c u s s  the p o s s i b l e  r e a s o n s  for  the minor  d i f f e r e n c e s  
noted in the two c u r v e s .  At  low s t r a i n - r a t e s ,  the 
aus t en i t i c  phase  m a t e r i a l  is  s l igh t ly  s t r o n g e r  than the 
f e r r i t i c  phase  m a t e r i a l  in the s u p e r p l a s t i c  reg ion ;  t h i s  
can be a t t r i bu t e d  to a g r a i n  s i ze  d i f f e r ence  s ince  g r a i n  
g rowth  is  l ike ly  to  be enhanced in the aus t en i t e  r eg ion  
b e c a u s e  t h e r e  is  l e s s  cemen t i t e  p r e s e n t  than in the 
f e r t i l e  r eg ion  (12.5 vol  pct  Fe3C at 770~ c o m p a r e d  to 
25 vol  pe t  Fe3C at 700~ At high s t r a i n - r a t e s  in the 
s l i p  c r e e p  r eg ion ,  the f e r r i t i c  phase  m a t e r i a l  is  
s t r o n g e r  than the aus t en i t i c  phase  m a t e r i a l .  S e v e r a l  
f a c t o r s  can con t r ibu te  to the l a t t e r  o b s e r v a t i o n .  F i r s t ,  
the  b a r r i e r  spac ing  (i.e. the i n t e r p a r t i c l e  spac ing  and 
the g r a i n  s i ze )  in the  f e r r i t e  r ange  i s  p r o b a b l y  s m a l l e r  
than in the aus t en i t e  range ;  if Eq.  [3] is  used  to p r e d i c t  
the d i f f e rence  in b a r r i e r  spac ing  f rom the d i f f e rence  in 
s t r eng th ,  about  a f ac to r  of two i s  ca l cu l a t ed .  We b e -  
l ieve  th is  to be the mos t  l ike ly  fac to r  inf luencing the 
d i f f e rence  in s t r e n g t h  at  high s t r a i n - r a t e s .  A second  
f ac to r  is  that  so l id  so lu t ion  ha rden ing  (e.g. a tom s i ze  
d i f f e r e n c e s )  f r o m  the p r e s e n c e  of manganese  and s i l i -  
con may be m o r e  ef fec t ive  in the f e r r i t i c  than in the 
ans t en i t i c  phase .  And, a t h i rd  f ac to r  is  the p o s s i b l e  
con t r ibu t ion  of the h a r d n e s s  of c emen t i t e  p e r  se  to the 
s t r e n g t h  of the i r o n - c e m e n t i t e  compos i t e  that  makes  
up the 1.6 pct  C s t e e l  s tud ied .  That  i s ,  i t  is  known 17 
that  the h a r d n e s s  of c emen t i t e  is  an o r d e r  of magni tude  
h igher  than the h a r d n e s s  of a lpha  i ron  at  700~ but is  
only a f ac to r  of two h a r d e r  than  g a m m a  i ron  when the 
h a r d n e s s  da ta  a r e  e x t r a p o l a t e d  to 770~ 

3) Inf luence of S t r a i n - R a t e  and T e m p e r a t u r e  
on the T e n s i l e  Duc t i l i ty  

The above d i s c u s s i o n  r e v e a l s  that  UHC s t e e l s  when 
in fine g r a i n e d  fo rm exhibi t  a l l  the c h a r a c t e r i s t i c s  
expec ted  of a s u p e r p l a s t i c  m a t e r i a l .  The t e n s i l e  
duc t i l i t y  i n c r e a s e d  in va lue  as  the s t r a i n - r a t e  s e n s i -  
t i v i t y  exponent ,  m, i n c r e a s e d ,  fol lowing the usua l  
t r e n d s  d e s c r i b e d  ex t ens ive ly  in the l i t e r a t u r e .  18,19 The  
r e s u l t s  of i s o s t r a i n - r a t e  t e s t s  p e r f o r m e d  to d e t e r m i n e  
the t e n s i l e  e longa t ion  a r e  given in Table  III .  T h e s e  
t abu la t ed  da ta  a r e  p lo t ted  in F i g .  13 as  t e n s i l e  duc t i l i ty  
a g a i n s t  the d i f fus ion c o m p e n s a t e d  s t r a i n - r a t e .  E longa-  
t ions  to f a i lu re  of as  high as  750 pct  we re  obta ined for  
the  UHC s t e e l s  when the s t r a i n - r a t e  s e n s i t i v i t y  expo-  
nents  r e a c h e d  va lue s  of 0.5. Samples  t e s t e d  in the 
f e r r i t e  p lus  cemen t i t e  r ange  exhib i ted  h igher  e longa -  
t ions ,  a s  an a v e r a g e ,  than s a m p l e s  in the ans t en i t e  
p lus  cemen t i t e  r a n g e .  Th is  d i f f e r ence  is  a t t r i bu t ed  to 
the  s l igh t ly  c o a r s e r  g r a i n  s i ze  that  may  ex i s t  in the  
aus t en i t e  r ange  c o m p a r e d  to that  in the f e r r i t e  r ange .  
A l l  s a m p l e s  exh ib i t ed  necking p r i o r  to  f a i lu re ;  the 
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fracture  reg ion,  however ,  never  exhibited a c h i s e l  
point fai lure (i.e. reduct ion of area  was  l e s s  than 100 
pet) .  This  was  rather surpr i s ing  s ince  no ev idence  of 
cracking  was  observed  in the UHC s t e e l s  in reg ions  
away f r o m  the fractured reg ion .  Regions  adjoining the 
fracture  surface ,  however ,  exhibited the p r e s e n c e  of 
minute  vo ids  m o s t l y  at interphase  boundary s i t e s . *  

