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Abstract 

Flows, and subsquently pressures, in gas pipelines are beinp steadily 
increased in an effort to reduce costs. This may indicate a demand for Grade 
X80 pipe in the not too distant future. In this regard, pipeline steels with 
non-poligonal ferrite microstructure will certainly come to assume greater 
importance, because their mechanical properties are intrinsically better than 
those with ferrite-pearlite microstructures. 

The manufacture of Grade X80 pipe requires a careful examination of the 
contribution made by control rolling and conventional heat treatment and by 
on-line treatment such as direct quenching and accelerated cooling (which 
have yet to be developed for full-scale works application). 
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Development of  Gas P i p e l i n e  S t e e l s  Over t h e  L a s t  T h i r t y  Years 

R a d i c a l  changes occurred  i n  t h e  de s ign  p r i n c i p l e s  of welded s t r u c t u r e s  
d u r i n g  t h e  f i r s t  few decades of t h i s  century .  Where mechanical  s t r e n g t h  was 
concerned ,  it w a s  g r a d u a l l y  accepted  t h a t  t h e  y i e l d  s t r e n g t h  was a more 
impor t an t  r e q u i s i t e  t han  t e n s i l e  s t r e n g t h .  O the r  p r o p e r t i e s ,  such  as tough- 
ness and w e l d a b i l i t y  a l s o  came t o  be t aken  i n t o  c o n s i d e r a t i o n ,  s i n c e  t h e s e  
g i v e  a t r u e r  p i c t u r e  of t h e  m a t e r i a l s ,  i n  r e s p e c t  t o  t h e  cond i t i ons  under 
which t hey  a r e  used. 

r 

Consequent ly ,  t h e  t r end  w a s  towards a lower C con t en t  (F igu re  1) t h e  
mechanica l  p r o p e r t i e s  be ing  c o n t r o l l e d  by i n c r e a s i n g  t h e  amount of Mn. To 
g i v e  some i d e a  of t h e  e v o l u t i o n  t h a t  has  occu r r ed ,  it is i n t e r e s t i n g  t o  n o t e  
t h a t  i n  1945 t h e  API S p e c i f i c a t i o n  r e q u i r e d  a maximum of on ly  1.5 pe r cen t  Mn 
wi th  a C con t en t  of up t o  0.3 percent .  But ,  by t h e  S i x t i e s ,  i t  was common t o  
use a n  Mn-C r a t i o  of about 6 : l  (w i th  up t o  0.21% C) ( 2 )  f o r  Grade X60 p ipe ,  
wh i l e  i n  present- day p i p e l i n e  steels t h e  r a t i o  is as h igh  as 30:l  o r  over  
(w i th  C even  below 0.06%). 

Meanwhile, it has  become common p r a c t i c e  ( 3 )  t o  deoxide  steel  by adding 
Th i s  en su re s  a g e n e r a l  improvement i n  mechanica l  p r o p e r t i e s ,  A 1  (F igu re  2). 

a l s o  through t h e  p r e c i p i t a t i o n  of A 1 N  and t h e  consequent r e d u c t i o n  i n  t h e  
amount of f r e e  N i n  s o l u t i o n .  Knowledge of t h e  mechanisms involved  was 
acqu i r ed  on ly  a f t e r  t h e  work done i n  1949 by Beeghly ( 4 ) ,  who developed a 
method f o r  t h e  q u a n t i t a t i v e  a n a l y s i s  of A1N.  I n  t hose  y e a r s  i t  was a l s o  
demonst ra ted  t h a t  r e f i n i n g  of t h e  f e r r i t i c  g r a i n  p l ays  a b a s i c  r o l e  as 
r ega rds  y i e l d  s t r e n g t h  and t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  tempera ture  (5 ,6) .  

The e f f e c t  of A 1  a d d i t i o n  i n  r e f i n i n g  t h e  m i c r o s t r u c t u r e s ,  known on a 
pu re ly  e m p i r i c a l  base  s i n c e  1935 ( 7 ) ,  w a s  thoroughly  e x p l o i t e d  by t h e  i n t r o-  
d u c t i o n  of no rma l i za t i on  (F igu re  3 ) ,  which made p o s s i b l e  t h e  p roduc t i on  of 
Grade X52 s t e e l s  w i th  a t r a n s i t i o n  t empe ra tu r e  of below O°C. 

Subsequent u se  of m ic roa l l oy ing  e lements  such  as Nb, V and T i  pe rmi t t ed  
t h e  p roduc t i on  of s t r u c t u r a l  steels w i th  b e t t e r  mechanica l  p r o p e r t i e s .  
Research (8 ,9 )  r evea l ed  t h e  twofold e f f e c t  of adding  mic roa l l oy  elements 
which p r e c i p i t a t e  c a r b i d e s  and n i t r i d e s ,  (namely,  r e f i n i n g  of t h e  f e r r i t i c  
g r a i n  and p r e c i p i t a t i o n  hardening) .  The f i r s t  of t h e s e  two mechanisms - 
similar t o  t h a t  which occu r s  on t h e  a d d i t i o n  of A 1  - pe rmi t s  improvements i n  
y i e l d  s t r e n g t h  and t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  t empe ra tu r e ,  whi le  t h e  
second r e s u l t s  i n  a f u r t h e r  improvement i n  mechanica l  s t r e n g t h  and i n  a 
h ighe r  t r a n s i t i o n  tempera ture  (F igu re  4).  The d i f f e r e n t  s o l u b i l i t i e s  i n  
a u s t e n i t e  of t h e  compounds of t h e  mic roa l l oy  e l emen t s  (F igu re  5 and Table  I) 
wi th  C and N ,  l e d  t o  development of normal ized  steels up t o  Grade X60 con- 
t a i n i n g  V and/or  Nb, w i th  adequate  l e v e l s  of N ,  and subsequen t l y  t o  t he  
technique  of c o n t r o l  r o l l i n g ,  p a r t i c u l a r l y  by e x p l o i t i n g  t h e  i n t e r e s t i n g  
e f f e c t s  of Nb. It i s  not  nece s sa ry  h e r e  t o  f o l l o w  t h e  e v o l u t i o n  of c o n t r o l  
r o l l i n g .  Th i s  technique  was a p p l i e d  wide ly  by i n d u s t r y  towards the  mid 
S i x t i e s  ( l l ) ,  a l t hough  t h e  f i r s t  t r i a l s  w e r e  run  some t e n  yea r s  earlier (16).  
I t  is  impor t an t  t o  emphasize,  however, t h a t  c o n t r o l  r o l l i n g  made i t  p o s s i b l e  
t o  produce p ipe s  up t o  Grade X70 which are s u i t a b l e  a l s o  f o r  Arctic u se  
( t r a n s i t i o n  tempera ture  below -50 C). Con t ro l  r o l l i n g  i n i t i a l l y  r e s u l t e d  i n  
t h e  f u r t h e r  development of Nb and V steels w i t h  f e r r i t e - p e a r l i t e  micros t ruc-  
t u r e .  Subsequent ly ,  p i p e l i n e  steels wi th  polygonal  and a c i c u l a r  f e r r i t e  
s t r u c t u r e  were produced by c o n t r o l  r o l l i n g .  

