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The s t rength  of 2 1/4 Cr-  1 Mo s tee l  depends on the m i c r o s t r u c t u r e ,  which, in turn,  de- 
pends on the heat t r e a tmen t .  In the fully annealed  and i so the rmal ly  annealed  conditions,  
the m i c r o s t r u c t u r e  is p r i m a r i l y  proeutectoid f e r r i t e  with va ry ing  amounts  of baini te  
and pear l i t e .  The re la t ive  amounts  of the la t te r  const i tuents  depend on the cooling ra tes  
dur ing  the anneal .  The creep and rup ture  p rope r t i e s  were de t e rmined  for s tee l  plates  
(from a s ingle  heat) given three  different  anneal ing  t r e a t m e n t s :  two were fully annealed,  
but cooled at different  ra tes  f rom the aus ten i t i z ing  t empe ra tu r e ,  and the th i rd  was i so-  
t he rma l ly  annealed .  P r o p e r t i e s  were de te rmined  at 454, 510, and 566~ At 454 and 510~ 
the cooling ra te  had a s ignif icant  effect on the creep and rup ture  p roper t i e s ,  with the ma-  
t e r i a l  cooled fas tes t  being the s t ronges t .  Although at 510~ s t reng ths  at shor t  rupture  
t imes  differed widely, the p roper t i e s  approached a common value at longer rup ture  t i m e s .  
The p rope r t i e s  differed very  l i t t le at 566~ even for shor t  rup tu re  t imes .  The effect of 
heat t r e a tmen t  was concluded to be the r e su l t  of in te rac t ion  sol id  solut ion hardening,  a 
d i s loca t i on -d rag  p rocess .  This  p rocess  gave r i s e  to nonc l a s s i ca l  creep curves  (as op- 
posed to c l a s s i c a l  curves  with s ingle  p r imary ,  secondary ,  and t e r t i a r y  s tages) .  By 
examin ing  the c r eep -cu rve  shape, it was poss ib le  to in t e rp re t  the heat t r ea tmen t  effects 
on the c r e e p - r u p t u r e  p rope r t i e s .  

A N N E A L E D  2 1/4 Cr-1 Mo s tee l  is being cons idered  
as  s t r u c t u r a l  m a t e r i a l  for  the s t eam gene ra to r s  of 
Breede r  Reac to r s .  It  is also in common use in foss i l  
fueled power genera t ion  s y s t e m s .  Two types of an-  
nea l ing  t r e a t m e n t s  a re  commonly used for this 
s teel :  1'2 a full anneal  and an i so the rma l  anneal .  Both 
heat t r e a t m e n t s  give a m i c r o s t r u c t u r e  that is p r i -  
m a r i l y  proeutectoid  f e r r i t e .  P r ev ious ly  we inves t i -  
gated the effect of heat t r ea tmen t  on tens i le  p rope r -  
t ies ,  and a definite effect was observed .  ~ The objective 
of this  study was an inves t iga t ion  of the effect of the 
annea l ing  t r e a t m e n t  on the creep and c r e e p - r u p t u r e  
p rope r t i e s .  

EXPERIMENTAL 

Three  sec t ions  of a 25 mm thick s tee l  plate taken 
f rom a s ingle  heat (B and W 20017) were tes ted  (Table 
I). Two sec t ions  were given di f ferent  full annea l s  (dif- 
fe ren t  fu rnace  cooling ra tes )  and one was given an 
i s o t h e r m a l  anneal .  The fully annealed  sect ions  were ~ooo 
aus ten i t i zed  1 h at 927~ and then furnace  cooled at 
different  r a t e s .  The other  sect ion was i so the rma l ly  9oo 
annea led  by furnace  cooling f rom 927 to 704~ at about 
83~ holding at that t empe ra tu r e  for 2 h, then fur -  aoo 
nace cooling (Fig. 1). Fo r  compar ison ,  the curve for o 
the a i r - c o o l e d  plate (normal ized)  is  a lso  shown in Fig,  ~ 700 
1. Hereaf te r ,  the two annealed  plates  will  be r e f e r r e d  
to as  AN- 1 and AN- 2 (AN- 2 was cooled f a s t e r  than ~ 800 
AN- l ) ,  and the i so the rma l ly  annealed  plate as IA. 
Most of our t e s t s  were made on AN-1 and IA. 500 

The m i c r o s t r u c t u r e s  of the s tee l  in these three  
h e a t - t r e a t e d  condit ions were prev ious ly  d i scussed .  I 4oo 
After  al l  three  heat t r ea tmen t s ,  the m i c r o s t r u c t u r e s  
were p r i m a r i l y  proeutec to id  f e r r i t e  with some pe a r -  
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Table I. Chemical Composition of 25 mm Plate of Annealed 2 1/4 Cr-1 Mo Steel 

Chemical Composition, Wt Pct 

Analysis C Mn Si Cr Mo Ni S P 

Vendor 0.11 0.55 0.29 2.13 0.90 0.014 0.01 ] 
ORNL 0.135 0.57 0.37 2.2 0.92 0.16 0.016 0.012 

life and ba in i te .  Heat t r e a t m e n t s  AN-1, AN-2, and IA 
were es t ima ted  to have r e spec t ive ly  20, 25, and 20 
pct baini te  and 1, < 1, and 1 pct pear l i t e .  

