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Introduction 

Recent developments in the highly competitive transportation industry 
have led to ever increasing demands being placed on railroad systems. While 
conventional carbon steel rails have provided faithful service in a wide 
range of service environments for many years, there are some applications 
where they have been found wanting and the use of higher strength steels of 
improved quality has been necessary to ensure satisfactory and safe service. 
These applications include high speed tracks in the mining industry and heavy 
duty load bearing units in steelplants, both of which have been required to 
accommodate substantial growth in steelmaking capacity and output. The cost 
of replacement of worn or defective rails in such cases can be excessive. 
When evaluated in respect of losses in production and of the inconvenience of 
effecting repairs in remote locations with difficult terrains and adverse 
conditions, this is especially true. Such locations are frequently encount- 
ered in the winning of iron ore from vast deposits in South Africa, Western 
Australia, Brazil and Sweden. 

The development of methods for imp'roving the service life of railway 
materials has been the subject of extensive research over the past decade and 
data presented at international conferences (1, 2 ,  3,  4) have highlighted 
many of the problems involved. These data have clearly demonstrated that 
rails should have reasonable weldability, a high resistance to wear and/or 
deformation and should also possess other important characteristics such as 
are necessary to ensure adequate safety against failure by fatigue or frac- 
ture under the intended operating conditions. 

In order to satisfy these requirements, close attention has to be paid to 
steelmaking procedures with the aim of producing clean steel free from 
hydrogen-induced defects. Special deoxidizing and casting conditions are 
adopted to ensure minimum non-metallic inlcusion content, and low-hydrogen 
melting or vacuum-degassing can be adopted as alternatives to controlled- 
cooling of finished rails to achieve low hydrogen contents (5). Ultrasonic 
testing is applied to confirm that the rails satisfy specific standards for 
internal soundness. 
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Increased service performance can also result from the use of high 
strength rails. For example, it has been shown ( 6 )  that in the case of 100 
tonne cars operating on a 2' curve, rail life for high strength steel can be 
greater than that for conventional carbon steel by a factor of 1.6 to 3.0. 

The properties of particular importance to rail life are tensile strength 
and hardness, higher levels of which promote increased resistance to wear and 
deformation, and improved fatigue strength (5). Resistance to deformation is 
mainly dependent on yield strength which is related to tensile strength. 
While wear resistance is improved as hardness increases, steels with differ- 
ent microstructures but the same hardness do not exhibit the same wear 
resistance ( 7 ) .  In this respect, pearlite is superior to tempered martensite 
which, in turn, is superior to bainite. 

The properties of pearlitic rail steels are influenced by the spacing 
between cementite lamellae, their thickness and the pearlite colony size (8). 
Yield and tensile strength increase as the interlamellar spacings decrease 
while toughness is governed by the thickness of the lamellae and pearlite 
colony size. Fine pearlitic structures may be achieved either by heat- 
treatment or by alloying. 

Manganese and chromium are effective in producing fine pearlitic struc- 
tures through lowering of the transformation temperature and indications of 
their respective contributions to strength are given by the regression 
equations of Heller and Schweitzer (9). Further strengthening can be achieved 
through precipitation hardening by virtue of the formation of finely disper- 
sed precipitates in ferrite lamellae of the pearlite, such as may result from 
the microalloying addition of niobium. 

Niobium in High Carbon Steel 

The microalloying addition of niobium to high carbon steel can, under 
appropriate processing conditions, result in increased strength and improved 
ductility. The extent to which such property improvement may be achieved is 
largely controlled by the amount of niobium in solution in austenite prior to 
rolling. Solution of niobium carbonitride precipitates is particularly 
sensitive to soaking temperature and carbon content as indicated in Figure 1 
(10). Depending on soaking conditions and compositional factors, some 
niobium carbonitrides may remain undissolved in austenite and consequently 
have little effect on the steel properties. On the other hand, niobium taken 
into solution during soaking can, during, subsequent rolling, retard austenite 
recrystallization through solute drag effects and strain induced precipita- 
tion of niobium carbonitride in austenite (111, ultimately resulting in 
refinement of the pearlite colony size. Any niobium remaining in solution in 
austenite at the finish rolling temperature may be available for subsequent 
strengthening by precipitation in pro-eutectoid ferrite and in the ferrite 
lamellae in pearlite after transformation. 