* Recent investigations 2~ have revealed that appropriate control o f  chemi- 
cal composition (primarily low silicon content and small additions of  carbide 
stabilizing elements like chromium) can lead to tensile elongations exceeding 
1500 pet and to chisel point type fractures (it30 pet R.A.). 

The UHC s t e e l s  s tud ied  in th is  inves t iga t ion  a r e  
S u p e r p l a s t i c  up to s t r a i n - r a t e s  of a s  high as  10 pe t  p e r  
min (Table III and F i g .  13). Al though these  a r e  
r e s p e c t a b l y  high s t r a i n - r a t e s ,  they a r e  not in the o r d e r  
of c o m m e r c i a l  fo rming  r a t e s .  F r o m  a p r a c t i c a l  and 
e c o n o m i c a l  point  of v iew it  would be highly d e s i r a b l e  
if the UHC s t e e l s  could be s u p e r p l a s t i c  at  n o r m a l  
fo rming  r a t e s ,  i .e.  10 -~ to 1 s -~ (600 to 6000 pc t  pe r  

min) .  Such a goa l  is  a r e a l i s t i c  one and the p r i n c i p a l  
method of ach iev ing  it is  to deve lop  a g r a i n  s i ze  f ine r  
than one m i c r o n  in s i ze  which r e m a i n s  s t ab le  dur ing  
s u p e r p l a s t i c  flow. This  concept  is  i l l u s t r a t e d  g r a p h i -  
ca l l y  in F i g .  14, u t i l i z ing  Eqs .  [2] and [3] to make the 
p r e d i c t i o n s .  In th is  f igure  the s t r a i n - r a t e  s t r e s s  r e l a -  
t ion for  our  1.6 pet  C s t e e l  d e f o r m e d  at  700~ i s  
shown. As  ment ioned p r e v i o u s l y  the a v e r a g e  g r a i n  s i ze  
of th is  s t e e l  dur ing  s u p e r p l a s t i c  flow is 2 /~m. If the 
g r a i n  s i ze  is  d e c r e a s e d  by a f ac to r  of f ive,  that  is ,  to 
a s i ze  of 0.4 ~m,  the s u p e r p l a s t i c  ftow r a t e ,  at  a g iven  
s t r e s s ,  i s  enhanced by ove r  a hundred  fold (53 = 125). 
The  r e su l t i ng  s t r a i n - r a t e  s t r e s s  r e l a t i o n  for  the 
0.4 /~m g r a i n  s i ze  s t e e l ,  shown in F i g .  14, is  such  that  
s u p e r p l a s t i c  flow now extends  to a s t r a i n - r a t e  of about 
1 p e r  s .  It is  c l e a r  that  op t imiza t ion  of the m a x i m u m  
s u p e r p l a s t i c  flow r a t e  is  d e s i r a b l e .  C u r r e n t l y  an 
a t t empt  is  being made to c on t ro l  the s t a b i l i t y  of the 
fine g r a i n  s i ze  th rough  c h e m i c a l  compos i t i on .  The in-  

Table III. Elongations to Fracture for the Superplastic Ultrahigh Carbon Steels Under Different Test Conditions* 

Test Material and Alpha Initial Strain-Rate Elongation to 
No. Working, Ctw, History Test T,  ~ ~, Pet min -1 e, s -1 ~/Dgb,  m-2 Fracture, Pet 

