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RESPONSE OF BAINITIC 2 1/4 Cr-1 Mo STEEL TO CREEP-FATIGUE 
LOADINGS AT 482OC* 

R. W. Swindeman and J. P. Strizak 

ABSTRACT 

Creep-rupture, fatigue, and creep-fatigue tests were 
performed on 150-mm plate of bainitic 2 1/4 Cr-1 Mo steel 
at 482°C. The purpose was to produce exploratory data to 
assess the sensitivity of the material to time-dependent 
damage processes. Two material conditions were examined - 
quenched and tempered (QT) for 6 h at 662°C and simulated 
postweld heat treated (PWHT) for 28 h at 69OOC. 

revealed better fatigue resistance than reported in the 
literature for this material. This difference may be an 
effect of specimen geometry. Under creep-fatigue conditions, 
with relaxation hold times in the range 0.01 to 0.5 h, the 
fatigue strength was substantially reduced. The PWHT material 
exhibited slightly poorer fatigue properties under tensile 
relaxation holds than under compression holds at the 1% strain 
range level. This behavior pattern is the opposite of the 
trend reported for annealed 2 1/4 Cr-1 Mo steel and suggests 
that the mechanism of damage accumulation in this class 
of material may depend on strain range and microstructure 
as well as environmental conditions. However, the failure mode 
for bainitic material was similar to that reported for ferritic 
(annealed) material. 

Continuous-cycling fatigue data for the PWHT material 

INTRODUCTION 

This paper presents data bearing on the sensitivity of bainitic 
(normalized and tempered) 2 114 Cr-1 Mo steel to creep-fatigue loadings. 
The purpose was to aid in the determination of whether creep-fatigue 
data are needed in the design and analysis of dissolver vessels for 
coal liquefaction plants. Such vessels are expected to operate at tem- 

peratures to 48OOC and undergo thermally or mechanically induced strain 

cycles associated with normal startup and shutdown procedures as well as 

anticipated upset conditions. 

Research sponsored by the Solvent Refined Coal Projects Office, * 
U.S. Department of EnergyIOak Ridge Operations, under contract 
W-7405-eng-26 with the Union Carbide Corporation. 
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In spite of the extensive use of bainitic 2 114 Cr-1 Mo steel in the 

petrochemical industry, very little information is available in the open 
literature concerning the creep-fatigue properties. Continuous-cycling 

data have been reported by the National Research Institute f o r  Metals 

(NRIM) in Japan.2 
peratures in the range 25 to 6OOOC and at several strain rates. A signi- 

ficant strain rate effect was observed at high temperatures; it implied 
the existence of a creep-fatigue or time-dependent fatigue effect. In the 
United States, the alloy was included in a Metals Properties Council 
program3 on creep-fatigue interspersion testing. All tests were at 538OC, 
but several strain ranges and creep stresses were examined. In support of 
the program, control data consisting of continuous-cycling fatigue and 

constant-stress creep-rupture were obtained by Jaske and Mi~~dlin.~ 

continuous-cycling fatigue data reported by NRIM and Jaske and Mindlin 
indicated considerably less fatigue resistance than observed for ferritic 
(annealed) material by Ellis et al.5 

on the same heat of material indicated that a deleterious creep-fatigue 
interaction was more pronounced in bainitic material than in ferritic 
material. These differences suggested that the creep-fatigue damage 

interaction diagram developed for ferritic material may not apply for 
bainitic material. It was partly to explore this hypothesis that our 
experimental work was undertaken. 

Here, data obtained on tubing are provided for tem- 

The 

Further, the interspersion test data 

MATERIAL 

Specimens were machined from a 15O-m.m plate of 2 1/4 Cr-1 Mo steel 
provided to us by the Lukens Steel Company. The heat ( A 6 6 6 0 )  was melted 

in an electric furnace, vacuum degassed, and calcium treated. Part of the 

heat was produced as 3001nm plate and characterized by Swift' in terms of 

composition, microstructure, tensile properties, and toughness. The ladle 

analysis was as follows: C, 0.13%; Mn, 0.33%; P, 0.012%; Si, 0.05%; Cr, 
2 .34%;  Mo, 0.99%; and A l ,  0.004%. 