Experience with Rail Steels Containing Niobium 

The influence of microalloying niobium additions on the properties of 
rail steels was originally investigated in a co-operative program that was 
undertaken in the U.S.A. by Molycorp and The Colorado Fuel and Iron Company 
(12). 
percent C, 0.80 percent Mn and 0.14 percent Si to obtain niobium contents of 

Niobium additions were made to ingots of a heat of basic analysis 0.74 

1020 



0.015 percent  - 0.047 percent .  Improvements i n  y i e l d  and t e n s i l e  s t r e n g t h  of 
up t o  11.4 percent and 4.4 percent r e spec t ive ly  were achieved along with 
s l i g h t  improvements i n  d u c t i l i t y  (Table I ) ,  but subsequent in- track tests 
showed performance not g r e a t l y  d i f f e r e n t  from t h a t  of carbon s teel  rails 
(13).  

A t  Domnarvets Jernverk,  Sweden, t he  e f f e c t  of niobium on the  p rope r t i e s  
of U I C  r a i l  steels was s tud ied  (14). It was found that niobium increased the 
t e n s i l e  s t r e n g t h  by 98 MPa (14.2 k.s.i.) and improved the  wear r e s i s t a n c e  of 
t h e  rails. 

Silicon-manganese-niobium r a i l  steels have been produced by the B r a z i l i a n  
Nat ional  S t e e l  Co. (CSN) s ince  1972. Their  Niobras-200 steel is t y p i f i e d  by 
the chemical composition and mechanical p r o p e r t i e s  shown i n  Table I. The 
improved p r o p e r t i e s  as compared t o  those of convent ional  carbon s t e e l  rails 
were a sc r ibed  t o  the  in f luence  of niobium as a g r a i n  r e f i n e r  and the  subse- 
quent f i n e r  p e a r l i t e  colony s i ze .  Weldabi l i ty  of the  s tee l  w a s  repor ted  t o  
be good both i n  f lash- but t  and thermite  welding processes  (12). The d e t a i l s  
of t h i s  steel are presented i n  a sepa ra t e  paper a t  t h i s  Conference (15). 

Some 1000 tonnes of chromium-niobium steel rails were produced f o r  t r i a l  
purposes by ISCOR, South Africa.  The o b j e c t i v e  of the  niobium add i t ion  was 
mainly t o  improve the  toughness of the  rails (16).  Yie ld  and t e n s i l e  
s t r e n g t h s  of as high as 735 MPa (106.7 k.s. i .)  and 1215 MF'a (176.3 k.s.i.) 
r e s p e c t i v e l y  were achieved i n  combination with e longa t ions  of around 14 
percent .  The average composition and mechanical p r o p e r t i e s  r ep resen t ing  28 
h e a t s  of t h i s  s teel  are shown i n  Table I. 

A s  a r e s u l t  of t h e i r  development program on a l l o y  s teel  rails,  Thyssen 
AG, West Germany, repor ted  that niobium w a s  considered t o  r e t a r d  transforma- 
t i o n  t o  p e a r l i t e  and t o  adverse ly  a f f e c t  w e l d a b i l i t y  (17).  S p e c i f i c  d e t a i l s  
of the base composition w e r e  not mentioned. 

In l abora to ry  work at Climax Molybdenum Co. (18) ,  t he  in f luence  of 
niobium a d d i t i o n s  t o  base compositions of 0.66-0.68 percent  C ,  0.61-0.88 
percent  Mn, 0.51-0.82 percent  C r ,  and 0.24-0.30 percent  Mo was examined. It 
was demonstrated t h a t ,  a t  the  lower molybdenum con ten t ,  the  e f f e c t  of 0.02 
percent  niobium was t o  s u b s t a n t i a l l y  improve d u c t i l i t y  as def ined by reduc- 
tion-of-area i n  the  t e n s i l e  tes t ,  but i n  t h i s  r e spec t  no improvement occurred 
wi th  the  0.30 percent  molybdenum steel .  In t h e  la t ter  case ,  t he  mechanical 
p r o p e r t i e s  were l a r g e l y  inf luenced by the  propor t ion of b a i n i t e  i n  the  
mic ros t ruc tu re ,  t h i s  being increased by f a s t e r  cool ing rates and higher  
niobium con ten t s  leading t o  predominantly b a i n i t i c  s t r u c t u r e s  and r e l a t i v e l y  
low s t r eng ths .  