F o r  the cons tan t - load  c r e e p - r u p t u r e  t e s t s  at 454, 
510, and 566~ spec imens  with a 6.4 mm diam • 63.5 
mm long reduced sect ion were used.  The tes t s  were 
made in a i r  on constant  load l e v e r - a r m  creep  f r a m e s  
with 12/1 and 20/1 ra t ios ;  the spec imens  were heated 
by a Mar sha l l  r e s i s t a n c e  furnace .  Dur ing  tes t  the 
t e m p e r a t u r e  was moni tored  and control led by three  

300~0~ 2 5 t02 2 5 ]03 2 5 404 2 5 
TIME (sec) 

Fig. 1--Cooling curves for the three different annealed heat 
treatments used on the plates. For comparison, the curve 
for an air-cooled normalized plate is also shown. 
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C h r o m e l - A l u m e l  thermocouples  attached along the 
s p e c i m e n  gage sect ion .  T e m p e r a t u r e s  were  control led 
to +I~ and the temperature  var ied  l e s s  than +2~ 
along the gage sect ion .  Creep s tra ins  were measured  
with a mechanica l  ex tensometer  attached to the s p e c i -  
men shoulders ,  and the s train  was read per iodica l ly  
on a dial  gage with a s ens i t i v i ty  of 0.3 /~m. 

RESULTS 

Rupture Life  and Minimum Creep Rate 

The resu l t s  for the creep-rupture  tes t s  for A N - l ,  
AN-2 ,  and IA are given in Tables  II to IV, r e s p e c -  
t ive ly ,  while  F ig .  2 shows the creep-rupture  curves  

Table II. Creep-Rupture Properties of Annealed (AN- l )  2 �88 Cr-1 Mo Steel 

Minimum 
Stress, Rupture Elongation, Reduction Creep Rate, 
MPa Life, h Pct of Area, Pct Pct/h 

327 12059.1 68.7 
358 1435.3 70.8 
379 539.1 71.4 
413 233.4 64.4 
448 48.9 66.4 

152 9650.3 69.6 
172 * 
172 2788.0 76.1 
189 1396.4 81.4 
207 1089.3 82,3 
241 476.0 77,0 
276 135.5 76.3 
310 47.5 76.0 

454~ 

16.0 0.0000957 
17.2 0.00142 
18.5 0.0056 
19,2 0.0148 
17.3 0.062 

510~ 

32.8 0.000125 
0.0005 

36.4 0.00053 
35.6 0,00125 
34.7 0.0025 
26.4 0.0043 
28.8 0.0243 
24.4 0.069 

566~ 

103 8194.8 18.6 47,0 0.00065 
124 1804.6 27.9 66.1 0.0055 
138 707.3 31.2 77.9 0.00187 
138 885.4 32.3 71.7 0.0033 
152 222.9 46.4 82.3 0.086 
172 78.2 35.2 83.9 0.0375 
172 136.5 34.0 0.0196 
207 16.3 40.2 85.1 0.51 

*Test discontinued after 1321.3 h and 3.1 pet elongation. 

Table I I I .  Creep-Rupture Properties of Annealed (AN-2) 2'A Cr-1 Mo Steel 

Minimum 
Stress, Rupture Elongation, Reduction Creep Rate, 
MPa Life, h Pct of Area, Pct Pct/h 

510~ 

152 * 0.0000267 
207 2372.8 32.3 75.8 0.000168 
207 2354.4 28.4 78.1 0.000167 
276 952.9 22.8 73.4 0.00101 
310 563.0 20.4 70.0 0.0029 
345 308.4 19.9 61.1 0.00848 
378 220.0 27.4 67.8 0.0165 

566~ 

124 1798.5 35.0 70.9 0.00427 
138 982.2 33.4 73.0 0.00267 

*Test discontinued before rupture. 

Table IV.  Creep-Rupture Properties of Isothermally Annealed 2 �88  Cr-1 Mo Steel 

Minimum 
Stress, Rupture Elongation, Reduction Creep Rate, 
MPa Life, h Pct of Area, Pct Pct/h 

454~ 

276 4131.5 24.6 72.5 0.00024 
296 2487.2 23.0 73.1 0.000426 
338 1301.9 23.2 70.3 0.00104 
358 854.9 17.5 70.4 0.00253 
379 479.1 24.3* 67.7 0.00538 
413 214.6 15.7 63.2 0.00908 

5IO~ 

152 6853,9 32.4 78.7 0.000165 
172 1879.5 43.2 84.6 0.000462 
207 526.0 39.3 81.7 0.00339 
241 204.5 43.7 79.6 0.00967 
276 74.2 22.4 72.9 0.0397 

566~ 

103 9918.7 23.0 51.0 0.000605 
124 1233.1 25.8 76.9 0.00723 
138 400.4 47.5 80.0 0.0322 
172 68.5 48.2 85.9 0.136 

*Failure occurred near end of gage section; the specimen also had a neck (re- 
duced section) neat center of gage section with a reduction of area of about 20 
pct. Thus, the true "total elongation" is less than 24.3 pet. 
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F i g .  2 - - C r e e p - r u p t u r e  c u r v e s  f o r  2 1 / 4  C r - 1  M o  s t e e l  a t  454 ,  
5 1 0 ,  a n d  5 6 6 ~  t h r e e  d i f f e r e n t  h e a t  t r e a t m e n t s  w e r e  t e s t e d .  

for the three heat t rea tments .  Creep-rupture  tes t s  
were made over  a range of s t r e s s e s  at a l l  three  t em-  
peratures  for AN-1  and IA, with the most  detai led 
work being done on AN-1  (considerable  l o w - s t r e s s  
creep data are being obtained on AN-1  and wi l l  be re -  
ported at a later date).  For AN-2 ,  a creep-rupture  
curve was obtained only at 510~ with s o m e  compara-  
t ive tes t s  made at the other two t emp era tu res .  