A c i c u l a r  f e r r i t e  s t e e l s  d e r i v e  from t h e  r e s e a r c h  on b a i n i t i c  steels 
i n i t i a t e d  by I r v i n ,  P i cke r ing  and co-workers (29-32) and cont inued  on l abora-  
to ry  scale wi th  low-carbon steels (12-21), fo l lowed by i n d u s t r i a l  development 
i n  Europe,  North America and Japan  (22-28). 
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Figure 1. Changes in carbon content of large diameter pipe 
during the past decade (1). 
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Figure 2. Effect of aluminum i n  steel on the compositions 
of oxide inclusions (3 ) .  
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Figure 3. Effect of aluminum nitride on: 
(a)  f e r r i t e  grain s ize  of normalized low C s t e e l .  
(b) yield point of normalized low C low Mn steel 

( C  0.13 - 0.20%, S i  0.30 - 0.60%, Mn 1.30-1.66%) ( 3 ) .  
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Figure 4 .  Strength - toughness vector diagram. 

10 

10 

1 

1 0- 

5. 10- 
$? 
: 10- -s? 
v 

1 0- 

1 0- 

1 0- 

T(OC) 

1400 1200 1000 800 
1 1 1 1  I I I 

NbN 

0 4 8  oc/MPa) 

Figure 5. Solubil i ty  of carbides and nitrides i n  austenite (33) .  
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Table I. Solubility of carbides and nitrides in austenite (33) .  

Log ( %  M) x (% C)’ Nitrides Log (% M) x ( %  N) Carbides 

- 10230 + 4-04 

-- 7070 + 2.27 
T 

T 

NbN 

VN 

-- 7520 + 3.11 

7650 + 5.51 

NbC0.9 T 

“0.75 T 
-- 
-- 7000 + 2.75 --  7000 + 1.51 

T 

T 

TIN 

A1N 
T TIC 

- 7400 + 1.95 

Thus, future demand from potential users of pipe of higher grade than 
those now in use b X75) could mean a substantial increase in the research 
and development of acicular steels produced by control rolling and/or heat 
treatment. 

Non-Polygonal Ferrite Plicrostructures 

Low carbon non-polygonal ferrites fall in the more general class of 
bainitic steels. There is no unit criterion for the classification of such 
microstructures at the present time (34- 39) .  In fact, the characteristics of 
the bainitic transformation may be likened both to transformations of the 
martensitic type and to those of the thermally activated type. 

However, the most useful classification criterion appears to be that 
based on the presence and the morphology of the carbides. In this way, it is 
possible to sub-divide the low-carbon bainites obtained by isothermal trans- 
formation into three types corresponding to three transformation temperature 
ranges (45-47) (Figure 6). Basically this classification also holds good for 
the continuous cooling transformations, albeit with the complication of the 
simultaneous presence of various microstructural components (Figure 7). 

In the case of the higher transformation temperatures, phases are 
obtained which contain only very limited quantities of carbides or no car- 
bides at all, and with a high density of dislocation. Thus, substructures 
are formed consisting of packets of lamellae (co-variant packets) separated 
by low-angle boundaries (Figure 8) ,  or cell structures resulting from the 
reorganization of the dislocations (Figure 9). In general, these structures 
(known as acicular ferrite) are associated with islands of high-carbon 
martensite ( C -  0.4%) and residual austenite (MA constituent) (41, 42) 
(Figure 10). The acicular ferrite and MA constituent taken together are 
generally referred to as granular or massive bainite, (41, 4 3 ,  4 4 )  or Type I 
bainite (45-47). 

The more traditional upper and lower bainites are obtained at the lower 
transformation temperatures. 

Tensile strength of non-polygonal ferrite 

The type of transformation which results in non-polygonal (or bainitic) 

mm-2) which endows it 9 ferrite produces a high density of dislocations (- 10 
with inherently better tensile strength than polygonal ferrite (transformation 
strengthening (50)). 
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Figure 6. The schematic representation of the temperature 
ranges where 3 types of bainite formed in the 
Cu-Ni-Cr-Mo-V steel during isothermal transfor- 
mation ( 4 5 ) .  

9oo 
800 - 

- Austenitized at 1 2 0 0 O C  - 
5 700- 

; 500- r----- 

Aust enit e t 
5 600- 

a MS 5 400.  

+ 

€4 

300 - Martensite 
200- Mf @#' 

100 I ' 1 1 '  ' ' 1 ' '  ' " I  ' I ' 

1 2 4 6 8 1 0  2 4 6 3 1 0 3  4 6  8 1 0 4  468104 

Cool+ny fime from Ac~(s) 

Figure 7. The schematic representation of the temperature 
ranges where 3 types of bainite formed in the 
Cu-Ni-Cr-Mo-V steel during continuous cooling ( 4 5 ) .  
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Figure 8. Typical aspect of the bainite derived from the transformation of 
coarse grained austenite (d - 50 urn). The boundaries of the co- 
variant packets are schemat$gally (eproduced (0.025% C-2% Mn-3% Cr 
steel (40). 