The material was received in what we w i l l  call the quenched and tem- 

pered condition (QT). The specific history was as follows: 6 h at 927"C, 

. 

n 



3 

. 

accelerated cooled, tempered for 6 h at 662OC. This temperature was below 

the minimum tempering temperature (690°C) required to meet SA-387, 
Grade 22, Class 2. Metallographic examination revealed a fully bainitlc 
microstructure with a prior austenitic grain size near 80 p. The tensile 

properties of this material are reported in Table 1. The strengths fell 

near the upper limits expected for SA-387, Grade 22, Class 2, as deter- 
mined by Booker et a1.7 

Specimens were machined from the quarter and three-quarter thickness 

locations and half were subjected to a simulated postweld heat treatment 

(PWHT) of 28 h at 69OOC. This PWHT did not change the microstructure 

observed optically at magnifications up to lOOOX but decreased the 

strength properties to levels around average for Class 2 material (see 
Table 1). 

Table 1. Tensile properties of 2 1/4 Cr-1 Mo steel 150- plate 

Strain 0.2% Ultimate Uniform Elongation Reduction 
of area 

(XI (%I Yield strength strain Temperature rate 
1 (Ma) (Ma) ("C) 

Condit iona 

QT 

QT 
PWHT 

PWHT 

PWHT 

PWHT 

PWHT 

PWHT 

25 

482 
25 

427 

482 

482 

482 
538 

6.7 E-5 545 659 6 
6.7 E-5 448 507 4 
6.7 E-5 44 1 558 8 

6.7 E-5 376 459 6 

6.7 E-6 354 393 2.5 

6.7 E-5 365 419 3.2 
6.7 E-4 352 

6.7 E-5 328 392 1.2 

~~ 

24 71 

27 72 

26 59 

25 61 
27 60 

26 62 

30 64 

aQT = 6 h at 662OC. PWHT = 6 h at 662°C + 28 h at 690°C. 

Threaded-end bar specimens were used for tensile, relaxation, and 
creep-rupture tests. The reduced section was 32 mn and its diameter 
6.3 mn. Tensile tests conformed to ASTM recommended practice E 21, and 

creep-rupture tests conformed to ASTM E 138. Buttonhead specimens, 

described in ASTM recommended practice E 606, were used for fatigue 
testing. In most instances, we tested the hourglass-type specimen. Here 
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n - 2 5 0 ~  0-482'C 
A - 482 "C 0 - 538°C 

I I 

t h e  reduced s e c t i o n  had a r a d i u s  of 25 m and a minimum diameter  of 

5.0 mm. We a l s o  t e s t e d  a few uniform-gage specimens under f a t i g u e  

loading .  Here t h e  reduced s e c t i o n  was 19 m and its d iameter  6.3 mm. 

RESULTS 

S ince  t h e  emphasis of t h e  work w a s  on t h e  c reep - fa t igue  behavior ,  t h e  

t e n s i l e ,  c r eep ,  and r e l a x a t i o n  tests were in tended  t o  produce what w e  

judged t o  be t h e  minimum of c h a r a c t e r i z a t i o n  da ta .  Table 1 and Fig .  1 

provide  t h e  t e n s i l e  d a t a ,  as mentioned earlier,  and Table 2 and Fig. 2 

provide  c reep- rupture  da t a .  S i m i l a r  t o  the t e n s i l e  t es t  r e s u l t s ,  t h e  

c reep- rupture  s t r e n g t h  of t h e  QT m a t e r i a l  w a s  g r e a t e r  than  t h e  s t r e n g t h  of 

PWHT material. This  c o r r e l a t i o n  between shor t - t ime t e n s i l e  and creep rup- 

t u r e  has been r e p o r t e d  by Smith' and Booker.' 

Typ ica l  r e l a x a t i o n  d a t a  are provided i n  Fig. 3. These curves  ag ree  

f a i r l y  w e l l  wi th  t h e  r e l a x a t i o n  curves  produced by o t h e r  c y c l i c  tes ts  and 

were used i n  t h e  a n a l y s i s  of t h e  c reep  damage component i n  c reep - fa t igue  

tests. 

ORNL-DWG 81 - 24004R 

*0° w- 

600 

I 2 114 Cr - i Mo i 5 0 m m  PLATE 
6.7 40-51, 

Fig .  1. T e n s i l e  curves  f o r  2 114 C r - 1  Mo s teel  quenched and tempered 
and postweld hea t - t r ea t ed .  
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1000 - 1 I I 
800 - 2 V4 Cr-  4 Mo - 482 OC - 

- a- QT 

- 
600 - 0- PWHT 

- - 
0 a - 

Table 2. Creep-rupture data for 2 1/4 Cr-1 Mo steel at 482°C 

100 

80 

60 
h .- 

. 