I n v e s t i g a t i o n s  i n  Belgium (19) r e s u l t e d  i n  t h e  development of a r e l a t i v e-  
l y  low carbon Cu-Ni-Cr-Nb s tee l  mainly f o r  a p p l i c a t i o n  i n  crane rails. 
d a t a  from l abora to ry  r e sea rch  programs i n d i c a t e d  t h a t  y i e l d  s t r e n g t h s  of 590- 
785 MF'a (85.6-113.8 k .s . i . )  could be achieved wi th  compositions wi th in  the  
range 0.10-0.30 percent  C ,  1.7-1.9 percent  Mn, 0.4-0.6 percent  S i ,  0.4-0.6 
percent  C r ,  1.1-1.3 percent  Cu, 0.8-1.0 percent  N i ,  0.04-0.06 percent Nb and 
0.04-0.10 pe rcen t  A l .  Heavy s e c t i o n  101 kg/m (205 lb /yd )  crane rails with 
0.22 percent  carbon, and wi th  o the r  elements w i t h i n  t h e  proposed range, 
exh ib i t ed  y i e l d  and t e n s i l e  s t r e n g t h s  of at  least 685 MPa (99.5 k .s . i . )  and 
1080 MF'a (156.6 k.s. i .)  wi th  e longat ion and r educ t ion  of- area values  of up t o  
1 2  percent  and 30 percent  r e spec t ive ly .  These p r o p e r t i e s  were gene ra l ly  
improved by ageing a t  500 C (932°F). 

The 
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P 0 
N 
N 

p o s i t i o n  (wt %) 
Si Cr Nb 

0.14 - 0.015 
0.030 
0.047 

0.79 - 0.028 

0.75 0.80 0.060 

0.50 0.70 0.050 

Table I. Details of various high strength rails containing niobium. 

Mechanical Properties 
Y? TS YS/ Elongn. R . A .  Hardness 

m a  ks i MPa ksi TS % % BHN 

72.5 915 132.7 0.55 10.0 19.2 267 500 
525 76.1 925 134.2 0.57 8.8 19.7 267 
535 77.6 940 136.4 0.57 9.3 20.1 269 

625 90.7 1115 161.7 0.56 9.8 18.9 327 

705 102.3 1040 150.8 0.68 10.0 16.0 340 

660 95.8 1130 163.9 0.58 11 .5  25.0 - 
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A t  Aus t r a l i an  I ron and S t e e l  Pty. Ltd. (AIS) i n v e s t i g a t i o n  of the e f f e c t s  
of niobium on ra i l  steels w a s  undertaken i n  the  e a r l y  1970's. The i n i t i a l  
t r ials  were concerned with the  development of rails t h a t  would provide 
improved performance i n  crane t r acks  and o the r  heavi ly  loaded u n i t s  at the 
s t e e l p l a n t  (20, 21). In these  a p p l i c a t i o n s ,  t he  p r i n c i p a l  mode of f a i l u r e  is 
as soc ia t ed  with excess ive  deformation o r  "mushrooming" of the  r a i l  head and 
thus  the  main ob jec t  of the  t r ia ls  w a s  t o  develop rails of s i g n i f i c a n t l y  
h igher  y i e l d  s t r e n g t h  than f o r  conventional carbon s teel  rails,  wi thout  
adverse ly  a f f e c t i n g  o the r  important p rope r t i e s  such as d u c t i l i t y  and weld- 
a b i l i t y .  Niobium add i t ions  of 0.025-0.045 percent t o  base s teel  conta ining 
0.43 percent C ,  1.52 percent  Mn, 0.17 percent S i  and 0.29 percent  C r  gave 
improvements i n  y i e l d  and t e n s i l e  s t r e n g t h s  f o r  53 kg/m (107 lb /yd)  rails of 
up t o  39 percent and 7 percent  r e spec t ive ly  along with s i g n i f i c a n t l y  b e t t e r  
e longa t ion  and reduction- of- area values.  To provide d a t a  wi th  r e spec t  t o  
s e r v i c e  performance the  niobium s teel  rails were i n s t a l l e d  i n  a s e c t i o n  of 
t h e  s t e e l p l a n t  t r a c k  t h a t  was used t o  convey rakes of i n g o t s ,  moulds and 
s t o o l s  and which w a s  s u b j e c t  t o  an  average wheel load of a t  least 24 tons on 
smal ler  diameter wheels than used f o r  normal r o l l i n g  stock. The niobium 
s t e e l  rails showed marked reduct ion i n  head deformation and t h e i r  l i v e s  were 
at least twice those of convent ional  carbon s teel  rails. 