Figure 9. Example of cell structure in the bainite of a 
0.925% C-2% Mn-3% Cr steel with a very fine 
austenite grain ( 4 0 ) .  

Figure 10. Observation of MA constituent under the scanning 
electron microscope (a) and transmission electron 
microscope (b). (0.02% C-2% Mn-0.3% Mo-0.002% B steel). 
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The temperature a t  which the  t ransformat ion starts (Bs) has  a dec i s ive  
in f luence  on the  micros t ructure .  I f  i t  is lowered by means of a l l o y  elements,  
o r  by higher  cool ing rates, the  d i s l o c a t i o n  dens i ty  inc reases  ( i .e . ,  t h e r e  is  
refinement of t he  average dimensions of the  ce l l  or  lamella subs t ruc tu re )  
which r e s u l t s  i n  an inc rease  i n  0.2 proof stress b0.,> and i n  t e n s i l e  

s t r e n g t h  6,) (48, 50, 51). 

lamellae or the  diameter of t he  cells (d ) ;  opinions  d i f f e r  as t o  the  type of 

f u n c t i o n a l  r e l a t i o n .  

t ype ,  while according t o  Langford h Cohen (53). i t  is of the  K2d-' type. I n  

any case,  it seems c e r t a i n  t h a t  the  mechanism ope ra t ion  is not of the H a l l -  
Petch type, which holds good f o r  polygonal f e r r i t e ;  t h i s  p o s t u l a t e s  t h a t  t he  
p l a s t i c  deformation, produced i n  a g r a i n  which has y i e lded ,  propagates 
because of t he  stress f i e l d  produced by the  pile- up of d i s l o c a t i o n s  on the  
g r a i n  boundaries. Another no tab le  con t r ibu t ion  t o  mechanical s t r e n g t h ,  due 
t o  the  p a r t i c u l a r  type of t ransformat ion,  is  a t t r i b u t a b l e  t o  the  presence i n  
s o l i d  s o l u t i o n  i n  t h e  f e r r i t e  matr ix  of a f a i r  q u a n t i t y  of i n t e r s t i t i a l  
elements (C and N) (40). 

The u ~ . ~  value  depends on the  width of the  

-1/2 Gladman e t  al. (52) r e p o r t  dependence of t h e  Kld 

Gladman e t  al. (52) attempt t o  exp la in  t h e  va r ious  con t r ibu t ions  t o  
ao,2 by means of a r eg res s ion  equation: 

ao.2(MPa) = 88 + 37 (% Mn) + 83 (% S i )  + 2900 ( X  Nfree)  + 

15.1 (dL-"') + u + a  P P  

where 5 = dimension of lamellae (mm) 

u 

a = s t r eng then ing  due t o  random d i s loca t ions .  

= p r e c i p i t a t i o n  s t r eng then ing  as per  the  Ashby-Orowan model 
P 

P 
On the  o t h e r  hand, o t h e r  authors  tend t o  i s o l a t e  the  more marked con t r i-  

but ions  by not consider ing the  o the r s  sepa ra t e ly .  For i n s t a n c e ,  Buzz iche l l i  
h Mascanzoni (401, fo l lowing the  procedure proposed by Speich h Swam (54) ,  
have obtained the  fo l lowing with very low-carbon b a i n i t i c  steels (C 6 0.05%) 
conta ining 2 percent  Mn and 3 percent  C r :  

U ~ . ~ ( M P ~ )  = 30 + 1900 { % (C + N)freJ '/' + K d-' 

where (55) d = dimension of lamellae or  cells  (mm) 

1.70 x lO-l(mm-') f o r  ce l l  s t r u c t u r e s  

1.22 x 10-'(mm-') f o r  lamellar s t r u c t u r e s  
K = {  

Toughness of non-polygonal f e r r i t e  

While the  t e n s i l e  s t r e n g t h  of low-carbon steels wi th  an a c i c u l a r  micro- 
s t r u c t u r e  depends on the  average s i z e  of t he  s u b s t r u c t u r e  ( l ame l l ae  o r  
c e l l s ) ,  toughness appears  t o  be goverened by the  s i z e  of the b a i n i t e  packet 
o r  covar iant  packet (Figure  11 and Table 11). 
proposed as toughness indexes (such as the  u n i t  crack path  (UCP) or  the 

I n  f a c t ,  t he  o t h e r  parameters 
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Figure 11. Effect of bainitic packet refinement on Charpy-V 
transition curves for three steels. Three sets of 
curves refer to packet sizes respectively given in 
Table 11. 

Table 11. Results of variable-temperature mechanical tests. 

Slow bending test 

dB ' 'cf NDT 

(i'") (MPa) ("C) 

-112 

Material 
--- 

9.2 1850 -166 

11.2 2370 -198 

9.1 1690 -140 

12.9 2410 -205 

10 1850 -60 

14.4 2680 -196 

11.2 2240 -170 

14.4 2670 -190 

MC25 

MCS25 

MC50 

MCS50 

Charpy test 

8.9 15 

12.4 -50 

9.1 40 

12.1 -5 

9.1 75 

16.9 0 

Uniaxial tensile 
test 

(room temperature) 
00.2 
(MPa) 

550 

620 

550 

580 

700 

750 

- 
- 
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e f f e c t i v e  g ra in  s i z e  (measured on the  su r face  of the  f r a c t u r e )  seem t o  be 
d i r e c t l y  co r re l a t ed  with the  average dimensions of the  covar iant  packet (46, 
57-62) (Figure 12). 

o MC25 

A MC50 

a B 

0 5 10 15 

Figure  12. Re la t ionsh ip  between u n i t  crack path and b a i n i t e  
packet s i ze .  Po in t s  0 and 7 r e f e r  r e s p e c t i v e l y  
t o  2% Mn-3% C r  steels wi th  0.045% and 0.03% C. 