1 1.3 pet C awl650  ) e a = 1.7 605 1 1.7 X 10 -a 2.2 • 102 230 
2 ~w(650) e a = 1.2 630 0.8 1.3 X 10-4 4.85 X 10 ~ 700 
3 awl650)  ea = 1.2 650 0.8 1.3X 10-4 3 .17X 10 ~ 600 
4 a w ( 6 5 0 ) e c ,  = 1.2 650 1 1.7X 10-4 4 .15X 10 ~ 480 
5 awl650)  ea = 1.2 650 1 1.7X 10 -4 4 . 1 5 •  10 ~ 250 
6 t~w(565 ) e~ = 1.7 650 10 1.7 X 10 -3 4.15 X 101 320 
7 Ctw(565 ) e a = 0.8 650 100 1.7 • 10 -z 4.15 X 10 ~ 76 
8 Ctw(565 ) e~ = 1.7 800 10 1.7 X 10 -3 7.94 X 10 ~ 140 

9 1.6 pet C aw(565 ) % = 1.5 600 10 1.7 X 10 -3 1.38 X 102 207 
10 awl650  ) ea = 1.7 620 0.4 6.7 X 10 -s 3.22 • 10 ~ 489 
11 c~w(650)e~= 1.7 630 0.8 1 .3•  10-4 4 .85X 10 ~ 760 
12 awl650  ) e a = 1.7 650 0.4 6.7 • 10 s 1.63 • 10 ~ 473 
13 C~w(650 ) e a = 1.7 650 1 1.7 • 10 -4 4.15 X 10 ~ 486 
14 aw(565 ) ec~ = 1.0 650 1 1.7 X 10-4 4.15 X 10 ~ 334 

as cast 650 t 1.7 • 10-4 43 
16 Ctw(650 ) e a = 1.7 650 4 6.7 • 10-4 1.63 • 101 532 
17 awl650  ) e a = 1.7 650 10 1.7 • 10 -3 4.15 • 101 457 

%(500) + lOO h 
18 /500~ ea = 1.7 650 10 1 .7•  10 -3 4 .15X 101 273 
19 aw(565 ) e a = 1.0 650 10 1.7 X 10 3 4.15 X 101 270 

Ctw(700 ) + 100 h 
20 /500~ e a = 1.3 650 10 1.7 X 10 3 4.15 X 101 240 
21 Ctw(650) % =  1.1 650 100 1.7X I0 -z 4 .15X 102 78 
22 tZw(650) e= = 1.7 670 0.4 6.7 X 10 -s 9.6 X 10 -1 361 
23 ~w(650) e a = 1.1 700 10 1.7 X 10 -3 1.3 X 101 262 
24 no c~ w 700 i0  1.7 X I0-3 73 
25 aw(565 ) ec, = 1.0 750 200 3.3 X l0 2 3.75 X 102 83 
26 C~w(650) ec, = 1.7 770 1 1.7 X 10 4 1.41 X 10 ~ 421 
27 tew(650 ) e a = 1.8 770 I 1.7 X 10-4 1.41 X 10 ~ 165 
28 C~w(650 ) e a = 1.8 770 10 1,7 X 10 3 1.41 X 101 183 
29 awl650)  e a = 1.8 770 100 1.7 X 10 2 1.41 X 102 89 
30 Ctw(565 ) ea = 1.5 800 1 1,7 X 10-4 7.93 X 10 -1 234 
31 c%(565) e a = 1.5 800 10 1.7 X I0 3 7.93 X 10 ~ 397 
32 n o ~  w 800 10 1 . 7 X  10 -3 7.93X 10 ~ 120 
33 ~w(565) e a = 1.5 800 100 1.7 X 10 -2 7.93 X 101 165 

1.9 pet C awl650)  e a = 0.9 
34 +700~ min 650 1 5,7 X 10-4 4.15 X 10 ~ 378/380 
35 C~w(565 ) e,~ = 0.2 650 1 1,7 X 10-4 4.15 X 10 ~ 231 
36 t~w(565 ) e a = 1 650 1 1.7 X 10 -4 4.15 X 10 ~ 334 
37 C~w(593 ) % = 1.1 650 1 1.7 X 10-4 4.15 X 10 ~ 328 

awl650)  e~ = 0.9 
38 +700~ min 700 10 1.3 X 101 222 
39 same 650 10 4.15 X 101 254 
40 same 770 10 1.41 X 101 195 

1.7 • 10 -3 
1.7 X 10 -s 
1.7 • 10 -3 

*AII ultrahigh carbon steels were first worked by continuous rolling from an initial temperature of  1200~ to a final temperature o f  650~ achieving a total true strain 
of  about  two. The subsequent alpha working treatment,  a w ,  is described in the table and the true strain, e,~, introduced during work in the c~ + Fe~C region is listed. 
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Fig. 13-The tensile ductility is plotted as a function of the grain 
boundary diffusion compensated strain-rate for several fine grained 
UI-IC steels. 
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Fig. 14-The predicted flow stress-strain rate relation is shown for 
a 1.6 pet C steel for a stable grain size of 0.4/am at 700~ Under 
these conditions superplastic flow should be observed at strain-rates 
as high as one per s. 