Because of t he  promising r e s u l t s  t h a t  were obtained i n  these  t r ia ls  the  
niobium conta ining rails were even tua l ly  produced i n  a range of r a i l  sec t ions  
as required f o r  heavy duty s e r v i c e  i n  the  s t e e l p l a n t  and i n  o t h e r  i n d u s t r i e s .  
Typical  compositions and p rope r t i e s  are l i s t e d  i n  Table 11. The fol lowing 
cases i n d i c a t e  the  ex ten t  of improvements t h a t  have been made poss ib l e  wi th  
C-Mn-Cr-Nb p e a r l i t i c  ra i l  steels: 

a. Standard carbon 47 kg/m (96 lb /yd rails were found t o  f a i l  prematurely 
due t o  excess ive  head spreading and s p l i t t i n g  i n  6-12 months i n  a narrow 
gauge t r a c k  at the BHP Co. Newcastle s t e e l p l a n t .  The carbon steel rai ls  were 
replaced with niobium con ta in ing  rails of t y p i c a l  chemistry and p r o p e r t i e s  as 
shown i n  Table 11. A f t e r  4 years  s e r v i c e  the  niobium steel r a i l s  had t o  be 
removed from the t r a c k  because of b a l l a s t  f a i l u r e ,  and they showed l imi t ed  
wear and deformation of the  heads,  and freedom from i n t e r n a l  de fec t s .  I n  
t h i s  a p p l i c a t i o n  the  niobium steel rails thus exh ib i t ed  l i v e s  of a t  least 
fou r  times those of convent ional  carbon steel rails. 

b. Heavy s e c t i o n  192 kg/m (390 lb /yd)  rails are used i n  a slag- car 
t r a n s f e r  t r a c k  a t  the  Basic Oxygen Steelmaking P lan t  a t  Por t  Kembla. 
s t e e l  ra i ls  were o r i g i n a l l y  used wi th  average l i v e s  of 3 months before  
replacement was necessary as a r e s u l t  of excess ive  deformation and subsequent 
s p l i t t i n g  of the  uppermost p a r t  of the  cross- section. Replacement of the  
carbon s t e e l  ra i ls  with C-Mn-Cr-Nb s teel  rails r e s u l t e d  i n  a s ix- fold  improve- 
ment i n  l i f e .  The a n a l y s i s  and average p rope r t i e s  of the  192 kg/m (390 
lb /yd)  rails are l i s t e d  i n  Table 11. 

Carbon 

C. A t  M t .  Newman Mining Co. Pty. Ltd., acce le ra t ed  wear w a s  experienced 
with 68 kg/m (138 lb /yd)  s tandard carbon r a i l s  which were sub jec ted  t o  mean 
a x l e  loads of 30 tonnes f o r c e  with peak loads up t o  40 tonnes force .  
i n s t ance ,  the  high rails i n  a 2" curve were found t o  e x h i b i t  25 percent  head 
l o s s  a f t e r  130 mgt. An in- track eva lua t ion  of a l l o y  ra i l  steels i n  a 2' 
curve demonstrated t h a t  the performance of C-Mn-Cr-Nb steels was equivalent  
t o  or supe r io r  t o  o the r  a l l o y  rails inves t iga t ed  with a 75 percent  i nc rease  
i n  ra i l  l i f e  over s t anda rd  carbon rails (22).  

For 
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Table 11. D e t a i l s  of h igh s t r e n g t h  niobium containing rai ls  produced by AIS PTY Ltd. 

% 

32 
25 
37 
32 
34 
31 
26 
24 
21 
24 
33 
21 
16 
39 
14 
32 
20 
24 
24 
22 
1 3  
13 
15 

Railweight 
kg/n (1bly.d: 

47 ( 96) 

53  (108) 
I 11 

1 I ,  

11 I,  

I, 

1 I t  

11 I, 

1 ,I 

I t  ,I 

I,  I t  

I, ,I 

60 (122) 
68 (138) 

73 (148) 
I t  

11 I, 

,I  I t  

11 11 

11 11 

86 (174) 
192 (390) 