The f a c t o r s  permit t ing t h e  b a i n i t e  packet t o  be r e f i n e d ,  with consequent 
improvement i n  the  toughness of t he  material are: the  lowering of the  t r ans-  
formation temperature (which seems, however, not t o  have a very marked 
e f f e c t ) ,  and e s p e c i a l l y ,  r e f i n i n g  of the  a u s t e n i t i c  g r a i n  s i z e  (32, 49,  57, 
63, 64). I n  t h i s  regard ,  the fol lowing empi r i ca l  r e l a t i o n  has been proposed 
( 4 0 ) :  - - 

0.55 d = 1.4(dGA) 
PB ( 3 )  - - 

where d 

t h e  a u s t e n i t i c  g r a i n ,  r e s p e c t i v e l y  (assuming the  la t ter  t o  be equiaxed).  

and dGA rep resen t  the  average dimensions of the  b a i n i t e  packet and 
PB 

The t r a n s i t i o n  temperature ,  measured i n  the  Charpy-V impact tests (ITT) 
can be expressed by a r e l a t i o n  of the  type (52): 

ITT(’C) = -19 + 44 (% S i )  + 700 (% Nfree)‘12 + 
-1/2) 

PB 
0.26 b + a d )  - 11.5 (d 

P ( 4 )  

wherea  has  the  same meaning as i n  equat ion 1 
P 

a d  is  the  s t r eng then ing  due t o  random d i s l o c a t i o n s  b of equat ion 1) 
and t o  those which form the low-angle boundaries 

ddB is  the  average diameter of the  b a i n i t e  packet. 

Another f a c t o r  having a d e c i s i v e  in f luence  on the  toughness of the  
a c i c u l a r  o r  b a i n i t i c  mic ros t ruc tu re  is t he  presence of ca rb ides  or i s l a n d s  of 
mar t ens i t e  (MA) and a l s o  t h e i r  s i z e  and d i s t r i b u t i o n  ( 4 9 ) .  
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Regarding acicular ferrite, one of the basic morphological characteris- 
tics distinguishing it from upper bainite is the lack of any trace of the 
boundaries of the prior austenitic grains. Since the latter constitute 
preferential sites for the precipitation and segregation of impurities, their 
absence (according to some authors (12, 13)) seems to confer an inherently 
higher toughness to the acicular ferrite. 

Alloy design of non-polygonal ferrite steels 

In the case of gas pipeline plate with a ferrite-pearlite microstructure 
produced by control rolling it is necessary to consider the effect of the 
individual alloy elements on such matters as the following in order to find 
economical chemical compositions which ensure a good combination of strength, 
toughness and weldability: 

Growth of austenitic grain in the heating phase preceding rolling 
(Al-Ti-Nb). 
Recrystallization of the austenite (Nb-Ti-V) during rolling. 
Solid solution strengthening (Mn, Si, etc.). 
Precipitation strengthening (Nb-Ti-V). 
Inclusional control (Zr-Ce-Ti-Ca). 

In the case of steels with a microstructure that is wholly or partly 
acicular ferrite and/or bainite, another two closely interconnected variables 
come into play, namely: 

- Bainitic hardenability understood as the possibility of obtaining 
acicular microstructures at the cooling rate that can be used. 

- Bainitic transformation temperature (Bs) which, as seen earlier, 
is of decisive importance as regards mechanical properties. 

Table 111 indicates the alloy elements normally used for gas pipeline 
steels with non-polygonal ferrite microstructure. More recent investigations 
have also covered such alloy elements as V, Ti, Cr and B. 

The effect of some alloy elements on bainitic hardenability 
quantitatively by the formula (49): 

B ("C) = 830 - 270 (% C) - 90 (% Mn) - 37 (% Ni) - 70 (% Cr) - 

is expressed 

83 (% Mo) 
(5) 

Table 111. Typical composition ranges of non poligonal ferrite steels. 

Elements 

C 
Mn 
si 
A1 
S 
P 
Mo 
Ni 
Nb 
N 

wt % - 
0.06 max 
1.6 - 2.2 
0.10 - 0.40 
0.04 max 
0.010 max 
0.015 max 
0.25 - 0.40 
0.35 max 
0.03 - 0.10 
0.01 max 

816 



B is a very effective element as regards hardenability, only a few ppm (10 to 
30) being needed in solution to produce very marked effects (65-71). B acts 
only on the rate of nucleation of the proetectoid ferrite, since segregation 
of the B atoms on the boundaries of the austenite grain results in a decrease 
in the free energy available for they + a transformation. Thus, in the CCT 
diagrams it is possible to observe a marked shift of the ferritic nose 
towards the slower cooling rates. B plays a very effective synergic role in 
combination with Mo (72, 73) and Nb (74). 

Si and V favor the formation of polygonal ferrite (13, 14) instead. 

Steels up to Grade X70 for Gas Pipelines 

As noted earlier, in the last decade there has been a major development 
of Grade X70 steel pipe production for gas transmission lines. This develop- 
ment has received much of its impetus from the discovery of enormous deposits 
of natural gas in remote areas with very severe environmental conditions, 
such as the Arctic regions of North America and Siberia. There has also been 
an increase in pipe diameters (up to 56") with working pressures of up to 75 
atm to boost the flow rate, and hence reduce transmission costs. The low 
operating temperatures involved, however, require very tough steels that are 
highly resistant to the propagation of ductile fracture. This has led to a 
demand for pipes with Charpy-V values of 40 and 60 J down to -40 C,  measured 
by the transverse test. 

With the development and greater understanding of control rolling it has 
become possible to obtain the desired properties from conventional ferrite- 
pearlite steels. 

Inhibition of austenite recrystallization below 1000 C (75) ensured by 
Nb and to a less extent by Ti and V (associated in some cases with control of 
austenite grain size in the reheating prior to rolling) permits extremely 
fine ferritic grain associated with good strength and toughness properties to 
be obtained (average diameter up to 5 - 6 urn). Use has recently been made 
also of the ferrite work hardening that is obtained by adopting rolling 
cycles with marked reduction in mixedy + a  phase (76-79) to raise mechanical 
strength even further. 