Severa l  points are of interest  from Fig .  2. At 
510~ at the high s t r e s s e s ,  the propert ies  of A N - 2 -  
the fa s t - coo led  a n n e a l - a n d  the other two heat treat-  
ments  obvious ly  differ .  At lower s t r e s s e s ,  however ,  
the propert ies  for AN-2  approach those of the other 
two heat t rea tments .  At both 510 and 566~ the prop- 
er t i e s  for AN-1  are  s l ight ly  above those for IA, but 
as the s t r e s s  is  decreased ,  the rupture t i m e s  for 
these  two s t e e l s  a l so  approach one another.  At 566~ 
the approach of propert ies  is  complete  by about l0  s h 
(at 124 MPa the rupture l i fe  for AN-2  was l e s s  than 
that for A N - l ,  and at 103 MPa, the rupture l i fe  for IA 
exceeded that for A N - l ) .  At 454~ where only AN-1  
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and IA data were obtained, the curves  for the two ap- 
pear to deviate  as  the s t r e s s  is  decreased .  

In Fig .  3 the s t r e s s  is  plotted against  the m i n i m u m  
creep rate,  and in general ,  the re su l t s  para l l e l  the 
rupture l ife r e su l t s .  At 454~ (Fig.  3(a)), the AN-1  
and IA creep rates  again deviate  with d e c r e a s i n g  
s t r e s s ,  while  at 510~ (Fig.  3(b)), the creep rates  for 
these  two heat treatments  approach one another,  e s -  
pec ia l ly  at the low s t r e s s e s .  For AN-2  the creep 
rates  are cons iderably  l e s s  than those  for IA and 
A N - l ,  but there are again indicat ions  that the curves  
for AN-2  wi l l  approach those for the other two heat 
treatments  at low s t r e s s e s .  

At 566~ (Fig.  3(c)) the AN-1  and IA resu l t s  show 
an apparent d iscont inui ty .  That is ,  an extens ion  of 
the curve through the creep rates  determined  for 
s t r e s s e s  of 103 and 124 MPa would predict  a creep 
rate of about 0.015 at 138 MPa, and l itt le  d i f ference  
between AN-1  and IA. The observed  value for AN-1  
is  about an order of magnitude lower than this ,  while  
that for IA is  half  a log cyc le  lower.  Furthermore ,  
the observed  creep rates  for the 138 MPa te s t s  are  
l e s s  than those  for the 124 MPa tes t s ,  certa in ly  an 
unexpected resu l t .  

To try to understand the resu l t s ,  we c l o s e l y  ex-  
amined the creep curves  for each of the above t e s t s ,  
and it was immedia te ly  obvious that not a l l  the curves  
had the c l a s s i c a l  shape (Fig.  4(a)) with pr imary  
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Fig.  4- -Schemat ic  d i a g r a m s  of types of c reep  cu rves  ob-  
s e rved  for annealed 2 1/4 Cr -1  Mo steel �9 (a) C la s s i ca l  c reep  
curve ,  (b) Type of c reep  curve  often obse rved ,  (c) and (d) 
Types  of cu rv e s  observed  when the ear ly  port ion of the curve  
in (b) i s  magnif ied.  

( t rans ien t ) ,  s e c o n d a r y  ( s t e a d y - s t a t e ) ,  and t e r t i a r y  
c r e e p  s t age s .  Many of the c r e e p  cu rves  were  as  
shown in F ig .  4(b). The t e s t  s e e m e d  to be i m m e d i a t e l y  
in t e r t i a r y  c r eep ,  o r  a t  bes t ,  s t e a d y - s t a t e  c r e e p  be -  
gan at  z e r o  t ime ,  even tua l ly  going into an i n c r e a s i n g  
c r e e p  r a t e  ( t e r t i a r y  c reep) .  However ,  when the f i r s t  
p a r t  of this  curve  was magnif ied ,  c r e e p  cu rves  of the 
types  shown s c h e m a t i c a l l y  in F ig .  4(c) and (d) were  
o b s e r v e d .  A f t e r  a p e r i o d  of d e c r e a s i n g  c r e e p  r a t e  
( t r ans ien t  c reep) ,  an appa ren t  s t e a d y - s t a t e  s tage  is  
r eached ,  a f t e r  which the c r e e p  r a t e  beg ins  to i n c r e a s e  
( t e r t i a r y  c r e e p ? ) .  I n s t ead  of i n c r e a s i n g  to rup tu re ,  
however ,  the c r e e p  r a t e  aga in  d e c r e a s e s  (Fig .  4(c)) 
and goes into what a p p e a r s  to be ano ther  s t e a d y - s t a t e  
s t age  (i .e. ,  c r e e p  r a t e  i s  e s s e n t i a l l y  constant ) .  In 
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(a) Creep  curve  to rupture ,  (b) Creep  curve  to 5 pct. 
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some  in s t ances  the c r e e p  r a t e  i n c r e a s e s  f rom the 
f i r s t  s t e a d y - s t a t e  s t age  d i r e c t l y  into the second  
s t e a d y - s t a t e  s tage  (Fig .  4(d)) (i .e. ,  no i n t e r m e d i a t e  
d e c r e a s i n g  c r e e p  r a t e  a p p e a r s ) .  F ina l l y ,  a f t e r  th is  
second  s t e a d y - s t a t e  reg ion ,  the c r e e p  r a t e  aga in  in- 
c r e a s e s  and continues to i n c r e a s e  unt i l  r u p t u r e .  
Curves  that  have the two s t e a d y - s t a t e  s t a g e s  (Fig .  
4(c) and (d)) wi l l  h e r e a f t e r  be r e f e r r e d  to a s  nonc la s -  
s i c a l .  F o r  cu rves  that  showed n o n c l a s s i c a l  behav io r ,  
the c r e e p  r a t e  for  the f i r s t  s t e a d y - s t a t e  s tage  was 
p lo t ted  in F ig .  3. 