2 400 
v 

cn cn 
W 
LT 

200 

400 

Secondary 

rate 
( X h )  

Loading creep Rupture Elongation 
strain 

(2)  
life 
(h) 

Stress 

(2 )  (MPa) 
Condi t iona 

v 

- 
- 

v, 

[r 

- - 40 

t;; - 
CURVE FOR AVERAGE 
MATERIAL FROM REF. 7 - 20 

I I I 

QT 380 0.4 4.5 E-3 638 21 

QT 345 0.27 2.3 E-3 1627 19 

PWHT 380 0.43 6.6 E-2 33.7 8 

PWHT 345 0.46 1.1 E-1 24.4 21 

PWHT 27 6 0.27 4.8 E-3 638.7 24 

PWHT 20 7 0.27 2.7 E-4 >3000 

“QT = 6 h at 662”C, PWHT = 6 h at 662°C + 28 h at 69OOC. 

Fig. 2. Creep-rupture curves for 2 1/4 Cr-1 Mo steel. 
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I I 1 - 
2 1/4 Cr- 1 Mo STEEL 
482 "C - 

70 

60 .- 
Y, 
Y 
u 

5 0 %  
W 
E 
I- 
v, 

40 

1 I I 200 1 30 

TIME (h) 
4 0-2 IO-' ioo 

Fig.  3. Typica l  r e l a x a t i o n  curves  obta ined  from c y c l i c  tests at  
482°C on postweld hea t - t r ea t ed  material. 

R e s u l t s  from cont inuous-cycl ing f a t i g u e  tests on PWHT material are 

provided i n  Table 3. These cover s t r a i n  ranges ( A @ )  from 0.35 t o  2% and 

c y c l i c  l i v e s  from 600 t o  500,000. The r epor t ed  stress ranges (AS) repre-  

s e n t  va lues  at  ha l f  l i f e .  I n  a l l  cases, we observed c y c l i c  s o f t e n i n g ;  

hence t h e  stress range d a t a  i n  Table 3 do not r ep resen t  t h e  maximum 

observed i n  each tes t .  Informat ion  on the  stress range and t h e  cyc le  

dependence of s o f t e n i n g  is conta ined  i n  Fig.  4 ,  where A 6  is p l o t t e d  

Table 3. Continuous-cycling f a t i g u e  d a t a  f o r  
2 1 / 4  C r - 1  Mo s teel  150- p l a t e  a t  482°C 

S t r a i n  T e n s i l e  S t r e s s  Cycles  
range s t r e s s  range t o  

(XI (MPa) (MPa) f a i l u r e  

. 

2.0 355  7 24 645 
1.0 314 646 2,465 
0.6 265 552 24,554 
0.45 243 504 56,366 
0.35 234 47 6 500,145 
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ORNL DWG 829034 

(000 1 I I -I !40 

900 

0 
800 

Y 

700 
z 
LL 

cn cn 

a 
600 

~. 
W 
E 500 
in 

400 

I 2 f/4 Cr - 1 Mo STEEL I 

~ 

I- 

n 

0- 2.00% A€ 
0 -  f .OO% A €  
A -  0.60% A€ 
A- 0.45 To A €  
17- 0 . 3 5 %  A€ 

300 I I I I J 
ioo to' !02 {o3 1 o4 io5 

CYCLES 

Fig. 4 .  S t r e s s  range vs log  c y c l e s  f o r  continuous-cycling f a t i g u e  
tests on postweld hea t - t r ea t ed  a t  4 8 2 O C .  

a g a i n s t  cyc le s  (N) f o r  f i v e  continuous-cycling tests. The h igh-s t ra in-  

range  tests exh ib i t ed  r e l a t i v e l y  more s o f t e n i n g  than  d id  t h e  low-strain- 

range tests. I n  f a c t ,  t h e  AS vs N curves  tended t o  converge at  high 

cyc le s .  

The log  Ae vs log  c y c l i c  l i f e  (Nf) d a t a  revea led  some i n t e r e s t i n g  

t r e n d s  when compared with l i t e r a t u r e  da t a .  These are shown i n  Fig. 5. 

Our continuous-cycling d a t a ,  ob ta ined  on hourg la s s  samples ,  are p l o t t e d  as 

f i l l e d  circles. These da t a  f e l l  c l o s e  t o  a t rend  ( s o l i d  curve i n  Fig. 5 )  

observed by E l l i s  et al.!j i n  continuous-cycling tests of f e r r i t i c  

(annea led)  material at  482OC.  The curve r e p r e s e n t s  d a t a  f o r  hourg la s s  

specimens t e s t e d  a t  f a i r l y  high s t r a i n  rates (1 t o  4 X 10-3/s). 