I 

The alternative route followed for the production of Grade X70 pipelines 
is to use low-carbon steel with a mixed polygonal and acicular ferrite 
microstructure. Unlike pearlite, this latter phase exerts a twofold action 
on the tensile properties of the steel right from the very first stages of 
plastic deformation. The acicular ferrite participates directly in the 
plastic deformation and the associated small volume fractions of constituent 
MA, that are also present, are generally sufficient to produce continuous 
yielding (18, 42, 80, 81). As a result of the first characteristic, the 
yield strength of the steel is governed by the yield strength of the poly- 
gonal and acicular ferrite and by the relative volume fractions, as indicated 
by the relation ( 4 0 ) :  

0 = f P ,  + (1  - fP) aya Y YP 

where fp = volume fraction of polygonal ferrite 
a = yield strength of polygonal ferrite 

a = yield strength of acicular ferrite 
YP 

Ya 
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S t e e l s  containing a c i c u l a r  f e r r i t e  wi th  a high work h a r d e n i n g  rate in the  
f i r s t  s t ages  of p l a s t i c  deformation a r e  of p a r t i c u l a r  i n t e r e s t  f o r  making 
pipes by the UOE process (Figure 13). During t h i s  type of cold forming the 
p l a t e  is subject  t o  bending deformations (U and 0 forming); the  inner  pa r t  of 
t h e  pipe being subjected t o  compression and the outer  pa r t  t o  tension. In 
t h e  case of 0-forming, m r e o v e r ,  the re  i s  a l s o  a s l i g h t  compression of the 
whole thickness of the  pipe wall.  F i n a l l y ,  during expansion (E),  a l l  the  
l ayers  of the  pipe wal l  a r e  under tension usual ly  of 1.2  t o  1.5 percent.  
During UOE forming, the re fo re ,  the Bauschinger e f f e c t  is  exer ted t o  a varying 
extent  i n  the outer  and inner  l ayers  of the  pipe: the  ensuing decrease i n  
y i e l d  s t r eng th  i n  s t e e l s  containing ac icu la r  f e r r i t e  is, however, counter- 
balanced by the work hardening produced during expansion. 

The e f f e c t  of ' t h i s  work hardening is such a s  t o  compensate a l s o  f o r  the  
decrease i n  y ie ld  s t r eng th  t h a t  occurs (again owing t o  the Bauschinger 
e f f e c t )  i n  the cold f l a t t e n i n g  of the  t e n s i l e  test specimens cut t ransver-  
s a l l y  from the pipe, a s  per API 5LX Standard. Therefore, the  y i e l d  s t r eng th  
of pipes with an ac icu la r  microstructure  is general ly  g rea te r  than t h a t  of 
the  p l a t e ,  as  proved i n  the  laboratory (82-85) and i n  the  i n d u s t r i a l  p rac t i ce  
(22)  (see  Figure 14). 

The use of low-carbon contents  (down t o  a minimum of 0.05%), such a s  
those now a t t a i n a b l e  with the  BOF, ensures lower d u c t i l e- b r i t t l e  t r a n s i t i o n  
temperatures and higher Charpy-V energy values (as  proved by Smith et a1 (15) 
(see Figure 15)). 

Further  improvements i n  the  d u c t i l i t y  can a l s o  be achieved by lowering 
t h e  S content (see  Figure 161, which leads  t o  a reduction i n  the  volume frac-  
t i o n  of non-metallic inclusions .  The use of lanthanides has a l s o  helped 
improve p l a t e  toughness. The best  known of the  lanthanides is Ce which is 
commonly used i n  a r a t i o  of 1 .5  - 2.0 with S t o  obtain  the  lowest Charpy 
energy anisotropy (see  Figure 17). An i n d u s t r i a l  method of inc lus ions  
con t ro l  has a l s o  been developed (86) which involves i n j e c t i n g  fine- sized 
calcium s i l i c o n  and calcium carbide d i r e c t l y  i n t o  the l a d l e  by an argon 
lance. This permits reduction of both the S and the 0 contents (Figure 18) 
and r e s u l t s  i n  spheroidal  inc lus ions ,  as does the  Ce treatment.  

1 P l a t e s  2 "V' Pbrming 3 "0" PDming 4 Expansion 
(Bending) (Compression) (Tension) 

Diameter 
I n s i d e  

Diameter 

Figure 13. Steps i n  U-0-E process of pipe making and t h e i r  
in f luence  on s t r a i n  d i s t r i b u t i o n  i n  the  i n s i d e  
and ou t s ide  l ayers  of the  pipe wall.  
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X 70 Niobium 
Molybdenum Steel 

70 t Tensile Strength 

40 t, 
Aa Not Emsnded Exwnded 

Rolled m d e d  Pipe Cold -Pipe 
Plates Pipe 0.H Deformed Tempered 

Deformed 1 hour 
cold 1&0 2% 5 9 0 0 ~  for 

Tensile Strength 70 
Vanadium Steel .-- --- a---- 

X6O-X65 Niobium 
.Yield Strength Steel 

Steel 
I I )  

AS Not Expanded Brpanaea 
Rolled Expanded Pipe Cold Pipe 
Plates Pipe 0. f i  Deformed Tempered 

Deformed 1 hour 
Cold 1.3to 24'. 5 9 0 ~  for 

Figure 14. Effect of cold forming and tempering on the trans- 
verse tensile properties of commercial niobium, 
niobium-vanadium and molybdenum-niobium steel de- 
scribed in Table IV (22).  
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Table IV. Average composition (wt X )  and quantities made of recently produced pipeline steels ( 2 2 ) .  

Pipe 
diameter Thickness 

Mn - C - (m) Symbol (mm) - 

1.4 0 17.5-20.5 0.153 1.43 

1.2 m 14.5 0.115 1.59 

1.2 0 17 0.06 1.61 

1.2 0 14.5 0.065 1.60 

1.4 o 30 0.06 1.62 
m 
N 
0 

1.4 0 30 0.06 1.75 

1.4 X 18 0.06 1.60 

Si 

0.27 

0.34 

0.29 

0.28 

0.26 

- 

0.26 

0.36 

A1 

0.034 

0.027 

0.040 

0.043 

0.040 

- 

0.040 

0.037 

S 

0.016 

0.007 

0.009 

0.009 

0.006 
to 

0.012 

0.006 
to 

0.012 

0.009 

- Ni - P - 
0.017 0.036 

0.014 0.032 

0.015 0.044 

0.015 0.040 

0.019 0.045 

0.019 0.045 

0.014 0.047 

Carbon 
- Mo Other & 
- - 0.39 

- V 0.073 0.395 

0.32 - 0.39 

0.28 - 0.39 

0.30 Ni 0.26 0.40 

0.30 Ni 0.26 0.42 

0.29 - 0.39 

A l l  steels produced in 320 ton heats, either ingot or continuously cast. The 30 m pipe was only  ingot 
cast and mish-metal treated. Steel with (X) was produced in test quantities only from continuous casting. 
The symbols above were used for steels in Figure 15. 