An example  of a n o n c l a s s i c a l  curve  is that  for  an 
i s o t h e r m a l l y  annea led  s p e c i m e n  t e s t ed  at  152 M P a  
(22 ksi)  at  510~ (Fig .  5). When the en t i r e  curve  is 
examined  (Fig .  5(a)), i t  i s  found s i m i l a r  to F ig .  4(b). 
However ,  when only the f i r s t  5 pct  is  examined  (Fig .  
5(b)), we obse rve  a n o n c l a s s i c a l  a p p e a r a n c e  s i m i l a r  
to F i g .  4(d). The v a r i o u s  c r e e p  s t ages  a r e  often m o r e  
e a s i l y  seen  when the c r e e p  r a t e  is  p lo t ted  as  a func- 
t ion of t ime  on a d o u b l e - l o g a r i t h m i c  plot  (F ig .  6). The 
two r eg ions  where  the c r e e p  r a t e  d e c r e a s e s  and be -  
comes  cons tant  a r e  now qui te  obvious .  

A l l  c r e e p  cu rves  were  r e e x a m i n e d  for  shape and 
our  o b s e r v a t i o n s  a r e  s u m m a r i z e d  s c h e m a t i c a l l y  in 
F ig .  7. At  566~ t e s t s  at  103 and 124 MPa  for  both 
heat  t r e a t m e n t s  AN-1  and IA d i s p l a y e d  c l a s s i c a l  c r e e p  
c u rve s .  At  138 M P a  a n o n c l a s s i c a l  c r e e p  curve  was 
o b s e r v e d .  The c r e e p  r a t e  for  the second  s t e a d y - s t a t e  
c r e e p  s t age  was qui te  e a s i l y  d e t e r m i n e d  for  the t e s t s  
up to and inc luding  172 MPa .  At  207 MPa,  however ,  
we could only d e t e r m i n e  one c r e e p  r a t e ,  ind ica t ing  a 
c l a s s i c a l  c r e e p  curve .  

If the c r e e p  r a t e  for  the second s t e a d y - s t a t e  r eg ion  
i s  p lo t ted  for  the n o n c l a s s i c a l  c r e e p  c u r v e s  at  566~ 
( s t r e s s  -> 138 MPa) ,  the points  a p p e a r  to fa l l  on the 
ex tens ion  of the curve  for  the t e s t s  at  103 and 124 
M P a - t h e  t e s t s  that  d i s p l a y e d  c l a s s i c a l  c r e e p  c u r v e s .  
Th is  is  shown in F ig .  8(a). T a b l e  V gives  the da ta  
used  for  F ig .  8. Note that  the 207 MPa  t e s t  (the one 
where  no second  s t e a d y - s t a t e  s t age  could be de l ine -  
a ted)  does  not a p p e a r  to f a l l  on an ex tens ion  of e i t he r  
of the two cu rves  for  AN-1 .  
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c r e e p  r a t e  g i v e n  a s  a f u n c t i o n  o f  t i m e .  

C l a s s i c a l  creep curves  were observed  for al l  the 
tes t s  at 454~ (Fig.  7). At 510~ the type of behavior  
depended on s t r e s s  and heat treatment .  For the AN-2  
s p e c i m e n s  at 510~ a l l  the creep curves  appeared 
c l a s s i c a l ,  except the one at 207 MPa. Although the 
creep curve at 207 MPa appeared n o n c l a s s i c a l ,  it was 
very  diff icult  to de termine  accurate ly  the second 
s teady-s ta te  s tage  creep rate because  of the l imi ted  
duration of this  s tage .  However ,  a creep test  (not 
ruptured) was made at 152 MPa that def ini te ly  had a 
n o n c l a s s i c a l  curve .  Thus,  we concluded that the bound- 
ary between c l a s s i c a l  and n o n c l a s s i c a l  curves  for 
AN-2  was near 207 MPa. 

A l l  curves  for AN-1  were  n o n c l a s s i c a l  below about 
241 MPa. Above this  s t r e s s  only a s ingle  s teady-s ta te  
stage could be accurate ly  determined.  For IA at 510~ 
only n o n c l a s s i c a l  curves  were  observed,  although the 
s t r e s s e s  tes ted  were not as  high as  the highest  
s t r e s s e s  used for AN-1  and AN-2 .  