The most ex tens ive  work on b a i n i t i c  material, on t he  o t h e r  hand, i s  

r ep resen ted  by t h e  dashed curve in Fig. 5. This  curve r e p r e s e n t s  t h e  

t r e n d  f o r  da t a  obta ined  by N R I M  at  500°C on uniform-gage specimens wi th  a 

s t r a i n  ra te  of The c y c l i c  l i f e  observed by NRIM w a s  about h a l f  

t h e  l i f e  t h a t  we observed f o r  b a i n i t i c  material (hourg la s s  specimens). 

Open symbols are a l s o  p l o t t e d  i n  Fig. 5. These symbols r ep resen t  o t h e r  

tes t  d a t a  f o r  uniform gage specimens and inc lude  two tests by E l l i s  et  al.!j 
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- 
- 
- 
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- .\, 
TREND OBSERVED BY NRlM 
BAINITIC MICROSTRUCTURE, 
UNIFORM GAGE SPECIMENS, 500°C 

- 

0.2 I I I 

ORNL-DWG 82-9035 
4.0 I 1 I 

0-  EAINITIC, HOURGLASS, 482°C (THIS WORK) 
0- EAINITIC. UNIFORM, 4 8 2 %  (THIS WORK) 
0- EAINITIC, UNIFORM, 538°C (JASKE AND 

A- FERRITIC, UNIFORM (ELLIS et  al.) 
MINDLIN) 

2.0 

- \  \ 
6-" - - 1  " Q 1.0 
CI 

0.8 

0.6 

0.4 1 D 
U 

TREND OBSERVED BY ELLIS et ol. 
FE RRlTl C MICROSTRUCTURE , 
HOURGLASS SPECIMENS, 482°C 

u ' \  

\ 

Fig. 5 .  Continuous cyc l ing - fa t igue  d a t a  from tests on postweld heat-  
t r e a t e d  material a t  482OC. 

on f e r r i t i c  material a t  482°C and 4 X 

Jaske  and Mindlin4 on b a i n i t i c  material at 538"C, and one test t h a t  we 

performed on b a i n i t i c  material a t  482°C and a s t r a i n  rate of LO'4/s. A l l  

t h e  d a t a  f o r  uniform-gage specimens f a l l  s h o r t  of t he  curve f o r  hourg lass  

specimens by a f a c t o r  of 2 o r  more i n  c y c l i c  l i f e .  To us ,  t h i s  i n d i c a t e d  

t h a t  t h e  specimen geometry w a s  more important  than  m e t a l l u r g i c a l  s t r u c t u r e  

i n  a f f e c t i n g  t h e  f a t i g u e  l i f e  at  cons t an t  s t r a i n  range and temperature .  

We did  not perform any cont inuous cyc l ing  tests on the  material i n  the  QT 

cond i t ion .  However, from the  d a t a  f o r  QT material r epor t ed  by Jaske  and 

Mindl in ,  it appears  u n l i k e l y  t h a t  t h e  cont inuous-cycl ing behavior  in t he  

QT cond i t ion  would be much d i f f e r e n t  from t h a t  i n  t h e  PWHT condi t ion .  

s t r a i n  rate, t h r e e  tests by 

The d a t a  f o r  tests involv ing  r e l a x a t i o n  hold t i m e s  on hourg lass  

specimens are provided i n  Table 4. The hold t i m e  w a s  a t  e i t h e r  t he  maxi- 

mum t e n s i l e  or  compressive s t r a i n  ampli tude and ranged from 0.01 t o  0.5 h 

d u r a t i o n .  

tests e x h i b i t e d  s o f t e n i n g  from the  f i r s t  c y c l e  onward. Data t r e n d s  are 

S i m i l a r  t o  the  behavior  under cont inuous cyc l ing ,  t h e  hold t i m e  

. 