11 II 

*SR = Steel1 

BKN 

322 
334 
288 
302 
300 
311 
325 
312 
329 
344 
322 
330 
324 
350 
342 
320 
331 
323 
318 
322 
321 
318 
321 

an t  ra 

d c a l  Comp 
Mn s i  

1.33 0.1: 
1.34 0.16 
1.52 0.17 
1.29 0.21 

11 II 

11 11  

1.11 0.2s 
1 . 1 2  0.25 
1.15 0.28 
1.16 0.34 
1..15 0.28 
1.20 0.26 
1.28 0.31 
1.71 0.32 
1.11 0.52 
1.22 0.12 
1.26 0.18 
1.18 0.16 
1.35 0.17 

1.25 0.11 
1.20 0.1E 
1.09 0.24 

:ks 

1.30 o.2a 

C he 
C 

0.65 
0.72 
0.43 

__ 
- 

0.50 
I t  

I t  

0.70 
0.64 
0.69 
0.74 
0.69 
0.64 
0.73 
0.65 
0.82 
0.65 
0.73 

0.69 
0.71 
0.65 
0.70 
0.69 

0.70 

) s i t i o n  
C r  

0.65 
0.60 

0.75 
10.29 

II 

11 

0.75 
0.80 
0.77 
0.89 

1::;; 
0.99 

10.87 
~0 .87  
0.68 

'0.90 
'0.77 
0.69 
0.90 
0.90 
0.85 
0.75 

t ra 

(wt 
Nb 

0.054 
0.043 

0.028 
0.045 

11 

II 

0.026 
0.028 
0.031 
0.029 

:::;; 
0.030 
0.069 
0.043 
0.055 
0.022 
0.036 
0.054 
0.018 
0.023 
0.020 
0.054 

(160.4) 
(167.7) 
(136.3) 
(145.8) 
(145.4) 
(149.4) 
(163.0) 
(158.4) 
(165.8) 
(172.6) 
(162.3) 
(165.2) 
(167.4) 
(172.0) 
(173.5) 
(162.4) 
(169.0) 
(169.6) 
(169.0) 
(166.2) 
(163.9) 
(156.9) 
(165.3) 

0.61 
0.60 
0.64 
0.66 
0.65 
0.65 
0.62 
0.63 
0.62 
0.63 
0.61 
0.62 
0.58 
0.61 
0.59 
0.61 
0.58 
0.59 
0.59 
0.59 
0.62 
0.56 
0.61 

MR = Mining i ndus t ry  r a i l  t r acks  
MS = Mining i ndus t ry  s t a c k e r  recla imers  
ST = S t e e l p l a n t  t r a n s f e r  t r a c k s  

:) Ave 
l thers  

).025 TJ 
1.015 Tj 
1.003 Ti 

1.060 A1 

YS (0.2% PS) 
MPa k s i  

678 (98.3) 
697 (100.1) 
601 (87.3) 
660 (95.7) 
650 (94.3) 
674 (97.9) 
692 (100.5) 
682 (99.1) 
712 (103.4) 
718 (104.3) 
679 (98.5) 
705 (102.3) 
671 (97.3) 
719 (104.3) 
701 (101.8) 
683 (99.2) 
675 (38.0) 
694 (100.7) 
686 (99.6) 
671 (97.3) 
700 (101.5) 
601 (87.3) 
695 (100.8) 

ma k s i  

1106 
1156 

940 
1005 
1003 
1030 
1124 
1092 
1143 
1189 
1119 
1139 
1154 
1185 
1195 
1120 
1164 
116 8 
1164 
1145 
1130 
1'282 
1140 

1 

** Refer Figs 2-7 

re. 

:long. 
% 

16 
14 
12 
13 
13 
1 3  
11 
10 
10 
10  
12 
11 
10 
15  
1.1 
16 
10  
10 
11 
11 
10 

9 
12 
- 

** 
;ymbol 

X 
+ 
.I 
D 

0 
0 
0 
0 
Ll 
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0 
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0 
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Processing Aspects of C-Mn-Cr-Nb Rail Steels 

Experience gained at AIS with the production of C-Mn-Cr-Nb high strength 
ingot cast rail steels has highlighted a number of compositional and process- 
ing aspects which are of importance in achieving the required strength and 
ductility. Some of these aspects are discussed below: 

Effect of carbon content 

At conventional ingot soaking temperatures of about 1260-1300 C (2300- 
2370'F) increasing the carbon content in the range of about 0.40 to 0.80 C 
can effectively reduce the amount of niobium in solution from about 0.035 to 
0.015 (Figure 1). Clearly, under these circumstances, the effect of niobium 
on final properties will vary significantly. Work on C-Mn-Cr-Nb rails at AIS 
has suggested that with increasing carbon content in the range of about 0.40 
to 0.80 the strengthening effect of niobium is gradually diminished such that 
at carbon contents above about 0.80 percent C little strengthening is achieved 
from niobium. However, ductility as measured by total elongation is appar- 
ently improved irrespective of the carbon content. 
described in more detail below. 