f luence of a v a r i e t y  of s t e e l  making or  a l loy ing  e l e -  
men t s  has been  a s s e s s e d .  T h e s e  include Ni and V, 2~ 
Cr ,  21 and Mn, Si, T i  and P.22 

SUMMARY AND CONCLUSIONS 
The s u p e r p l a s t i c  p r o p e r t i e s  of u l t r a h i g h  ca rbon  

(UHC) s t e e l s  (1.3 to 1.9 pc t  C) have been  inves t iga t ed  
in the f e r r i t e  p lus  cemen t i t e  as  wel l  a s  the aus t en i t e  

1 4 7 0 - V O L U M E  1 0 A ,  O C T O B E R  1 9 7 9  

plus  cemen t i t e  r a n g e s  of t e m p e r a t u r e ,  i .e.  600 to 
850~ The fol lowing c h a r a c t e r i s t i c s  were  noted:  

1) The UHC s t e e l s  exh ib i ted  s t r a i n  harden ing  dur ing  
s u p e r p l a s t i c  flow at a l l  t e m p e r a t u r e s  of t e s t i ng .  Th i s  
was a t t r i bu t e d  to g r a i n  c o a r s e n i n g  dur ing  s u p e r p l a s t i c  
s t r a i n i n g .  F o r  e x a m p l e ,  the f e r r i t e  g r a i n  s i ze  in-  
c r e a s e d  f rom 0.5 to about 2.0 # m  dur ing  s u p e r p l a s t i c  
d e f o r m a t i o n  at  650~ al though it  r e m a i n e d  r e m a r k a b l y  
s t ab le  at  650~ if t h e r e  was  no c o n c u r r e n t  d e f o r m a t i o n .  

2) At  low s t r a i n - r a t e s ,  the s t r e s s  exponent ,  n, in the 
equat ion ~ cc ~n, was o b s e r v e d  to be about  two, a va lue  
g e n e r a l l y  a t t r i bu t e d  to s u p e r p l a s t i c  flow by g r a i n  
boundary  s l i d ing .  At  high s t r a i n - r a t e s ,  the s t r e s s  
exponent  was o b s e r v e d  to a p p r o a c h  eight ,  a value  a t t r i b -  
uted to p l a s t i c  flow by a s l ip  c r e e p  m e c h a n i s m  where  
g r a i n  bounda r i e s  and cemen t i t e  p a r t i c l e s  a r e  cons id -  
e r e d  as  b a r r i e r s  to p l a s t i c  flow. 

3) In the r ange  where  s u p e r p l a s t i c  flow d o m i n a t e s ,  
the  ac t iva t ion  ene rgy  was found equal  to  about  170 k J /  
mol  a va lue  n e a r l y  equal  to that  for  g r a i n  bounda ry  
s e l f -d i f fu s ion  in a lpha  o r  g a m m a  i ron .  In the r ange  
where  s l ip  c r e e p  d o m i n a t e s ,  the ac t iva t ion  e n e r g y  was 
found to be c o n s i d e r a b l y  h igher  than 170 k J / m o l  and 
was ident i f ied  with the ac t iva t ion  e n e r g y  for  l a t t i ce  
s e l f -d i f fu s ion  in a lpha  or  g a m m a  i ron .  

4) The  t e n s i l e  duc t i l i ty  was high at  low va lues  of the 
d i f fus ion c o m p e n s a t e d  s t r a i n - r a t e ,  with e longa t ions  to 
f a i l u r e  in the range  300 to 750 pc t .  The  t e n s i l e  duc t i l -  
i ty was h igher  below the AI t e m p e r a t u r e  ( f e r r i t e  p lus  
cemen t i t e  range)  than above the :41 t e m p e r a t u r e  
(aus teni te  plus  cemen t i t e  r ange ) .  Th i s  was a t t r i bu t ed  to 
the lower  content  of c emen t i t e  above the A1 than below 
the A1 lead ing  to  enhanced g r a i n  g rowth  in the  aus t en i t e  
plus  cemen t i t e  r a n g e .  

5) The  UHC s t e e l s  exh ib i ted  high duc t i l i t y  at  w a r m  
and hot t e m p e r a t u r e s  even in the a s - c a s t ,  c o a r s e  
s t r u c t u r e  s t a t e .  No edge c r ack ing  was noted in l a rge  
s t r a i n  forg ing  e x p e r i m e n t s  on the a s - c a s t  ca rbon  
s t e e l s  even at  t e m p e r a t u r e s  a s  low as  850~ T h e s e  
r e s u l t s  sugges t  that  such  UHC s t e e l s  have a wide range  
of w orka b i l i t y .  
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