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Line Pipe Steel 
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In response  to the need for s t rong and tough s tee ls  
to c a r r y  oil  and gas f rom remote  a rc t i c  regions  sev-  
e r a l  HSLA s tee ls  have been developed.  1 One of the 
p r i m e  contenders  for these appl ica t ions  is the " a c i c u -  
la r  f e r r i t e "  s t ee l  2 which de r ives  its good combinat ion 
of s t reng th  and toughness  due to its ex t r eme ly  fine 
g ra ined  and highly d is located  s u b s t r u c t u r e  (see Fig.  1). 
Although s e v e r a l  s tudies  ~-5 have been made on the 
effect of t h e r m o m e c h a n i c a l  p roces s ing  on the i r  m i c r o -  
s t r u c t u r e  and convent ional  t ens i l e  and impact  prop-  
e r t i e s ,  there  is hardly  any in fo rmat ion  in the l i t e r a -  
tu re  on the effect of low t e m p e r a t u r e  on the i r  duct i l i ty,  
notch sens i t iv i ty  rat io ,  and fatigue p rope r t i e s .  Such 
in format ion  is n e c e s s a r y  to ensu re  the s tab i l i ty  of the 
s t r u c t u r e s  under  the seve re  c l imat ic  condit ions of the 
a rc t i c  and to cha rac t e r i ze ,  to a g r e a t e r  degree ,  the 
mechan ica l  behavior  of the ac i cu l a r  f e r r i t e  ma t r ix .  
F o r  this  reason ,  a compara t ive  s tudy of the effect of 
low t e m p e r a t u r e  on the mechanica l  behavior  of va r ious  
candidate s tee l s  for Arc t i c  line pipe appl ica t ions  has 
been  under taken  and this  note d i s cus se s  the p r e l i m -  
inary  r e su l t s  obtained for an ac i cu la r  f e r r i t e  s tee l .  

Expe r imen t a l .  The s tee l  used in the study was sup-  
pl ied by Steel Company of Canada (Stelco) and has the 
composi t ion:  0.05C, 1.93Mn, 0.26Ni, 0.43Mo, 0.065Nb. 
The m a t e r i a l  was in the fo rm of 19 mm thick p la tes .  
F o r  t ens i l e  tes t ing ,  6.3 mm diam round spec imens  
with a 25 mm gage length were used; for notched ten-  
s i le  tes t ing ,  the round spec imens  had 60 deg notch so 
that the c r o s s - s e c t i o n a l  a r e a  at the root  of the notch 
was equal  to half the c r o s s - s e c t i o n a l  a r e a  of the un-  
notched spec imens .  Fo r  high cycle fatigue tes t s ,  17 
mm thick, 355 mm long cons tant  s t r e s s  tapered  spec i -  
mens  (with a pol ished surface)  were used.  Tes t ing  was 
c a r r i e d  out in a Fat igue  Dynamics  Model 500 plate 
bending fatigue machine  at a speed of 1800 cpm. Con- 
t ro l l ed  evapora t ion  of l iquid n i t rogen  was used to ob- 
ta in  low t e m p e r a t u r e s .  A t e m p e r a t u r e  o f - 1 2 9 ~  was 
chosen for the low t e m p e r a t u r e  fatigue t e s t s  as it was 
i) lower than the t r ans i t i on  t e m p e r a t u r e  (-110~ of 
the s t e e l  and ii) lower than any t e m p e r a t u r e  that the 
s t ee l  would encounte r  in its s e rv i ce  in the a rc t i c .  T e n -  
s i le  t es t s  were c a r r i e d  out at d i f ferent  t e m p e r a t u r e s  
f rom R T  (21~ down t o -  196~ 

Resu l t s .  1) Tens i l e  P r o p e r t i e s .  F igu re  2 shows the 
va r i a t i on  in the yield (0.2 pct offset) and ul t imate  
s t r eng th  of the s t ee l  as a function of tes t ing  t e m p e r a -  
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Fig. l-Microstructure of "acicular ferrite" HSLA Steel, magnified 
17,600 times. 