Number 
of 

Heats 

7000 

600 

65 

60 

3 

2 

15 

Mn Cr + Mo + V Cu + Ni 
+T * Ceq = C + y +  



350 

300 

250 

200 

150 

100 

50 

Figure 15. Impact resistance in  transverse direction of 
12.7 mm-thick aged plates of 1.8% Mn-0.25% 
Mo-0.08% Nb s t e e l s  at  three l eve l s  of carbon 
content (14). 

- 

- 

0.05% c - 

- 

- 
- 

- 
8 " ' "  

300 

250 

200 

150 

100 

50 

0 
-80-60-40-20 0 20 40 60 

TEST TEMPERATURE ( O C )  

Figure 16. Impact resistance i n  transverse direction of 
12.7 mm-thick aged plates of 0.05% C-1.86% 
Mn-0.24% Mo-0.07% Nb s t e e l  at three l eve l s  of 
sulfur content (14). 
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54 
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-2 47 8 40 

-i :: 
20 

13 

Long. Tran.  
Reference A A 
Mischmetal o 
Rare eaxth . 
S i l i c i d e  ---o-- - - - - - - ---- -0 - - - - 

Langitudinala 
u-0- 0 

0 0.5 1.0 1.5 2.0 2.5 3.0 

CERIuM/Surn m. % m SPEEL 

Figure 17 .  Relationship between shelf energy determined on 
longitudinal and transverse Charpy 112 s i z e  V- 
notch specimens and cerium-to-sulfur ratio.  Each 
data point i s  the average of two tests (87). 

. 
aat . 

TIME 

Figure 18. Variation of the oxygen and sulfur contents of the 
s t e e l  during calcium treatment in the ladle (86). 

822 



Development of Gas P ipe l ine  S t e e l s  of Grade X80 and Above 

Control  r o l l i n g  

A s  previously  s t a t e d ,  t he  t ransmiss ion capac i ty  of gas p ipe l ines  has t o  
be increased f o r  economic reasons. This is achieved p r i n c i p a l l y  by r a i s i n g  
t h e  working pressure.  In a few years ,  t h i s  t rend is c e r t a i n  t o  lead t o  a 
demand f o r  pipes of X80 grade o r  greater. S t e e l s  wi th  a p a r t l y  or  wholly 
a c i c u l a r  micros t ructure  are thus des t ined  t o  become of ever- increas ing 
importance, s ince  i t  seems un l ike ly  that the s t r e n g t h s  required can be 
ensured by f e r r i t e- p e a r l i t e  steels. 

To achieve the  necessary mechanical p r o p e r t i e s ,  t he  most d i r e c t  rou te  is 
t o  e s t a b l i s h  appropr ia te  chemical compositions t h a t  enable the  ob jec t ive  t o  
be reached s o l e l y  by con t ro l  r o l l i n g .  
nega t ive  a spec t s  involved, as is evident .  Not the  least of these  is the need 
t o  use steels with compositions t h a t  are r i c h e r  and more c o s t l y ,  thus  de- 
creas ing  o r  n u l l i f y i n g  the  economic advantages de r iv ing  from the  use of a 
l e s s- cos t ly  manufacturing process such as con t ro l  r o l l i n g .  A marked re- 
s t r a i n t  i n  the  search f o r  n e w  compositions a l s o  regards  the need t o  ensure  
good we ldab i l i t y .  This g r e a t l y  l i m i t s  t he  use of l a r g e  amounts of elements 
such as Mn, Mo, C r  and N i  t h a t  are of p a r t i c u l a r  importance because of t h e i r  
hardening e f f e c t ,  i n  order  t o  ob ta in  materials with a s u f f i c i e n t  quan t i ty  of 
a c i c u l a r  phase. 

However, t he re  are some extremely 

Considera t ions  such as these  have l e d ,  i n  recent  yea r s ,  t o  increased 
i n t e r e s t  and in-depth research i n t o  the  use  of pos t- ro l l ing  hea t  t rea tments ,  
p a r t i c u l a r l y  those which can be performed on- line,  s ince  these  appear the  
most promising. 

Quench and tempering of p l a t e s  and p ipes  

Conventional quench and tempering t rea tment  (Q.T.) a f t e r  r o l l i n g  (un- 
c o n t r o l l e d )  and na tu ra l  cool ing t o  room temperature c o n s i s t s  i n  r ehea t ing  t o  
a temperature s l i g h t l y  i n  excess of Ac3 (u sua l ly  900 - 95OoC) followed by 

quenching i n  water and then tempering a t  s u b- c r i t i c a l  temperature.  This  is ,  
the re fo re ,  a c o s t l y  process and p roduc t iv i ty  is low. These disadvantages ,  
moreover, are not counterbalanced by the  lower cos t  of t he  compositions which 
can be used. I n  f a c t ,  with the  type of hea t ing  involved, i t  is not poss ib l e  
t o  d i s so lve  the  carbides  formed by t h e  microal loy elements (except i n  the  
case of V). Consequently, p r e c i p i t a t i o n  hardening cannot be conveniently 
exploi ted .  On the  o the r  hand, t he  use of higher  reheat  temperatures would 
cause a marked inc rease  i n  a u s t e n i t e  g r a i n  s i z e  wi th  a consequent f a l l- of f  i n  
toughness (89).  The required s t r e n g t h  l e v e l s  must, theref  o r e ,  be achieved 
e s s e n t i a l l y  through the  production of a mic ros t ruc tu re  cons i s t ing  mainly of 
mar tens i te .  This  involves  the  use of elements such as Mo, N i  and C r  i n  
considerable  q u a n t i t i e s ,  together  with r e l a t i v e l y  high C contents  (0.13 t o  
0.22%). 