These aspects will be 

Effect of finish rolling temperatures (FRT) 

The finish rolling temperature (FRT) of rail steels at AIS is generally 
in excess of 950 C (1740'F). However, lower FRT may be obtained in the event 
of low reheat temperatures or inadequate soaking, unavoidable delays during 
rolling and/or low section weights. 

In niobium steels, FRT can be an important factor in determining strength/ 
ductility properties. At a given level of soluble niobium, the FRT essen- 
tially controls the extent to which strain induced precipitation in austenite 
and subsequent precipitation strengthening in the ferrite take place. High 
FRT promotes retention of niobium in solution in austenite thereby raising 
the capacity for precipitation strengthening of ferrite. On the other hand, 
a low FRT enhances strain induced precipitation of niobium carbonitride in 
austenite, which causes a reduced strengthening effect, but refines the 
pearlite colony size. 

Work on C-Cr-Mn-Nb rails at AIS has indicated that a FRT in the range 
1000-850 C (1830-1560OF) can have an important effect on strength at reduced 
carbon contents (i.e. at higher levels of soluble niobium). In Figure 2 it 
is clear that at relatively low carbon contents of 0.55 percent, both yield 
and tensile strength decrease steadily with decreasing FRT below about 1000 
C (1830'F). This would be consistent with an increase in strain induced 
precipitation of niobium carbonitride in austenite with decreasing FRT at the 
expense of precipitation strengthening in the ferrite. The effect of FRT on 
the strength of 0.70 percent C steel is less pronounced probably on account 
of the lower level of niobium in solution and the likelihood that little 
remaining niobium would be available for precipitation hardening in the 
ferrite. 

Hot torsion testing of C-Mn-Cr-Nb rail steel at BHP Melbourne Research 
Laboratories (23) has revealed that recrystallization of austenite at 1050 C 
(1920'F) is not much affected by the niobium addition. However, at 1000 C 
(1830'F) recrystallization becomes sluggish and, during normal rolling, 
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niobium may severely retard recrystallization of austenite below about 950 C 
(1740OF). These effects of niobium on hot strength may be attributed mainly 
to the occurrence of strain induced precipitation of niobium carbonitride 
during rolling. 

At FRTs less than about 950-1000 C (1740-1830°F) recrystallization may 
not be completed between passes. Under these circumstances recrystallization 
may occur differentially along the length of the rail or through the section 
of the rail and will be greatly influenced by temperature pradients and 
varying degrees of deformation. Experience gained at AIS has indicated that 
recrystallization occurring differentially in hot rolled rails may be respon- 
sible for shape and gauge problems. This is most pronounced in rails of 
reduced carbon content (i.e. high soluble niobium contents) and low FRT. In 
order to minimize these problems, finish rolling should be carried out at 
temperatures in excess of 1000 C (1830'F). 

Properties of C-Mn-Cr-Nb Rail Steels 

Strength and Ductility 

As outlined above, the effects of niobium on the strength and ductility 
of rail steels are mainly governed by: 

a. Soaking conditions and carbon content, which control the amount of 
niobium in solution, and 

b. Finish rolling temperature, which controls the balance between strain 
induced precipitation in austenite and the level of subsequent precipitation 
hardening in the ferrite. 

A comparison of the strength levels achievable with standard carbon, C- 
Mn-Cr and C-Mn-Cr-Nb rails produced at AIS is shown in Figure 3 for section 
weights in the range 47-73 kg/m (96-148 lb/yd). The yield strength advantage 
of C-Mn-Cr-Nb rails over standard carbon rails is generally maintained at a 
fairly constant level i.e. about 200 MPa (29 k.s.i.) over the entire range of 
C + Mn/4 .  The difference in tensile strength of niobium steels compared to 
plain carbon steels increases from about 150-200 MPa (22-29 k.s.i.) over the 
same range. At low values of C + Mn/4, the tensile strength increment in 
niobium steels is probably reduced as a result of the governing effect of 
carbon content on tensile strength. 

In the range of C + Mn/4 where a comparison can be made with C-Mn-Cr 
rails, niobium steels still show an advantage of about 70-100 MPa (10-15 
k.s.i.1 for both yield and tensile strength. It is noticeable that the 
difference is diminished at high values of C + Mn/4, no doubt reflectinp the 
effect of carbon content which can control the strengthening potential of 
niobium. 