tu re .  It is apparent  f rom the f igure that both the 
s t reng th  va lues  i n c r e a s e  with a dec rease  in the tes t ing 
t e m p e r a t u r e ,  the inc rease  being d r a m a t i c  below about 
- 8 0 ~  The overa l l  i nc rease  in the yield s t r eng th  when 
the t e m p e r a t u r e  is lowered to - 196~ is about 400 MPa 
and the i nc r ea se  in the u l t imate  s t reng th  is about 372 
MPa.  This  i nc rease  is in the n o r m a l  range of s t r eng th  
i n c r e m e n t  which has been repor ted  for low carbon 
po lyc rys t a l l i ne  i rons  6 and i ron  base  a l loys .  2 Thus  
" a c i c u l a r  f e r r i t e "  shows s i m i l a r  t e m p e r a t u r e  depen-  
dence of yield s t reng th  as low carbon  i ron  al loys and 
i ron  base  a l loys .  This  dependence has been la rge ly  
a t t r ibu ted  8 to the l a r g e r  effective s t r e s s  needed to 
move d is loca t ions  at low t e m p e r a t u r e s  past  shor t  range 
obs tac les  (Pe i re l s  s t r e s s ,  impur i ty  a toms,  and fores t  
d is locat ion)  as suff icient  t h e r m a l  energy  for d is loca t ion  
motion is lacking.  Although the low t e m p e r a t u r e  
s t r eng th  p rope r t i e s  follow the c l a s s i c a l  pa t te rn ,  the 
duct i l i ty  (elongation at f rac ture)  va lues  show ra the r  a 
s u r p r i s i n g  t rend :  there  is an i n c r e a s e  in the percentage  
elongat ion va lues  with a dec rea se  in the tes t ing  t em-  
pe r a t u r e ,  p a r t i c u l a r l y  a r o u n d -  160~ (see F ig .  3). The 
authors  a re  not aware of any e a r l i e r  study in the l i t e r a -  
tu re  r ega rd ing  such an observa t ion  in HSLA s tee l s .  
The r e a s o n s  for this phenomenon are  not ve ry  c l ea r .  
This  s tee l  by v i r tue  of its high TS/YS ra t ios  would 
appear  to have high work hardening ra te ;  the re fore ,  
be r e s i s t a n t  to necking in t ens ion  tes t  and exhibit  good 
elongat ion va lues .  One contr ibut ing factor ,  ce r ta in ly ,  
is the la rge  n u m b e r  of mobile  d i s loca t ions  p r e sen t  in 
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Fig. 2 -St rength  values as a function of  testing temperature. 
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Fig. 3-Elongat ion values as a function of testing temperature. 

the a c i c u l a r  f e r r i t e  m a t r i x .  Since the m a t r i x  is  highly 
d i s l o c a t e d  i t  would have a l a rge  number  of mobi le  
d i s l oca t i ons  even at  low t e m p e r a t u r e s .  The p r e s e n c e  
of these  mobi le  d i s l oca t i ons  would tend to l imi t  the 
tendency  for  c l eavage  and p e r m i t  s l i p  to take  p lace  .9 
One conc lus ion  that  can be d rawn f r o m  th is  o b s e r v a -  
t ion is that  d i s l o c a t i o n s  in the a c i c u l a r  f e r r i t e  m a t r i x  
a r e  mobi le  at  low t e m p e r a t u r e s .  Al though no thin foi l  
work  has been c a r r i e d  out on s p e c i m e n s  d e f o r m e d  in 
tens ion ,  e l e c t r o n  m i c r o s c o p y  has  been  c a r r i e d  out on 
s p e c i m e n s  fa t igued at  -129~  which show d i s loca t i on  
s t r u c t u r e s  (ce l l s ,  t ang le s ,  loops ,  d i s l oca t i on  g e n e r a -  
t ion  at  g r a i n  b o u n d a r i e s ,  and so  for th)  ind ica t ive  of 
c o n s i d e r a b l e  d i s l oca t i on  mot ion (see F i g .  4). 

On plot t ing the l o g a r i t h m  of the y ie ld  s t r e n g t h  as  a 
function of the i n v e r s e  of the abso lu te  t e s t ing  t e m p e r a -  
tu re  (Ar rhen ius  plot)  a l i ne r  r e l a t i o n s h i p  was obta ined  
(see F i g .  5). It is  a p p a r e n t  f rom the f igure  that  y ie ld  
s t r e n g t h  obeys  the r e l a t i o n  a = A e - K / T w h e r e  ~ is  the 

Fig. 4-Microstructure of  a specimen fatigued at -129~ (stress level 414 
MPa) showing dislocation tangles, loops (as at A) and dislocation genera- 
tion at grain boundaries (as shown by arrows), magnified 50,000 times. 

y ie ld  s t r eng th ,  T the abso lu t e  t e s t ing  t e m p e r a t u r e ,  A 
and K a r e  cons t an t s .  The plot  may  be used  to e s t i m a t e  
the y ie ld  s t r e n g t h  of the s t e e l  a t  o ther  t e m p e r a t u r e s .  