F igure  8(b) shows the data for the second steady-  
state stage creep rate at 510~ the data used for this  
plot are  given in Table  V.  

Figure  9 shows the elongation and reduction of area  
plotted against  the rupture l i fe  at 454, 510, and 566~ 
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Table V. "Steady.State Creep Rates" for Tests at 510 and 566~ 

Creep Rate, Pct/h 

AN-I IA St[ess, 
MPa Stage 1 Stage 2 Stage 1 Stage 2 

510~ 

152 0.000125 0.00153 0.000165 0.00196 
172 0,0005 0,0042 0,000462 0.006 
172 0.00053 0,00515 
189 0.00125 0.0061 
207" 0.0025 0.010 0.00339 0.021 
241 0.0043 0.0235 0.00967 0.0702 
276 0.0285 t 0.0397 0.14t 
310 0.071 t 

566~ 

103 0.00065 "~ 0.000605 t 
124 0.0055 t 0.00723 t 
138 $ 0.00187 0.0159 0.0175 0.0322 
138 0.0033 0.013 
152 0,0086 0,076 
172 0.0375 0.150 0,075 0.17 
172 0.0196 0.110 
207 0.51 t 

*The creep curves for the two 207 MPa tests for AN.2 were estimated to be 
nonclassical with creep rates of 0.000168, 0.0137 and 0.000167, 0.0030 pct/h. 

#Classical creep curve; no second steady-state creep stage was distinguished. 
Heat treatment AN-2 also displayed a nonclassical creep curve at 138 MPa 

and 566~ with creep rates of 0.00267 and 0.0099 pct/h. 

Curves ,  which are  meant only to show data trends ,  
have been drawn.  The duct i l i ty  at 454~ (Fig.  9(a)) 
showed l i tt le  change with rupture l i fe .  At 510~ (Fig.  
9(b)), both the elongation and reduction of area  appear 

90 

70 

60 

30 

>_ 50 

J 
I.- 

20 

10 

�9 .,.. & 

RUPTURE LIFE (hr) 
(a) 

0 i i 

101 2 5 102 2 5 103 2 

F i g .  9 - - V a r i a t i o n  in r u p t u r e  e l o n g a t i o n  and r e d u c t i o n  of  a r e a  
w i t h  r u p t u r e  t i m e  for  a n n e a l e d  2 1 /4  C r - 1  Mo s t e e l  at  (a )  
454~  (b)  510~  and  (c)  566"C.  

90 

80 

70 

60 

5O 

40 
2 

3O 

2O 

~0 

90 

80 

70 

60 

010t 

v 50 >- 

d 

o 40 

30 

20 

40 

0 . . . . .  
t0 t 2 5 t02 2 5 t03 2 

RUPTURE LIFE (hr) 
(c) 

2 5 102 2 5 103 2 5 

RUPTURE LIFE (hr) 

(b) 

II ? 

I I I  

J 
t0 4 

80 

t0 4 

to go through a m a x i m u m  with increas ing  rupture l i fe .  
Although heat t rea tment  AN-2  shows  the least  ducti l i ty  
over  the s t r e s s  range tes ted ,  it wi l l  apparently reach 
its  m a x i m u m  ducti l i ty  at a longer rupture l ife than 
the other two heat t r e a t m e n t s .  For  the 566~ data 
(Fig.  9(c)),  the ducti l i ty  appears  to d e c r e a s e  rather 
continuously with increas ing  rupture l i fe ,  with no ap- 
parent ef fect  of heat t rea tment .  The 454~ t e s t s  ex-  
hibited the leas t  ducti l i ty,  though the ducti l i ty  of the 
s h o r t - t i m e  t e s t s  at 510~ approached s i m i l a r  va lues .  

A l l  the f rac tures  at 454 and 510~ appeared by v i sua l  
examinat ion  to be of the cup-cone type.  L i k e w i s e ,  
cup-cone fa i lures  were  s een  for the t e s t s  above 124 
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MPa at 566~ As expected from the observation in 
Fig. 9(c), the specimens tested at 103 and 124 MPa 
(15 and 18 ksi) showed decreasing amounts of neck 
formation as the stress decreased (increased rupture 
life) .  

M e t a l l o g r a p h i c  examina t ion  of the f r a c t u r e d  spec i -  
mens  g e n e r a l l y  a g r e e d  with the v i sua l  o b s e r v a t i o n s .  
At  454 and 510~ the f r a c t u r e s  were  e s s e n t i a l l y  en-  
t i r e l y  t r a n s g r a n u l a r .  Only at  566~ was the re  any in- 
d ica t ion  of g ra in  boundary  s epa ra t i on ,  and h e r e ,  only 
on the s p e c i m e n  t e s t ed  at  the lowest  s t r e s s  (103 MPa) .  
However ,  even in th is  case  t h e r e  was cons ide r a b l e  
g ra in  de fo rma t ion ,  and the f r a c t u r e  was p r i m a r i l y  
t r a n s  g r a n u l a r .  