9 

Table 4. Relaxation-hold f a t i g u e  d a t a  f o r  2 1 / 4  Cr-1  Mo s tee l  

Fatigue Creep Strain Hold Stress Peak 
Condition range times range stress stress to 

failure damage damage ( 4 ; )  @Pa) ( m a )  ( m a )  

QT 2.0 0.1 T 88 5 407 310 365 0.57 0.027 
QT 2.0 0.1 c 88 2 -447 -345 420 0.66 0.093 
QT 2.0 0.5 T 855 407 276 344 0.54 0.041 
QT 2.0 0.5 C 855 -434 -310 455 0.71 0.21 
QT 1.0 0.5 T 745 345 24 8 1239 0.52 0.12 

QT 1.0 0.5 C 738 -359 -276 1367 0.57 0.18 
PWHT 2.0 0.1 T 745 359 248 324 0.50 0.117 
PWHT 2.0 0.1 c 724 -352 -276 483 0.75 0.142 
PWHT 2.0 0.01 c 717 -359 -303 581 0.90 0.212 
PWHT 1.0 0.5 T 586 276 193 1089 0.44 0.08 
PWHT 1.0 0.5 C 586 -290 -214 1375 0.33 0.06 

tensile; C, compressive. 

summarized i n  Figs .  6 and 7. W e  observed t h a t  t he  stress range w a s  t he  

same r e g a r d l e s s  of whether t e n s i l e  o r  compressive hold t i m e s  were 

in t roduced .  Fu r the r ,  hold t i m e  had l i t t l e  o r  no in f luence  on the  stress 

range. I n  s e v e r a l  i n s t ances  the  s t a r t i n g  stress and re laxed  stress were 

g r e a t e r  ( i n  an abso lu te  sense)  f o r  the  compressive hold.  This  had an 

e f f e c t  on the  c a l c u l a t e d  c reep  damage dur ing  the  hold per iod ,  as w i l l  be 

seen la ter .  

The f a t i g u e  l i v e s  under hold t i m e  cond i t ions  were about one-half t he  

cont inuous cyc l ing  l i v e s  ( see  Fig.  8). I n  every case the  t e n s i l e  hold 

produced a s h o r t e r  l i f e  than the  compressive hold.  

Brinkman et a1.l' found a similar t rend  f o r  f e r r i t i c  material a t  the  2% 

s t r a i n  range l e v e l .  However, a t  the  1% s t r a i n  range,  and e s p e c i a l l y  

below 1%, compressive hold t i m e s  were gene ra l ly  observed to  be more 

damaging.1°-12 

material w i l l  behave d i f f e r e n t l y  from f e r r i t i c  a t  0.5% Be. However, we 

p lan  t o  do more t e s t i n g  at  the  lower s t r a in  ranges t o  explore  t h i s  

E l l i s  et a l .5  and 

A t  p resent  we l ack  evidence t o  suggest  t h a t  b a i n i t i c  

p o s s i b i l i t y .  
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Fig. 6 .  Stress range vs log cycles  for t e s t s  on postweld heat- 
treated material with hold t i m e  at  the t e n s i l e  or compressive s tra in  

-- 
- 

n e ( % )  t h ( h )  2 600 r 
W 0 2.0 0.1 T 
[L 
t- 0 2.0 0 . 1 c  u 500 - A 2.0 0 . 0 1 ~  

0 1.0 0 .5T  a" 400 - 1.0 0.5C - 

300 I I I I 

l i m i t .  

f 200 

- 1100 
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(3 
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I- 
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60 

ORNL-DWG 82-9036 
I I I I 

2.0 
2.0 
2.0 

2 114 Cr - 1 Mo STEEL 
482 "C, QT 

A 2.0 0.5C 
- 0 1.0 0.5T 

1.0 0.5C 
I I 1 I - 

10-1 IO0 10' 10 1 o3 io4 
CYCLES 

Fig. 7 .  Stress range vs log cycles  for tests on quenched and tem- 
pered material with hold t i m e  at the t e n s i l e  or compressive s tra in  l i m i t .  
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Fig .  8. Comparison of hold t i m e  s t r a i n  f a t i g u e  wi th  the  curve f o r  
continuous cyc l ing  at 482OC. 

Creep  and f a t i g u e  damage r a t i o s  were c a l c u l a t e d  f o r  t h e  r e l a x a t i o n  

hold tests by the  method of C a m ~ b e 1 l . l ~  

on t h e  stress versus  t i m e  behavior dur ing  r e l a x a t i o n  and t h e  stress ve r sus  

l i f e  curve obta ined  from c o n s t a n t - s t r e s s  c reep- rupture  da t a .  Thus, f o r  a 

s i n g l e  r e l a x a t  Con period 

Here, t h e  c reep  damage w a s  based 

where 6, is t h e  creep damage i n  t h e  cyc le ,  t h  i s  t h e  hold t i m e  per c y c l e ,  

d t i  i s  the  t i m e  a t  a given stress ( a i )  dur ing  t h e  r e l a x a t i o n  pe r iod ,  and 

tRi  i s  the  t i m e  t o  f a i l u r e  a t  t h a t  stress. 
w a s  ob ta ined  by assuming t h a t  6, d id  not change from c y c l e  t o  c y c l e ,  and 

damage a t  h a l f - l i f e  was r e p r e s e n t a t i v e  of t he  e n t i r e  test: 