2) N o t c h e d - T e n s i l e  P r o p e r t i e s .  F i g u r e  6 shows the 
notch s e n s i t i v i t y  r a t i o  (NSR) as  a funct ion of t e s t ing  
t e m p e r a t u r e .  NSR is  the r a t i o  of notch  s t r e n g t h  to the 
u l t i m a t e  t en s i l e  s t r e n g t h  of the unnotched s p e c i m e n  
and is  a m e a s u r e  of the notch s e n s i t i v i t y .  If it  is  l e s s  
than unity the m a t e r i a l  is  notch b r i t t l e . l ~  In the p r e s e n t  
c a se  va lues  a r e  g r e a t e r  than 1.4, even  at  low t e m p e r a -  
t u r e s ,  ind ica t ing  good notch duc t i l i ty .  

3) High Cycle  F a t i g u e  P r o p e r t i e s .  R e s u l t s  of the 
fa t igue t e s t s  a r e  shown in the fo rm of S-N c u r v e s  

1942-VOLUME 10A, DECEMBER 1979 METALLURGICAL TRANSACTIONS A 



(F ig .  7). The  c u r v e s  exhib i t  c l a s s i c a l  shape  (d is t inc t  
knee and an a p p a r e n t  fat igue l imi t )  f a m i l i a r  in the ca se  
of mi ld  s t e e l .  At  high s t r e s s  a m p l i t u d e s  l i ve s  a r e  
s h o r t e r .  With  a d e c r e a s e  in the s t r e s s  ampl i t ude  l i ve s  
i n c r e a s e ,  and below a c e r t a i n  s t r e s s  ampl i t ude  t h e r e  
i s  no a p p a r e n t  f a i l u re  of the s p e c i m e n s .  By d e c r e a s i n g  
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the t e s t  t e m p e r a t u r e ,  the  whole curve  is  sh i f ted  up-  
w a r d s  indica t ing  a g e n e r a l  i m p r o v e m e n t  in the fa t igue 
r e s i s t a n c e  with a d e c r e a s e  in the t e s t  t e m p e r a t u r e .  
The fat igue l imi t  i n c r e a s e s  f r o m  about 310 to 345 M P a .  
The i m p r o v e m e n t  in fat igue s t r e n g t h  with a d e c r e a s e  
in the t e s t  t e m p e r a t u r e  has been  g e n e r a l l y  a t t r i bu t ed  
to the i n c r e a s e  in s t a t i c  s t r e n g t h  n and a l so  to the 
homogeniza t ion  of s l ip  12'1a and c u r t a i l m e n t  of sub-  
s t r u c t u r e  f o r m a t i o n  14 In the p r e s e n t  c a se  it is  v e r y  
l ike ly  that  s u b s t r u c t u r e  f o r m a t i o n  p l ays  only a minor  
ro l e  as  s i m i l a r  d i s l oca t i on  s t r u c t u r e s  have been  ob- 
s e r v e d  at  r o o m  t e m p e r a t u r e  a s  wel l  as  a t  - 129~ (for 
e x a m p l e ,  see  F i g .  4). It is  wor th  point ing out h e r e  that  
y ie ld  and u l t ima te  s t r e n g t h  i n c r e a s e d  by more  than 127 
M P a  while the fat igue l imi t  i n c r e a s e d  by 35 M P a .  How- 
e v e r ,  bused  on the fat igue r a t i o s  (i.e. the r a t i o  of 
fat igue l i m i t  to  the  u l t ima te  t e n s i l e  s t r eng th ) ,  the low 
t e m p e r a t u r e  a p p e a r s  to a f fec t  the monotonic  and cyc l i c  
p r o p e r t i e s  to about the s a m e  extent  a s  the fat igue r a t i o  
is  s t i l l  0.42 at  - 129~ c o m p a r e d  to 0.45 at  r o o m  t e m -  
p e r a t u r e .  These  va lue s  of fa t igue r a t i o s  a r e  within the 
n o r m a l  r ange  (0.4 to 0.6) encoun te red  in s t e e l s .  