DISCUSSION 

From an examination of the creep-rupture curves 
at 510~ (Fig. 2), the large scatter observed when 
data are collected from various sources is now easily 
understood. For example, Smith's data compilation 2 
for annealed 2 1/4 Cr-1 Mo steel shows that the rupture 
life at 138 MPa varies from 180 to 900 h and at 103 
MPa from 700 to 10,000 h. The present data show that 
the slight difference in cooling rate used in this study 
can a l t e r  p r o p e r t i e s  c o n s i d e r a b l y .  When da ta  a r e  
compi led  f rom d i f fe ren t  s o u r c e s ,  2 not only do d i f f e r -  
ences  in heat  t r e a t m e n t  af fec t  the p r o p e r t i e s ,  but 
h e a t - t o - h e a t  v a r i a t i o n s  in compos i t ion  can a l so  p l ay  
a r o l e .  In r e a l i t y ,  t he se  c h e m i c a l  d i f f e r e n c e s  a l so  
give r i s e  to heat  t r e a t m e n t  e f fec t s :  compos i t ion  
changes affect  the ha rdenab i l i t y  of the s t ee l ,  which in 
tu rn  a f fec t s  the type of m i c r o s t r u c t u r e  ach ieved  du r -  
ing an anneal. 

The metallurgical processes that cause strengthen- 
ing in 2 1/4 Cr-1 Mo steel have been discussed 3 and 
can be used to explain the creep-rupture behavior. 
When steels contain substitutional and interstitial ele- 
ments in solution that have an affinity for each other, 
these elements can interact to form atom pairs or 
clusters. Baird and Jamieson %~ showed that these 
clusters could form dislocation atmospheres that 
hinder dislocation motion and therefore strengthen 
the steel. They termed this process "interaction 
solid solution hardening." In annealed 2 I/4 Cr-I Mo 
steel, we showed that interaction solid solution hard- 
ening is due to molybdenum and carbon interactions. 1,3 

During the anneal neat treatment, the proeutectoid 
ferrite that forms is supersaturated with respect to 
molybdenum and carbon. It is this molybdenum and 
carbon that gives rise to interaction solid solution 
harden ing .  With  t ime  at  t e m p e r a t u r e ,  molybdenum 
and ca rbon  a r e  r e m o v e d  f rom solu t ion  to fo rm Mo2C, 
thus making  i t  unava i lab le  for  f u r t he r  s t r eng then ing  
by i n t e r ac t i on  so l id  so lu t ion  harden ing .  Once s u p e r -  
s a t u r a t i o n  is  r e l i e v e d ,  c r e e p  is con t ro l l ed  by the 
movement  of d i s loca t i ons  through the f e r r i t e  m a t r i x  
that  conta ins  a high dens i ty  of Mo2C p r e c i p i t a t e  p a r -  
t ic les .S  

The s t e e l  that  is  cooled f a s t e s t  dur ing  the annea l  
heat  t r e a t m e n t  wi l l  contain the l a r g e s t  amount  of 
molybdenum and ca rbon  in so lu t ion  and wil l  show the 
g r e a t e s t  i n t e rac t iop  so l id  so lu t ion  ha rden ing  ef fec t .  
F o r  th is  r e a s o n ,  AN-2 has the longes t  rup tu re  l ife at  
the h ighes t  s t r e s s e s .  F o r  the l o w - s t r e s s  t e s t s ,  molyb-  
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denum and ca rbon  a r e  be ing  r e m o v e d  by p r e c i p i t a t i o n  
dur ing  t e s t ,  and l e s s  s t r eng then ing  r e s u l t s  f r om i n t e r -  
ac t ion  so l id  so lu t ion  hardening .  Th is  l eads  to the ap-  
p r o a c h  of p r o p e r t i e s  for  the t h r e e  heat  t r e a t m e n t s  at  
long rup tu re  t i m e s  (Fig .  3). Since the p r e c ip i t a t i on  
p r o c e s s  is  d i f fus ion cont ro l led ,  the a p p r o a c h  of p r o p -  
e r t i e s  occu r s  mos t  r ap id ly  the h igher  the t e m p e r a -  
tu re ,  as  o b s e r v e d  when the r e s u l t s  at 510 and 566~ 
a r e  c o m p a r e d .  

Since AN-2 has  the h ighes t  molybdenum and carbon  
s u p e r s a t u r a t i o n ,  a h igher  dens i ty  of Mo2C p r e c i p i t a t e  
could fo rm,  which would r e s u l t  in g r e a t e r  d i s p e r s i o n  
s t r eng then ing  for  th is  heat  t r e a t m e n t .  Hence,  the 
s t r eng th  advantage  could p e r s i s t  beyond the t ime  when 
s t reng then ing  is  caused  by i n t e r ac t i on  so l id  solut ion 
harden ing .  In the l imi t ,  however ,  the Mo2C p a r t i c l e s  
c o a r s e n  (Ostwald r ipening) ,  leading  to a s i m i l a r i t y  of 
m i c r o s t r u c t u r e s  and s i m i l a r  s t r e n g t h s .  Eventua l ly ,  
the Mo2C for  a l l  heat  t r e a t m e n t s  i s  r e p l a c e d  by e ta-  
ca rb ide  and the f inal  m i c r o s t r u c t u r e s  become  the 
s a m e  for  each :  f e r r i t e  that  contains  l a rge  g lobu la r  
p a r t i c l e s  of M~3C6 and e t a - c a r b i d e  6 (the M23C6 f o r m s  
in the p a r t s  of the m i c r o s t r u c t u r e  that  were  ba in i te  
and p e a r l i t e  a f t e r  the heat  t r e a t m e n t ) .  However ,  th is  
t r a n s f o r m a t i o n  of Mo2C to m o r e - s t a b l e  c a r b i d e s  oc-  
curs  only for  t e s t s  with rup tu re  t i m e s  longer  than 
those  of the p r e s e n t  s tudy.  