The t o t a l  creep damage, De, 

D, = Nf6, . 
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The f a t i g u e  damage r a t i o ,  Df, w a s  simply t h e  number of c y c l e s  t o  f a i l u r e  

under hold t i m e  cond i t ions  (Nf) div ided  by t h e  number of c y c l e s  t o  f a i l u r e  

under continuous cyc l ing  c o n d i t i o n s  a t  the same t o t a l  s t r a i n  range (Nf ): C 

Df = Nf/NfC 

The Dc and Df d a t a  f o r  11 tests are provided i n  Table 4. The "damage 

i n t e r a c t i o n "  diagram is  p l o t t e d  i n  Fig. 9 f o r  Df ver sus  De. 
inc luded  i n  t h e  f i g u r e  r e p r e s e n t  ( 1 )  no i n t e r a c t i o n ,  ( 2 )  l i n e a r  damage 

i n t e r a c t i o n ,  and ( 3 )  seve re  i n t e r a c t i o n  of t he  type observed by 

Brinkman e t  a l .  €or  f e r r i t i c  material. C l e a r l y ,  t h e  t e n s i l e  hold time 

d a t a  f e l l  c l o s e s t  t o  the seve re  i n t e r a c t i o n  curve ,  bu t  most of t h e  

compressive hold t i m e  d a t a  f e l l  between t h i s  curve and t h e  l i n e a r  i n t e r -  

a c t i o n  damage curve.  I n  only one case d id  t h e  damage summation exceed 

u n i t y .  This  f a c t  is i n  c o n t r a s t  t o  t he  summations r epor t ed  by 

Curves 

i n  which many of t h e  t e n s i l e  hold t i m e  tests produced 

summations exceeding un i ty .  

ORNL-DWG 82  - 9039 
1.0 

0.8 
z 
c 
V 
cl 
a ll. 
w 
0 
d 
5 
d 
0 

W 

0 

0.6 

2 0.4 - c 
2 
0' 

0.2 

0 

<NO C-F DAMAGE INTERACTION 1 
I 

LINEAR C-F DAMAGE 
INTERACTION 

d \ 
\ B  

- P  
I \ 

0 0.2 0.4 0.6 0.8 4 .O 
D,. CREEP DAMAGE FRACTION 

I 

Fig .  9. Creep-fatigue damage i n t e r a c t i o n  d a t a  f o r  b a i n i t i c  2 1 / 4  C r -  
1 Mo s tee l  at  482OC. 
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The t e n s i l e  and creep specimens e x h i b i t e d  cup-and-cone f a i l u r e s  

i n d i c a t i v e  of a p l a s t i c  i n s t a b i l i t y  f a i l u r e  mode. Metallography a t  magni- 

f i c a t i o n s  up t o  l O O O X  revealed t r a n s g r a n u l a r  f a i l u r e  and no evidence of 

c a v i t y  formation on p r i o r  a u s t e n i t e  g r a i n  boundaries.  Examination of t h e  

f a t i g u e  specimen f a i l u r e  s u r f a c e s  w a s  hampered by t h e  presence of a heavy 

oxide.  This  w a s  p a r t i c u l a r l y  t h e  case near t h e  f a i l u r e  i n i t i a t i o n  sites. 

Away from t h e  i n i t i a t i o n  s i t e  s t r i a t i o n s  i n d i c a t i v e  of a t r a n s g r a n u l a r  

d u c t i l e  f a i l u r e  mode were present .  Metallography on sec t ioned  f a t i g u e  

specimens revealed many secondary c racks  t h a t  were f i l l e d  wi th  oxide.  