Conc lus ions .  In an " a c i c u l a r  f e r r i t e "  s t e e l  i) the 
t e m p e r a t u r e  dependence  of y ie ld  and u l t ima te  s t r e s s  
fol lows the g e n e r a l  t r e n d  o b s e r v e d  in m e t a l s  of bcc  
s t r u c t u r e ,  ii) y i e ld  s t r e n g t h  obeys  an A r r h e n i u s  type 
of r e l a t i o n  with r e s p e c t  to t e m p e r a t u r e ,  i i i )  e longa-  
t ion va lues  i n c r e a s e  with a d e c r e a s e  in the t e s t  t e m -  
p e r a t u r e  (up to -160~  iv) NSR va lues  a r e  g r e a t e r  
than 1.4 even at  v e r y  low t e m p e r a t u r e s  ind ica t ing  good 
notch duc t i l i ty ,  v) t h e r e  is  a g e n e r a l  i m p r o v e m e n t  in 
the fat igue r e s i s t a n c e  with a d e c r e a s e  in the t e s t  t e m -  
p e r a t u r e ,  and vi) s u b s t r u c t u r e  f o r m a t i o n  p l ays  only a 
m i n o r  ro l e  in the p ro longa t ion  of fat igue r e s i s t a n c e  at  
low t e m p e r a t u r e s .  
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( O l n g s )  a n d  m* o i n k s  ) 
m ~- m* w i t h  m = "~--ff~--~n ~ T = (a In (cr -- (ri) T 

a n d  

= ( O i n k s  ) 
q -~ Q* w i t h  Q / q *  ~ e / q _  a i  a 

H e n c e ,  n o  p r o b l e m  of a c h o i c e  of a s t a t e  v a r i a b l e  
a r i s e s  w h e n  t he  r h e o l o g i c a l  a n a l y s i s  of c r e e p  i s  c o n -  
s i d e r e d  .lo 

T h e s e  a l l o y s  h a v e  m v a l u e s  of a b o u t  3.5,  e x c e p t  
F e - C o - V  w h i c h  s h o w s  an  p a r a m e t e r  i n c r e a s i n g  w i t h  
s t r e s s  f o r  h i g h  v a l u e s  of or. 6 T h e  v a l u e s  of t he  a c t i v a -  
t i o n  e n e r g y  f o r  c r e e p  a r e  found  to  b e  c l o s e  to  t he  
a v e r a g e  one  of b u l k  d i f f u s i o n ,  e x c e p t  in  s o m e  c a s e s  f o r  
t he  l o w e s t  s t r e s s e s  w h e r e  d i f f u s i o n  s h o r t  c i r c u i t s  s e e m  
to  o p e r a t e  .4 

In  a n  a t t e m p t  to  t a k e  i n to  a c c o u n t  e v e r y  p h y s i c a l  
p a r a m e t e r  of c r e e p ,  t he  s e m i - e m p i r i c a l  D o r n  e q u a t i o n  11 
h a s  b e e n  u s e d  to r a t i o n a l i z e  t he  e x p e r i m e n t a l  r e s u l t s  
o b t a i n e d  w i t h  t he  d i f f e r e n t  a l l o y s .  T h i s  e q u a t i o n  t a k e s  
t h e  f o r m :  

A( )n [11 
D G b  

Rheoiogical Analysis of High 
Temperature Creep of Some bccfl 
Phases: Existence of a Master-Curve 

L. BORNIER, P. DELOBELLE, C. LEXCELLENT, 
A. MERMET, AND C. OYTANA 

F e w  e x p e r i m e n t a l  s t u d i e s  h a v e  b e e n  d e v o t e d  to  t he  
c r e e p  of c o n c e n t r a t e d  s o l i d  s o l u t i o n s .  M a n y  p r o b l e m s ,  
w h i c h  w i l l  b e  e x a m i n e d  f u r t h e r  on, a r i s e  w h e n  t h i s  
c r e e p  i s  a n a l y z e d .  1 T h e  s y n t h e s i s  of e x p e r i m e n t a l  
r e s u l t s  f r o m  s t u d i e s  of d i f f e r e n t  b c c  13 (A2) p h a s e s  of a 
W type  a n d  s t a b l e  a t  h i g h  t e m p e r a t u r e  w i l l  b e  p r e s e n t e d .  
R e s u l t s  c o n c e r n e d  w i t h  t h e  s o l i d  s o l u t i o n s  of t he  e q u i -  
a t o m i c  a l l o y s  A g - C d ,  2 A g - Z n ,  1,3 C u - Z n ,  %~ F e - C o - V  
(Ref .  6) and  of Cu 25 pc t  A1 (Ref.  7) a r e  r e v i e w e d .  