The effect of carbon on the strengthening capacity of niobium may be more 
clearly demonstrated by making use of the predictive equations of Heller and 
Schweitzer for the strength of C-Mn-Cr steels (9). In Figure 4 (a), (b), 
actual versus predicted values for yield and tensile strengths are presented 
for niobium bearing C-Mn-Cr rails as well as some conventional C-Mn-Cr rails 
produced at AIS. Reference to the results obtained for conventional C-Mn-Cr 
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steels suggests that the equations of Heller and Schweitzer over-estimate 
yield strength by about 50 MPa (7 k.s.i.) and tensile strength by about 25 
MPa (3.5 k.s.i.1 for the manufacturing and processing conditions used at AIS. 
A plot of A yield strength and A tensile strength (where A = actual - pre- 
dicted) versus carbon content is shown in Figure 5 (a) (b), and highlights 
the reduced strengthening capacity of niobium at higher carbon content. At 
carbon contents above about 0.80 percent there is little difference between 
actual and predicted strengths when the approximate correction factors of 50 
MPa (7 k.s.i.) and 25 MF’a (3.5 k.s.i.) are applied to yield strenpth and 
tensile strength respectively. 

The effect of niobium content on yield and tensile strength is shown in 
Figure 6 (a) (b), in terms of normalized parameters, YS/CE and TS/CE, which 
take into account variations in base composition (viz CE = C + Mn/4 + Cr/5). 
Again, the effect of niobium on strength properties is shown to be governed 
by carbon content. However, irrespective of carbon content, there appears to 
be little strengthening benefit in adding niobium at levels in excess of 
about 0.030 percent. While the strengthening effect of niobium diminishes 
with increasing carbon content, ductility, as measured by total tensile 
elongation is apparently improved for the range of carbon contents produced 
at AIS (0.43 to 0.82 percent). In Figure 7 the product of tensile strength 
and elongation (TS.E1/1000) is significantly higher for niobium steels than 
for standard carbon rails. While conventional C-Mn-Cr rails (without niobium) 
generally appear somewhat better than average standard carbon rails in this 
respect, they do not usually match the niobium steels. It is well known that 
in pearlitic steels, the strength is increased with a reduction in inter- 
lamellar spacing and that ductility is improved by a refinement in pearlite 
colony size (8, 24). Manganese and chromium additions achieve both of these 
effects (25, 26). However, in work carried out at BHP Melbourne Research 
Laboratories on C-Mn-Cr-Nb rail steels (27) it has been shown that the main 
microstructural effect of niobium is to further refine the pearlite colony 
size with no significant effect on the interlamellar spacing (Figure 8). 
Since the latter has a major controlling effect on the strength of pearlitic 
structures, it would therefore appear that the higher strengths achieved in 
niobium bearing steels are due primarily to precipitation hardening in pro- 
eutectoid ferrite and the ferrite lamellae. In addition, it is postulated 
that the improved ductility of niobium rail steels relates to the effect of 
strain induced precipitation of niobium carbonitride in austenite on the 
subsequent refinement of the pearlite colony size. It is also likely that 
the higher strength and finer pearlite microstructure of niobium bearing C- 
Mn-Cr type rails contribute to their observed longer life in heavy duty 
applications. 

Fatigue and toughness 

It is generally accepted that the fatigue endurance limit of steels 
increases with increasing tensile strength (28). S/N curves determined at 
BHP (29) under uniaxial tension/compression conditions have clearly demon- 
strated that C-Mn-Cr-Nb steel has a fatigue strength of about 240 MPa (35 
k.s.i.1 higher than for standard carbon rail. In addition, microstructural 
factors and non-metallic inclusions have also been claimed to have signifi- 
cant effects on fatigue in pearlitic rail steels. For instance, fine pear- 
lite is thought to provide greater resistance to localized plastic deforma- 
tion which is desirable for preventing fatigue crack initiation (30) .  The 
presence of grain boundary ferrite is also claimed to reduce fatigue crack 

1032 



oz- 

01- 

FC -. 