Typical  c racks  moving i n  from oppos i te  s i d e s  of a specimen are shown i n  

F ig .  10. The t r a n s g r a n u l a r  n a t u r e  of t h e  c racks  is c l e a r l y  ev ident  as 

w e l l  as the  heavy oxida t ion  progress ing  inward. The g e n e r a l  p a t t e r n  of 

t h e  f a t i g u e  c racking  and i t s  a s s o c i a t i o n  with s u r f a c e  oxide cracking w a s  

s i m i l a r  t o  t h e  p a t t e r n  observed by Brinkman e t  a1.l' 

DISCUSSION 

Although few, t h e  explora tory  c reep- fa t igue  tes t  d a t a  descr ibed  i n  

t h i s  paper r a i s e  some i n t e r e s t i n g  ques t ions .  Of p a r t i c u l a r  concern i s  t h e  

r e s o l u t i o n  of t h e  specimen geometry e f f e c t .  Uniform-gage specimens seem 

t o  have s h o r t e r  f a t i g u e  l i v e s  than hourg lass  specimens a t  t h e  same nominal 

s t r a i n  range. We know t h a t  t h e  b a i n i t i c  steels have very l i t t l e  s t r a i n  

hardening c a p a b i l i t y ,  as i n d i c a t e d  by t h e  t r e n d s  shown in Figs.  1, 4 ,  6 ,  

and 7. I f  t r u e ,  then s t r a i n  concent ra t ion  w i t h i n  t h e  uniform gage s e c t i o n  

i s  p o s s i b l e  and could l ead  t o  ear l ier  f a t i g u e  c rack  i n i t i a t l o n  i n  t h e  

uniform-gage specimen than i n  t h e  hourglass  specimen. A second explana- 

t i o n  f o r  geometry e f f e c t s  relates t o  t h e  dimensional s t a b i l i t y  problem i n  

uniform-gage samples. Buckling is very d i f f i c u l t  t o  avoid a t  high s t r a i n  

ranges.  Th i s ,  of course,  could s h o r t e n  l i f e .  F u r t h e r ,  l o c a l  stress con- 

c e n t r a t i o n s  occur near t h e  ends of t h e  gage l e n g t h  a t  low s t r a i n  ranges 

and a l s o  could s h o r t e n  l i f e .  To avoid f a i l u r e  a t  t h e  gage length-radius  

i n t e r s e c t i o n ,  a very small t a p e r  is commonly introduced i n  t h e  gage sec- 

t i o n  with t h e  rmlnimum diameter a t  t h e  c e n t e r  of t h e  specimen. 
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The v a l i d i t y  of d a t a  produced from hourg la s s  specimens is not without 

ques t ion .  F i r s t ,  a multiaxial stress state exis ts  at t h e  minimum 

sec t ion .14  

response  r e l a t i v e  t o  d a t a  produced on uniform-gage specimens. Second, t h e  

s t r a i n s  are measured d i a m e t r a l l y  and used t o  c a l c u l a t e  t h e  a x i a l  s t r a i n s .  

Assumptions must be made regard ing  t h e  p a r t i t i o n i n g  of t h e  d i a m e t r a l  

s t r a i n  i n t o  e las t ic  and plast ic  components. This i n  t u r n  r e q u i r e s  assump- 

t i o n s  t h a t  have not been adequate ly  v e r i f i e d  r ega rd ing  t h e  va lues  of 

Poisson’s  r a t i o  and Young’s modulus i n  t h e  e l a s t i c - p l a s t i c - c r e e p  regime. 

Thi rd ,  t he  volume and s u r f a c e  area under maximum s t r a i n  are smaller i n  the 

hourg la s s  specimen than  i n  t h e  uniform-gage specimen. From a s ta t i s t ica l  

viewpoint f a i l u r e  i n i t i a t i o n  may occur later i n  t h e  hourg la s s  specimen. 

Four th ,  t h e  p o s s i b i l i t y  of dimensional i n s t a b i l i t y  and r a c h e t t i n g  o u t s i d e  

t h e  c o n t r o l l e d  reg ion  s t i l l  exists i n  hourg la s s  specimens. This p o s s i b i l -  

i t y  f u r t h e r  i n f l u e n c e s  t h e  stress ve r sus  s t r a i n  behavior at  t h e  c o n t r o l  

po in t  i n  a r e l a t i v e l y  unknown way. F i n a l l y ,  the hourg la s s  specimens may 

have a d i s t i n c t l y  d i f f e r e n t  response from t h e  uniform gage specimen once 

t h e  f a t i g u e  c racks  reach s i z e s  and d e n s i t i e s  t h a t  a f f e c t  the compliance of 

t h e  specimen. We need t o  know more about t h e  r e l a t i v e  times spen t  i n  

c rack  i n i t i a t i o n  and growth t o  assess t h e  s e v e r i t y  of t h i s  problem. The 

above i s s u e s  suggest t h a t  it is important t o  f u l l y  understand t h e  n a t u r e  

of work hardening and geometr ica l  s t a b i l i t y  under c y c l i c  c o n d i t i o n s  when 

t e s t i n g  specimens t h a t  have l i t t l e  o r  no work-hardening c a p a b i l i t y .  