We p r e v i o u s l y  expla ined  the n o n c l a s s i c a l  c r e e p  
c u rve s .  3 The f i r s t  s t e a d y - s t a t e  s tage  was expla ined  
in t e r m s  of i n t e r ac t i on  so l id  solut ion hardening ,  where  
d i s loca t ion  mot ion in c r e e p  is h indered  by the i n t e r -  
ac t ion  with molybdenum and ca rbon  a t o m s  or  a tom 
c l u s t e r s .  With  t ime ,  the amounts  of molybdenum and 
ca rbon  in so lu t ion  d e c r e a s e  unti l  the i n t e r ac t i on  no 
longer  h inde r s  d i s loca t ion  motion.  Then the c r eep  
r a t e  i n c r e a s e s  and eventua l ly  e s t a b l i s h e s  a new 
s t eady  s t a t e .  In th is  new s t eady  s ta te ,  the c r e e p  r a t e  
is  con t ro l l ed  by a t m o s p h e r e - f r e e  d i s loca t i ons  moving 
through the Mo2C p r e c i p i t a t e  f ie ld  of the p roeu t ec to id  
f e r r i t e .  C reep  b e c o m e s  c l a s s i c a l  below the s t r e s s  at  
which the molybdenum and ca rbon  a tom c l u s t e r s  can 
dif fuse  with the moving d i s l oc a t i ons .  

A d i scon t inu i ty  in s t r e s s - m i n i m u m  c r e e p  r a t e  curve  
at  566~ (Fig .  3) r e s u l t e d  when the c r e e p  r a t e s  for  the 
f i r s t  s t e a d y - s t a t e  s tage  for  the n o n c l a s s i c a l  cu rves  
were  p lo t ted  with the c r e e p  r a t e s  for  the l o w - s t r e s s  
c l a s s i c a l  c u r v e s .  The d i scon t inu i ty  co inc ided  with the 
change f rom c l a s s i c a l  to n o n c l a s s i c a l  c u r v e s .  How- 
e v e r ,  when the c r e e p  r a t e s  for  the second  s t e a d y - s t a t e  
s tage  were  p lot ted ,  good a g r e e m e n t  was obtained 
(Fig .  8). Th is  is  expec ted ,  s ince  in the l a t t e r  case  we 
a r e  compar ing  c r e e p  r a t e s  for  s i m i l a r  r a t e  con t ro l -  
l ing p r o c e s s e s  (i.e.,  d i s loca t ion  mot ion th rough  Mo2C 
p r e c i p i t a t e s  in p roeu t ec to id  f e r r i t e ) .  

F o r  the t e s t s  at  454~ and the h i g h - s t r e s s  t e s t s  on 
AN-1 and AN-2  at  510~ we p r e v i o u s l y  concluded that  
the c l a s s i c a l  cu rves  (Fig.  7) a r e  d i f fe ren t  than the 
l o w - s t r e s s  c l a s s i c a l  cu rves  noted at 566~ 3 The 
c r e e p  r a t e  depends  on d i s loca t ion  dens i ty ,  which in 
tu rn  depends  on s t r e s s :  the h igher  the s t r e s s ,  the 
l a r g e r  the d i s loca t ion  dens i ty .  I t  was concluded,  
t h e r e f o r e ,  that  above some  s t r e s s ,  d i s l o c a t i o n s  a r e  
gene ra t ed  f a s t e r  than they can be t ied  up by molyb-  
d e n u m - c a r b o n  a tom c l u s t e r s .  Hence,  for  the high- 
s t r e s s  c l a s s i c a l  cu rves ,  the c r e e p  r a t e  is  d e t e r m i n e d  
by  some  combina t ion  of the p r o c e s s e s  that  ope ra t e  in 
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the two s tages  for  m a t e r i a l s  that d isp lay  nonc l a s s i ca l  
creep.S 

At the highest  s t r e s s e s  the la rge  number  of d i s lo -  
cations in t roduced dur ing loading and p r i m a r y  c reep  
d e t e r m i n e  the p r o p e r t i e s ,  independent of in te rac t ion  
sol id  solut ion hardening ( i . e . ,  the s m a l l  number  of 
d i s loca t ions  af fec ted  by a t m o s p h e r e s  make  up only a 
s m a l l  por t ion  of the total  d i s loca t ion  population).  As 
the s t r e s s  is lowered,  a l a r g e r  number  of d i s loca t ions  
are affected by interaction solid solution hardening, 
and this process has a larger effect on the properties. 
This explanation can be used to account for the diver- 
gence of the properties of AN-1 and IA at 454~ 
(Figs. I and 2). For the high-stress tests at 510 and 
566~ the interaction solid solution hardening effect 
for AN-1 was greater than that for IA. A similar dif- 
ference should also occur at 454~ As the stress is 
decreased at 454~ therefore, interaction solid solu- 
tion hardening has a larger effect in AN-1 than IA, 
thus making AN-1 stronger. With time, precipitation 
will occur, and the properties will eventually con- 
verge. 