0 t+ 

02' 

01- 

:F -. ( 

01' 

02' 



1100 c 
n 

80 
I 
01 C-Mn-Cr mils ( b l  

h I 

7001 

A 

I C-Mn-Cr rails 

.010 *020 .030 -040 .050 *060 ,070 

0 /oN b 

160 

150 

.- 
140 

a: 
Y 130 

I20 

100 

30 . 
cn. .- 
Y 

BO 

70 

Figure 6. Effect of niobium content on (a)YS/CE and 
(b)TS/CE in C-Mn-Cr-Nb rails. 

(CE = C + Mn/4 + Cr/5). 

1034 



0 
0 5 20- 

16- 

\ 
0 .  

Y 2 
0 
0 12-  0 s 
w 8- 
cn' 
d 

F 
Y 

n 

0 
0 
0 

0 .  
-5 \ 

9-. a 
Y 
Y 

C - Mn-Cr 

A 
.D 

a - -  . \ \ \  \ \y.- 
\ \ \ .;: 
\ \  \ \ 
\ \  \ \ \ \  
L U A A L  

Standard Carbon Rails 
I I I I I 



. 
*4pm 

H 
-4pm 

Figure 8. Replica electron micrographs demonstrating 
reduced pearlite colony size but similar 
interlamellar spacing of C-Mn-Cr-Nb steel 
in comparison to C-Mn-Cr steel. 

1036 



growth rates in carbon rail steels (31). Thus, in addition to higher tensile 
strength, the fine pearlite and the presence of grain boundary ferrite in 
lower carbon steels, may also contribute to improved fatigue properties in C- 
Mn-Cr-Nb rails. 

With regard to toughness, it has been suggested that reduced carbon 
content and finer prior austenite grain size result in increased toughness 
(24). 
mance obtained for low carbon (0.50%) Mn-Cr-Nb rails compared to high carbon 
(> 0.70%) in gag pressing at A I S .  

This would seem to be a plausible explanation for the better perfor- 

Weldability 

The welding of rails is usually accomplished by flash butt welding a 

Performance of rails in flash 
number of individual rails into longer lengths which are laid in track and 
finally joined insitu by thermite welding. 
butt welding is more critical than thermite welding because of the much 
higher cooling rates which are obtained in the heat affected zone (32). 

Knowledge of the transformation characteristics of alloy rail steels is 
therefore of importance in determining the maximum post weld cooling rates 
desirable to avoid the formation of detrimental transformation structures 
such as martensite. 
to deterioration of rolling stock, rails and ballast and, in addition, may be 
dangerously brittle. 

Hard welds,will form high spots in track which can lead 

Continuous cooling transformation (CCT) diagrams of temperature versus 
time have been determined at BHP Melbourne Research Laboratories for standard 
carbon, C-Mn-Cr and C-Mn-Cr-Nb steels (27). I n  terms of Kp values, i.e. the 
minimum time required by the steel to transform to a microstructure contain- 
ing 100 percent pearlite in the transformation range 800 to 500 C, it can be 
seen in Table 111 that manganese and chromium additions produce a substantial 
increase in hardenability but that further addition of niobium has little 
further effect on hardenability. 

In flash butt weldinp, the time required to cool from 800 C to 500 C is 
generally of the order of 300 to 450 sec. Thus, C-Mn-Cr-Nb steels may be 
welded with little or no interference to the natural cooling rate to achieve 
fully pearlitic structures in the heat affected zone. 

Thermite welds, on the other hand, cool from 800 C to 500 C in about 850 
sec and therefore pose no problems with respect to formation of hard phase 
transformation products. Typical hardness gradients across thermite welds of 
standard carbon, C-Mn-Cr and C-Mn-Cr-Nb rail steels produced at AIS are shown 
in Figure 9. The behavior of the niobium bearing steel is similar to that 
reported for other microalloyed rails (17). 

Conclusion 

The strengthening capacity of niobium in hiph carbon steel$ is governed 
by the carbon content, soaking conditions prior to rolling and the finish 
rolling temperature. Yield and tensile strengths may be increased by up to 
70-100 MPa (10-15 k.s.i.) in C-Mn-Cr rails with niobium additions of about 
0.03 percent. The strengthening mechanism appears to be precipitation 
hardening of niobium carbonitride in the pro-eutectoid ferrite and ferrite 
lamellae in pearlite. In addition, ductility improvements may be effected 
through the austenite grain refining action of niobium in hot rolling leading 
to a reduction in pearlite colony size. 
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Through appropriate attention to compositional and processing aspects, 
the microstructural modifications achieved by microalloying additions of 
niobium may result in significant improvements in the service performance of 
rails in heavy duty applications. 
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