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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®rovingthe 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 30.

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 @.
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 t
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 (11), 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 lIron Company
(@©@. Niobium additions were made to ingots of a heat of basic analysis 0.74
percent C, 0.8) percent Man and 0.14 percent Si to obtain niobium contents of
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0.015 percent = 0.047 percent. Improvements in yield and tensile strength of
up to 11.4 percent and 4.4 percent respectively were achieved along with
slight improvements in ductility (Table 1), but subsequent in-track tests
showed performance not greatly different from that of carbon steel rails
(13).

At Domnarvets Jernverk, Sweden, the effect of niobium on the properties
of UIC rail steels was studied (14). It was found that niobium increased the
tensile strength by 98 MPa (14.2 k.s.i.) and improved the wear resistance of
the rails.

Silicon-manganese-niobium rail steels have been produced by the Brazilian
National Steel Co. (CSN) since 1972. Their Niobras-200 steel is typified by
the chemical composition and mechanical properties shown in Table 1. The
improved properties as compared to those of conventional carbon steel rails
were ascribed to the influence of niobium as a grain refiner and the subse-
quent finer pearlite colony size. Weldability of the steel was reported to
be good both in flash-butt and thermite welding processes (12). The details
of this steel are presented in a separate paper at this Conference (15).

Some 1000 tonnes of chromium-niobium steel rails were produced for trial
purposes by ISCOR, South Africa. The objective of the niobium addition was
mainly to improve the toughness of the rails (16). Yield and tensile
strengths of as high as 735 MPa (106.7 k.s.i.) and 1215 MA (176.3 k.s.i.)
respectively were achieved in combination with elongations of around 14
percent. The average composition and mechanical properties representing 28
heats of this steel are shown in Table 1.

As a result of their development program on alloy steel rails, Thyssen
AG, West Germany, reported that niobium was considered to retard transforma-
tion to pearlite and to adversely affect weldability (17). Specific details
of the base composition were not mentioned.

In laboratory work at Climax Molybdenum Co. (18), the influence of
niobium additions to base compositions of 0.66-0.68 percent C, 0.61-0.88
percent Mn, 0.51-0.82 percent Cr, and 0.24-0.30 percent M was examined. It
was demonstrated that, at the lower molybdenum content, the effect of 0.02
percent niobium was to substantially improve ductility as defined by reduc-
tion-of-area in the tensile test, but in this respect no improvement occurred
with the 0.30 percent molybdenum steel. In the latter case, the mechanical
properties were largely influenced by the proportion of bainite in the
microstructure, this being increased by faster cooling rates and higher
niobium contents leading to predominantly bainitic structures and relatively
low strengths.

Investigations in Belgium (19) resulted in the development of a relative-
ly low carbon Cu-Ni-Cr-Nb steel mainly for application in crane rails. The
data from laboratory research programs indicated that yield strengths of 590-
785 MA (85.6-113.8 k.s.i.) could be achieved with compositions within the
range 0.10-0.30 percent C, 1.7-1.9 percent Mn, 0.4-0.6 percent Si, 0.4-0.6
percent Cr, 1.1-1.3 percent Cu, 0.8-1.0 percent Ni, 0.04-0.06 percent Nb and
0.04-0.10 percent Al. Heavy section 101 kg/m (205 1b/yd) crane rails with
0.22 percent carbon, and with other elements within the proposed range,
exhibited yield and tensile strengths of at least 685 MPa (99.5 k.s.i.,) and
1080 MFRa (156.6 k.s.i.) with elongation and reduction of-area values of up to
12 percent and 30 percent respectively. These properties were generally
improved by ageing at 500 C (932°F).
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Table I. Details of various high strength rails containing niobium.

zz 9

Mechanical Propergies
Chemical € position (wt %) Y Ts YS/ |Elongn.| R.A. | Hardness
Manufacturer| C Mn Si Cr Nb MPa ksi MPa ksi TS % % BHN
C.F. & I. 0.741 0.80]0.14 =10.015 | 500 72.5 915 132.7 0.55 100 |[19.2 267
0.030 525 76.1 925 134.2 0.57 8.8 19.7 267
0.047 535 77.6 940 136.4 0.57 9.3 20.1 269
Brazilian 0.78] 1.33] 0.79 =1 0.028 625 90.7 1115 161.7 0.56 9.8 18.9 327
Steel Co.
Sydney Steel{ 0.70| 1.10 | 0.75 | 0.80 | 0.060 705 102.3 1040 150.8 0.68 10.0 16.0 340
ISCOR 0.69§ 1.03]0.50 | 0.70 | 0.050] &80 95.8 1130 163.9 0.58 11.5 25.0 -