U n t i l  r ecen t ly ,  the  Q.T. process has  been the  only way of manufacturing 
pipes  having y i e l d  s t r eng ths  of up t o  700 MPa and above with good impact 
p rope r t i e s  d e s p i t e  these  disadvantages.  

Q.T. t rea tment  of the p ipes  d i r e c t l y ,  r a t h e r  than the  p l a t e ,  has opened 
up the  way f o r  g r e a t  progress  i n  t h i s  f i e l d .  F i r s t ,  it avoids problems t h a t  
can arise dur ing the  cold forming of h igh- strength  p l a t e  which has a l r eady  
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been t r ea t ed .  Then, t he re  are m e t a l l u r g i c a l  advantages due t o  the  f a c t  that 
t h e  p ipeheat ing cyc le ,  which is o f t e n  very r ap id  because of the use  of 
i nduc t ion  heat ing system, enables  very f i n e  micros t ructures  t o  be a t t a i n e d .  
However, t he  g r e a t e s t  advantage is the marked improvement i n  mechanical 
p r o p e r t i e s ,  e s p e c i a l l y  the  toughness of t he  weld both i n  the  fus ion  and i n  
t h e  heat  a f f ec t ed  zone (96).  

The good toughness of Q.T. p l a t e ,  as measured by the  Charpy-V tes t ,  
corresponds t o  a s u f f i c i e n t l y  low 50 percent  FATT values.  
i n g  tests run by the CSM and I t a l s i d e r  show, i n s t e a d ,  t h a t  the behavior of 
t hese  materials is less favorab le  as regards  r e s i s t a n c e  t o  d u c t i l e  f r a c t u r e  
propagation. 
p ipes  with Charpy-V ene rg ie s  s u f f i c i e n t  f o r  arrest, ca l cu la t ed  according t o  
t h e  var ious  cu r ren t  t h e o r i e s  (CSM- Italisider,  Battelle, A I S I ,  B r i t i s h  Gas) 
based on tests performed on c o n t r o l  r o l l e d  pipes  (Figure  19).  
by Bonomo et a l .  (97) ,  t h i s  means t h a t  t o  arrest d u c t i l e  f r a c t u r e  i n  Q.T. 
p ipes  h igher  CV values  are needed than f o r  con t ro l l ed  r o l l e d  pipes.  

Fu l l- sca le  burs t-  

Indeed, t he  r e s u l t s  show t h a t  propagation did  occur on Q.T. 

A s  pos tu la t ed  

It is ,  t h e r e f o r e ,  f o r  Q.T. materials, t o  determine CV values  capable of 
ensur ing arrest of d u c t i l e  f r a c t u r e  or  t o  f i n d  a l abora to ry  test  of more 
gene ra l  v a l i d i t y  which is a l s o  app l i cab le  t o  materials of t h i s  kind. 

300 

Figure  19. Frozen b a c k f i l l  and Q.T. material 
r e s u l t s  as compared with the  cu r ren t  
formulae (97).  
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Direct quenching 

Many of the  negat ive  a spec t s  t y p i c a l  of Q.T. t rea tment  can be overcome 

The f i r s t  l abora to ry  tests on D.Q. were performed 
by quenching the  con t ro l  r o l l e d  p l a t e  d i r e c t l y  as i t  l eaves  the  f i n i s h i n g  
m i l l  (D i rec t  Quenching). 
i n  the  mid S i x t i e s  by the  B r i t i s h  S t e e l  Corporat ion,  mainly on C-Mn steels 
microalloyed wi th  Nb, V,  T i  and Cu (C less than 0.10%) (89-91). Subsequently,  
t h i s  type of treatment was  i nves t iga t ed  elsewhere; i n  France by I R S I D  (92) ,  
and i n  I t a l y  by I t a l s i d e r  (88) and the  CSM (93).  

The advantages of D.Q., compared wi th  the previous  type of t rea tment ,  
are evident  as f a r  as p roduc t iv i ty  and energy saving are concerned. However, 
t h e r e  are a l s o  marked advantages of a purely  m e t a l l u r g i c a l  na tu re  (Figure  
201, s ince  D.Q. enables  very good combinations of s t r e n g t h  and toughness t o  
be obta ined with r e l a t i v e l y  poor and economically advantageous chemical 
compositions,  even without having t o  temper t h e  p l a t e  provided t h a t  very high 
cool ing rates are adopted (90 - 100 C / s  i n  t h e  middle).  

Unlike the  convent ional  method of t rea tment ,  D.Q. permits  optimal use t o  
be made of a l l  the  advantages of c o n t r o l  r o l l i n g ,  p a r t i c u l a r l y  the  poss ib i l-  
i t y  of e x p l o i t i n g  p r e c i p i t a t i o n  hardening due t o  t h e  microal loy elements (Nb, 
V and T i )  and of ob ta in ing  a f i n e ,  highly-deformed a u s t e n i t e  g r a i n  which, 
a f t e r  quenching, produces mic ros t ruc tu res  of t he  a c i c u l a r  f e r r i t e ,  t r a d i-  
t i o n a l  b a i n i t e  or  mar t ens i t e  type (depending on the  composition and t h e  
cool ing r a t e ) ,  cha rac te r i zed  i n  any case by very f i n e  s u b s t r u c t u r e  and 
consequently endowed wi th  good impact p rope r t i e s .  