Before l eav ing  the  s u b j e c t ,  we po in t  out t h a t  t h e  work-hardening capa- 

b i l i t y  of t he  f e r r i t i c  material t e s t e d  by E l l i s  et a l .  w a s  s i g n i f i c a n t ,  

y e t  d i f f e r e n c e s  were observed between uniform and hourg la s s  specimens. 

This has an unknown in f luence  on t h e  stress ve r sus  s t r a i n  

Another i s s u e  t h a t  bea r s  on t h e  s i g n i f i c a n c e  of c reep- fa t igue  d a t a  

f o r  low-alloy steels concerns the  e f f e c t  of oxide c racking  on f a t i g u e  

i n i t i a t i o n  and growth. The models suggested by Brinkman et a l . ,  1 0  

Teranushi and McEvily,” and Challanger e t  a l . l l  seem t o  explaLn :nost of 

t h e  observed hold-time behavior p a t t e r n s  i n  both f e r r i t i c  and b a i n i t i c  

steels. Here t h e  oxide t h a t  forms dur ing  t h e  t e n s i l e  hold per iod  w i l l  

be r e l a t i v e l y  stress f r e e ,  because any stresses a s s o c i a t e d  with volume 

d i f f e r e n c e s  i n  base metal and oxide w i l l  be r e l i e v e d  by r e l a x a t i o n  o r  
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plasticity in the base metal. During the subsequent excursion to the 

compressive strain limit the oxide can accommodate the compressive strain 

without cracking. In the case of the compressive hold time, the oxide 
must survive an excursion to the tensile strain limit. If A@ in the 
excursion exceeds a critical strain for oxide cracking, which is less in 
tension than compression, then the subsequent oxide crack can act as a 

strain concentration plane in the base metal and can lead to an eventual 
fatigue crack. The fraction of life spent in the crack initiation stage 

becomes greater with decreasing strain range, hence the effect of oxide 
cracking on fatigue crack initiation becomes more important as the strain 
is decreased. 
As pointed out by Challenger et al., the tensile hold mode may be more 

damaging once the fatigue crack has formed. At high strains initiation is 
quick, hence the tensile hold mode could produce higher crack growth rates 
and shorter life than the compressive hold mode. The understanding of the 

process is complicated by the use of hourglass specimens, however. Here 

the oxide can appear as a diametral strain and influence the test. Long- 
time tests produced oxide layers as thick as 20 pn. This thickness 

corresponds to a compressive axial strain near 0.8%. The machine reacts 
to this increase in diameter by stretching the specimen. The spalling and 

reforming of the oxide complicates the situation even further. 

This is the trend that has been observed by others.1° ,12 ,I3 

True creep-fatigue effects could develop in the bainitic material in 
any of several ways. First, the hold time produces relaxation with the 
concomitant increase in the inelastic strain range per cycle. Simply on 
the basis of the Coffin-Manson equation we would expect a small decrease 
in life relative to the continuous cycling test. Second, once the cracks 

have formed the hold time in tension could produce accelerated crack 
growth, as is often observed in fatigue crack growth experiments.15 

Third, with very long hold times, microcavity growth as observed in creep 
rupture16 could occur on prior austenite grain boundaries and change the 

failure mode from transgranular to intergranular. At present we have no 
evidence that any of these time-dependent phenomena contribute signifi- 
cantly to the creep-fatigue effect observed in the bainitic material for 
the conditions of testing. 
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CONCLUSIONS 

. 

1. Under continuous-cycling strain-fatigue conditions data for 

bainitic 2 114 Cr-1 Mo steel fall close to the trends observed for ferri- 

tic material at comparable temperatures and cyclic strain rates. 
2. Under hold time conditions at 1 and 2% strain range the fatigue 

life of bainitic material is less than that observed for ferritic 
material, and for all conditions examined the life was less under tensile 

hold time than under compressive hold time. 
3.  The fatigue life of uniform-gage specimens was less than that of 

hourglass specimens by at least a factor of 2. 

4 .  The l o s s  in fatigue life with hold time suggested that time- 
dependent damage occurred and was as severe as that reported for ferritic 
(annealed) material. 

5 .  The failure mode in the bainitic material was transgranular with 
heavy oxide penetration of secondary fatigue cracks. 
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