At Australian Iron and Steel Pty. Ltd. (AIS) investigation of the effects
of niobium on rail steels was undertaken in the early 1970's. The initial
trials were concerned with the development of rails that would provide
improved performance in crane tracks and other heavily loaded units at the
steelplant (20, 21). In these applications, the principal mode of failure is
associated with excessive deformation or "mushrooming” of the rail head and
thus the main object of the trials was to develop rails of significantly
higher yield strength than for conventional carbon steel rails, without
adversely affecting other important properties such as ductility and weld-
ability. Niobium additions of 0.025-0.045 percent to base steel containing
0.43 percent C, 152 percent Mn 0.17 percent S8i and 0.29 percent Cr gave
improvements in yield and tensile strengths for 53 kg/m (107 1b/yd) rails of
up to 39 percent and 7 percent respectively along with significantly better
elongation and reduction-of-area values. To provide data with respect to
service performance the niobium steel rails were installed in a section of
the steelplant track that wes used to convey rakes of ingots, moulds and
stools and which was subject to an average wheel load of at least 24 tons on
smaller diameter wheels than used for normal rolling stock. The niobium
steel rails showed marked reduction in head deformation and their lives were
at least twice those of conventional carbon steel rails.

Because of the promising results that were obtained in these trials the
niobium containing rails were eventually produced in a range of rail sections
as required for heavy duty service in the steelplant and in other industries.
Typical compositions and properties are listed in Table II. The following
cases indicate the extent of improvements that have been made possible with
C-Mn-Cr-Nb pearlitic rail steels:

a. Standard carbon 47 kg/m (96 1b/yd rails were found to fail prematurely
due to excessive head spreading and splitting in 6-12 months in a narrow
gauge track at the BP Co. Newcastle steelplant. The carbon steel rails were
replaced with niobium containing rails of typical chemistry and properties as
shown in Table II. After 4 years service the niobium steel rails had to be
removed from the track because of ballast failure, and they showed limited
wear and deformation of the heads, and freedom from internal defects. In
this application the niobium steel rails thus exhibited lives of at least
four times those of conventional carbon steel rails.

b. Heavy section 192 kg/m (390 1b/yd) rails are used in a slag-car
transfer track at the Basic Oxygen Steelmaking Plant at Port Kembla. Carbon
steel rails were originally used with average lives of 3 months before
replacement was necessary as a result of excessive deformation and subsequent
splitting of the uppermost part of the cross—section. Replacement of the
carbon steel rails with C-Mn-Cr\b steel rails resulted in a six-fold improve-
ment in life. The analysis and average properties of the 192 kg/m (390
1b/yd) rails are listed in Table II,

c. At Mt. Newman Mining Co. Pty. Ltd., accelerated wear was experienced
with 68 kg/m (138 1lb/yd) standard carbon rails which were subjected to mean
axle loads of 30 tonnes force with peak loads up to 40 tonnes force. For
instance, the high rails in a 2" curve were found to exhibit 25 percent head
loss after 130 mgt. An in-track evaluation of alloy rail steels in a 2°
curve demonstrated that the performance of C-Mn-Cr-Nb steels was equivalent
to or superior to other alloy rails investigated with a 75 percent increase
in rail life over standard carbon rails (22).
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Table II.

Details of high strength niobium containing rails produced by AIS PTY Ltd.