The bes t  mechanical p rope r t i e s  appear t o  be obta ined by us ing f in i sh ing-  
r o l l i n g  temperatures  s l i g h t l y  h igher  than A r 3  (about  30 C) wi th  steels of the  

C-Mn-Nb and of the  C-Mn-V type (94).  For in s t ance ,  i n  the  case of 13 mm 
t h i c k  p l a t e  having a composition 0.13 percent  C,  1.25 percent  Mn and 0.025 
percent  Nb, Pres ton & Mitche l l  (94) r epor t  t he  fo l lowing r e s u l t s  i n  the  
untempered state:  
MPa, T27J = - 90 C. 

t e n s i l e  s t r e n g t h  = 922 MPa, 0.2 percent  proof stress = 740 

By adopt ing even lower C values i t  is poss ib l e  t o  o b t a i n  even b e t t e r  CV 
r e s u l t s ,  though t h e r e  is  some f a l l  off  i n  t e n s i l e  s t r eng th .  P l a t e  12 mm 
t h i c k  having a composition of 0.07 percent  C ,  1.68 percent  Mn and 0.09 
percent Nb, produced i n  the  CSM p i l o t  p l a n t  (93) has  g iven 50 percent FATT 
values  of - 110 C i n  the  long i tud ina l  d i r e c t i o n ,  wi th  0.2 percent  proof 
stress and t e n s i l e  s t r e n g t h s  of 570 and 825 MPa, r e spec t ive ly .  

Despi te  the  undeniable advantages ,of  D.Q., t h e r e  are d i f f i c u l t i e s  i n  i t s  
p r a c t i c a l  a p p l i c a t i o n ,  not t he  least being t h e  c a p i t a l  investment involved. 
There is  a l s o  t h e  f a c t  t h a t  t o  make the  bes t  poss ib l e  use  of t he  advantages 
o f fe red  by D.Q. t h e r e  must be the  least poss ib l e  delay between the  t i m e  t he  
p l a t e  l eaves  the f i n i s h i n g  m i l l  and the  s tar t  of quenching, e s p e c i a l l y  when 
f i n i s h i n g  temperatures  c l o s e  t o  Ar3 are adopted. 

problem, owing t o  the  dimensions of t he  quench p l a n t  t h a t  must guarantee a 
high cool ing rate f o r  q u i t e  th i ck  p l a t e .  Moreover, t h e r e  are engineer ing 
d i f f i c u l t i e s  t h a t  have not ye t  been completely solved. 
a t e  these d i f f i c u l t i e s ,  s t u d i e s  have been made of s p e c i a l  chemical composi- 
t i o n s  which reduce the  adverse  m e t a l l u r g i c a l  consequences of t he  delay p r i o r  
t o  quenching (95).  However, t hese  compositions con ta in  elements such as Mo, 
C r ,  and N i  and thus  they are not as advantageous from the  c o s t  aspect .  To 
da te ,  it does not seem as i f  t h i s  problem has  been f u l l y  resolved.  

This  involves  a layout  

To a t tempt  t o  a l l e v i-  
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Figure 20. Comparison of direct and conventional quenching on the 
mechanical properties of two low-carbon steels contain- 
ing varying amounts of microalloying elements. The base 
composition of this aluminum-killed steel was 0.07% car- 
bon, 1.25% manganese, 0.25% silicon, and 0.13% sulfur. 
The finishing temperature was 900 C. Each steel was aus- 
tenitized at 910 C for 30 minutes and tempered at 600 C 
for 1 hour. The quenching rate was 55 C per second for 
the skin and 40 C for the core, corresponding to 20 to 
25 mm for an industrial roller quench (88). 
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Accelerated cooling a f t e r  control  r o l l i n g  

Accelerated cooling (A.C.) a f t e r  control ro l l ing  and before coi l ing is  
usually used on hot- str ip  l ines .  The advantages from the metal lurgical  and 
productivity aspects are well-known. I n  recent years, an examination w a s  
made of the p o s s i b i l i t y  of extending t h i s  treatment t o  the production of high 
t e n s i l e  strength p la te  fo r  gas pipelines. The l i t e r a t u r e  on t h i s  matter,  
however, is s t i l l  very l imited (96, 98-102). The purpose of A.C. i s  to  
improve mechanical propert ies ,  especial ly  plate  s t rength,  by modifying the 
microstructure or by re f in ing  t h i s  through lowering the transformation 
temperature. The cooling r a t e  generally l i e s  between tha t  typ ica l  of a i r  
cooling (which varies  depending on p la te  thickness) and 20 - 25 C / s .  
et al .  (961, fo r  instance,  report that  with appropriately chosen process 
parameters and a cooling r a t e  around 10 C / s ,  the microstructure of an as- 
ro l led  Grade X70 Nb-V s t e e l  changes from f e r r i t e- p e a r l i t e  t o  p a r t l y  ac icu la r  
f e r r i t e ,  while the s t rength increases to  that  typical  of a Grade X80 s t e e l  
(Figure 21), with a s l i g h t  improvement i n  toughness, as well. 

Ouchi 

However, i t  would appear that  the best resu l t s  are  obtained by interrup-  
t ing  the A.C. a t  a r e l a t i v e l y  high temperature (450 - 600 C) and then con- 
t inuing cooling i n  a i r .  Yet, i t  seems there is no s i m p l e  cor re la t ion  between 
mechanical propert ies  and the in te r rup t ion  temperature (96, 101). The 
advantage of in te r rup t ing  the A.C. a t  a re la t ive ly  high temperature is  p a r t i -  
cular ly evident with s t e e l s  containing microalloy elements, especial ly  Nb, 
because t h i s  ensures the p rec ip i ta t ion  of f i n e  carbide and carbonitr ide 
par t i c les  which play an important role  i n  the p rec ip i ta t ion  hardening of the 
s t e e l .  

c 
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Figure 21. The e f f e c t  of the accelerated cooling on the mechani- 
c a l  propert ies  (P la tes  thickness 2Omm) (102). 
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The use  of A.C. a f t e r  con t ro l  r o l l i n g ,  t h e r e f o r e ,  permits  the use of 
s t e e l s  wi th  r e l a t i v e l y  low carbon contents  f o r  the product ion of high grade 
p l a t e .  Thus, t he re  is a s u b s t a n t i a l  saving on composition cos t  with only a 
s l i g h t  i nc rease  i n  process ing cos t ,  while the  c a p i t a l  investment is c e r t a i n l y  
less than needed f o r  the  i n s t a l l a t i o n  of a d i r e c t  quenching p lan t .  So f a r ,  
no A.C. p l a n t s  f o r  commercial pipe production have been b u i l t .  There are 
important design problems t o  be overcome, such as ensur ing even cool ing of 
t he  whole of the p l a t e  su r face  t o  avoid deformation and l a c k  of uniformity.  
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