T h e i r  c o n s t a n t  s t r e s s  f low is  c h a r a c t e r i z e d  by  e x -  
t e n s i v e  s t e a d y  c r e e p  w i t h  a c r e e p  r a t e  ~s,  f o l l o w e d  b y  
a t e r t i a r y  z o n e  l e a d i n g  to r u p t u r e .  T h e  l a c k  of p r i -  
m a r y  c r e e p  i s  a g e n e r a l  f e a t u r e  of t h e s e  p h a s e s .  
B e s i d e s ,  i n t e r n a l  s t r e s s  m e a s u r e m e n t s  p e r f o r m e d  
w i t h  d i f f e r e n t  m e t h o d s  g i v e  %9 v a l u e s  of ~i v e r y  c l o s e  
to  z e r o  w h a t e v e r  t he  s t r e s s  f i e l d  a n d  t e m p e r a t u r e  
r a n g e  2-7 m a y  b e .  T h e r e f o r e ,  a s  f a r  a s  t he  s t r e s s  o r  
t e m p e r a t u r e  d e p e n d e n c e s  of t he  s t e a d y  c r e e p  r a t e  ~s 
a r e  c o n c e r n e d ,  one  o b t a i n s :  

in  w h i c h  A a n d  n a r e  m a t e r i a l  c o n s t a n t s ,  kT a n d  b h a v e  
t h e i r  u s u a l  m e a n i n g s ,  D i s  a d i f f u s i o n  c o e f f i c i e n t ,  t h e  
d e t e r m i n a t i o n  of w h i c h  w i l l  b e  d i s c u s s e d  l a t e r ,  a n d  G 
i s  the  C o u l o m b  m o d u l u s .  

T h e  e x p e r i m e n t a l  c o n d i t i o n s  f o r  e a c h  a l l o y  a r e  s u m -  
m a r i z e d  in  T a b l e  I .  

T h e  e v o l u t i o n  of t he  s h e a r  m o d u l u s  w i t h  t e m p e r a t u r e  
h a s  b e e n  p i c k e d  up in l i t e r a t u r e  s t a r t i n g  f r o m  Y o u n g ' s  
M o d u l u s  m e a s u r e m e n t s  (G = 0.4 E)  (Ag-Cd,,  A g - Z n ,  TM 

Cu-A1  (Ref .  13) a n d  F e - C o - V  (Ref .  14) a n d / o r  d y n a m -  
i c a l l y  m e a s u r e d  on s a m p l e s  in  f o r c e d  v i b r a t i o n s  a t  a 
f r e q u e n c y  of a few h u n d r e d  Hz in  s u c h  a way a s  to  o b -  
t a i n  a n o n r e l a x e d  m o d u l u s  %3,s T h e  m e a s u r e d  v a l u e s  
a r e  a c t u a l l y  c l o s e  to  t h o s e  a v a i l a b l e  in  l i t e r a t u r e .  

T h e  c h o i c e  of t he  d i f f u s i o n  c o e f f i c i e n t  to  b e  u s e d  in  
E q .  [1] i s  a c o m p l e x  p r o b l e m .  A l t h o u g h  s e v e r a l  t h e o -  
r e t i c a l  s t u d i e s  h a v e  b e e n  d e v o t e d  to  t h i s  q u e s t i o n  no  
d e f i n i t i v e  c o n c l u s i o n s  s e e m  to  h a v e  b e e n  r e a c h e d  a b o u t  
t h e  c h o i c e  of D.  A c c o r d i n g  to  B r e b e c  and  P o i r i e r ,  is if  
t he  a l l o y  r e m a i n s  h o m o g e n e o u s  o n e  m u s t  h a v e  

D = D '  = dp ( n A D A  * + n B D B * )  [2] 

in  w h i c h  n A and  nB a r e  t he  a t o m i c  f r a c t i o n s  of t he  
c o m p o n e n t s  A a n d  B of t he  A B  a l l o y ,  D A *  and  D B *  
t he  s e l f  d i f f u s i o n  c o e f f i c i e n t s  of A a n d  B in  t he  a l l o y  
and  ~ i s  the  t h e r m o d y n a m i c  f a c t o r .  If,  on  t he  c o n -  
t r a r y ,  a s t a t i o n a r y  s t a g e  i s  r e a c h e d ,  t h e n ,  a c c o r d i n g  
to t he  s a m e  a u t h o r s ,  D s h o u l d  be :  

D A * D B *  

D = D = dp ( n A D A .  + n B D B  , ) [3] 

On t h e  o t h e r  h a n d  N ix  e t  a116 t a k e  

L. BORNIER and C. LEXCELLENT are Assistants, C. OYTANA 
and A. MERMET are Maitre-Assistants, and P. DELOBELLE is D = D = D A * D B *  [4] 
Ing6nieur CNRS, Laboratoire de M6canique Appliqu6e, Associ6 au n A D A *  + n B D B  * 
CNRS, Facult6 des Sciences et des Techniques, 25030 Besanqon, 
Cedex, France. ff d i s l o c a t i o n  c l i m b  is  t he  r a t e  c o n t r o l l i n g  p r o c e s s  ( th i s  
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