The effect of stress on creep rate is generally 
analyzed  acco rd ing  to the power law equat ion:  

= A( r  n exp (-  Q / R T ) ,  [1 ] 

where  d is c reep  ra te ,  a is the s t r e s s ,  A and n a r e  
constants ,  Q is the ac t iva t ion  ene rgy  for  c reep ,  R is 
the gas constant,  and T is the absolute  t e m p e r a t u r e .  
Examina t ion  of the c u r v e s  in F igs .  3 and 8 indica tes  
that  for  a given t e m p e r a t u r e ,  n is  a constant for  both 
s t e a d y - s t a t e  s t ages .  However ,  n v a r i e s  with t e m p e r a -  
ture  and heat  t r ea tmen t ,  and n is d i f fe ren t  for  the two 
s teady-  s ta te  s t ages .  

It is i n t e r e s t i ng  to note that n appears  to go through 
a min imum as the t e m p e r a t u r e  is  d e c r e a s e d  f r o m  566 
to 454~ The n va lues  de t e rmined  1~ f r o m  these  t e s t s  
a r e  given in Table  VI. Genera l ly  n d e c r e a s e s  with de-  
c r e a s i n g  t e m p e r a t u r e .  7 The r e a s o n  for  the min imum 
is not understood,  but must  involve the in te rac t ion  
sol id  solut ion hardening.  We must  t h e r e f o r e  a g r e e  
with Bai rd  e t  a l ,  8 who concluded that for  the i r  t e r n a r y  
al loy an examinat ion  of the s t r e s s  dependence and 
ac t iva t ion  energy  for  c r eep  to d e t e r m i n e  m e c h a n i s m s  
can " g i v e  va luable  in format ion  on a l loys  which a r e  
s table  dur ing the c r eep  tes t ,  but for  the type of a l -  
loys examined  in the p r e s e n t  work, where  m e t a l l u r g i -  
cal  changes occur  dur ing creep,  m e a s u r e m e n t s  of 
s t r e s s  dependence and ac t iva t ion  ene rgy  a re  unlikely 
to give meaningful  r e s u l t s . "  

Table Vl, Stress Exponents for 2�88 Cr-1 Mo Steel Given Different Anneals 

Stress Exponent, n 

Heat 510~ 566 ~ 
Treatment 454~ Stage 1 Stage 2 Stage 1 Stage 2 

AN-1 20.6 8.3 5.6 12.1 11.1 
IA 10.3 8.9 7.4 12.1 14.3 

AN-2 6.7 

SUMMARY AND CONCLUSIONS 

The effect of heat treatment on the creep and rup- 
ture properties of 2 1/4 Cr-1 Mo steel was investi- 
gated. Properties were determined at 454, 510, and 
566~ on specimens taken from pieces of 25 mm thick 
plate (from a single heat of steel) given the following 
heat  t r e a tm en t s  : annealed (full anneal),  labeled AN- 1, 
which was s lowly cooled f r o m  the aus ten i t i z ing  t em-  
p e r a t u r e ,  annealed,  labeled AN-2,  which was cooled 
at a f a s t e r  ra te ,  and i s o t h e r m a l l y  annealed,  labeled IA. 

Cooling r a t e  dur ing the anneal  heat t r e a t m e n t  had a 
pronounced effect  on the c r eep  and rup ture  p r o p e r t i e s  
at 454 and 510~ F o r  shor t  rupture  t i m e s  at 510~ 
the c reep  s t reng th  of AN-2 was g r e a t e r  than A N - l ,  
which in turn,  was g r e a t e r  than IA. At longer  rup ture  
t i m e s ,  the p r o p e r t i e s  for  a l l  th ree  heat t r e a t m e n t s  
approached  a common curve .  At 454~ where  only 
AN-1 and IA were  tes ted,  the c r e e p - r u p t u r e  and mini -  
mum c reep  r a t e  cu rves  devia ted  at long t e s t  t imes ,  
with AN-1 becoming  cons ide rab ly  s t r o n g e r  than IA. 
At 566~ the c r e e p - r u p t u r e  p r o p e r t i e s  for  a l l  th ree  
m a t e r i a l s  approached  a common curve  much m o r e  
quickly than at 510~ 

The effect  of heat t r e a t m e n t  was a t t r ibuted  to d i f f e r -  
ences  in the p rec ip i t a t ion  s ta te  of the s t e e l s  because  
of the va r i a t ions  in the anneal  t r e a t m e n t .  Dur ing  the 
anneal  t r ea tmen t ,  the proeutec to id  f e r r i t e  that f o rmed  
was s u p e r s a t u r a t e d  with molybdenum and carbon.  
Molybdenum and carbon in solut ion gave r i s e  to in t e r -  
act ion sol id  solut ion hardening,  a s t reng then ing  ef fec t  
where  mo lybdenum-ca rbon  a tom c l u s t e r s  f o r m  d i s lo -  
cation a t m o s p h e r e s .  The f a s t e r  the cooling ra te  dur -  
ing the heat  t r e a tm en t ,  the g r e a t e r  was the supe r -  
sa tu ra t ion  and the g r e a t e r  the in te rac t ion  sol id  solu-  
t ion hardening effect .  In t e rac t ion  sol id  solut ion hard-  
ening a l so  gave r i s e  to n o n c l a s s i c a l  c r eep  cu r ves .  An 
examinat ion  of these  cu rves  al lowed for  an i n t e r p r e t a -  
t ion of the heat t r e a t m e n t  ef fec ts  on c reep  and rupture  
p r o p e r t i e s .  
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