Mechanical Properties | re.
Railweight |Appli- | Che cal Compisition (wt 1) Ave | ¥S (0.2% PS) T8 vs/ | ilong. o
ke/m (1b/ydi|cation | C | Mn | Si [ Cr | Nb Ithers MPa ksi MPa ksi TS % % |BHN 3ymbol
47 ( 96) SR |0.65|1.330.12]0.650.054 678  (98.3) 1106  (160.4) | 0.61| 16 32| 322 | x
! " " 0.72]1.34]0.16 |0.60(0.043 697 (100.1) 1156  (167.7)|0.60| 14 | 25] 334 | +
53 (108) " 0.43]1.520.17 }0.29{0.045 601 (87.3) 940  (136.3)[0.64| 12 37| 288 | a
' " " 0.50]1.29(0.21/0.75]0.028 | +.025 Ti| 660 (95.7) 1005 (145.8)(0.66| 13 | 32| 302 | =
" " " [N I " " " 1.015 Ti| 650 (94.3) 1003 (145.4) | 0.65| 13 [ 34| 300 | ©
" " " " " " " ).003 Ti| 674 (97.9) 1030 (149.4) 0.65] 13 31| 311 »
' " " 0.70 |1.11]0.25|0.75(0.026 692 (100.5) 1124 (163.0)|0.62| 11 | 26| 325 0
" " " 0.64 |1.12]0.25/0.80(0.028 682  (99.1) 1092 (158.4) [0.63| 10 [ 24| 312 | e
' " " 0.69 |1.1510.28 |0.77(0.031 712 (103.4) 1143 (165.8)|0.62| 10 | 21| 329 o
" " " 0.741.16 |0.34 [0.89]0.029 718 (104.3) 1189 (172.6)|0.63| 10 | 24| 344 |
" " " 0.69 |1..15]0.28 [0.77/0.035 679  (98.5) 1119  (162.3)]0.61| 12 33| 32| A
" " " 0.64]1.20]0.26 |0.74[0.030 705 (102.3) 1139 (165.2)|0.62| 11 [ 21| 330 | ®
60 (122) " [0.73]1.28(0.31[0.99]0.030 671  (97.3) 1154 (167.4)]0.58| 10 |[16] 324 0
68 (138) MR 0.65(1.71]0.32 |0.87[0.069 719 (104.3) 1185 (172.0)]0.61| 15 39| 350 A
" " 0.82 [1.11]0.52 }0.87[0.043 701 (101.8) 1195 (173.5) [ 0.59 | 11 14| 342 | A
73 (148) MS 0.65]1.2210.12]0.68|0.055 683  (99.2) 1120 (162.4)|0.61| 16 321 320 @
" n " 0.73]1.26 |0.18 ['0.90] 0.022 675  (38.0) 1164 (169.0)|0.58| 10 | 20| 331 | =
" " " 0.70]1.18]0.16 [0.77|0.036 694 (100.7) 1168 (169.6)|0.59| 10 | 24| 323| O
" " " 0.69 |1.35]0.17 [0.690.054 686  (99.6) 1164 (169.0)[0.59| 11 [ 24| 318 | @&
" " " lo0.72|1.30]0.20|0.90]0.018 671 (97.3) 1145 (166.2)10.59| 11 | 22| 322 | O
86 (174) sC 0.65]1.25[0.11]0.90]0.023 700 (101.5) 1130 (163.9)|0.62| 10 | 13| 321
192 (390) ST |0.70 [1.200.1&(0.85]0.020 601  (87.3) 1082 (156.9)[ 056 9 | 13| 318
" " " 10.69|1.09]0.24 [0.75(0.054| ).060 A1 695 (100.8) 1140 (165.3)[0.61| 12 | 15| 321
*SR = Steel; ant ra tra :ks
MR = Mining industry rail tracks
MS = Mining industry stacker reclaimers ok :
ST = Steelplant transfer tracks Refer Figs 2-7




Processing Aspects of C-Mn—Cr-Nb Rail Steels

Experience gained at AlS 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 040 to 0.80 C
can effectively reduce the amount of niobium in solution from about 0.035 to
0.015 (Figure ) 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. These aspects will be
described in more detail below.

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 (1830-1560°F) can have an important effect on strength at reduced
carbon contents (i,2, at higher levels of soluble niobium). In Figure 2 it
is clear that at relatively low carbon contents of 0.5 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
(1740°F), 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.=. 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/a (96-148 1b/yd), The yield strength advantage
of C-Mn-Cr-Nb rails over standard carbon rails is generally maintained at a
fairly constant level i,=, about 200 tt?a (29 k.s.i.) over the entire range oOf
C ttn/4. The difference in tensile strength of niobium steels compared to
plain carbon steels increases from about 150-200 ira (22-29 k.s.i.) over the
same range. At low values of C * in/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 + ¥n/4 where a comparison can be made with C-Mn-Cr
rails, niobium steels still show an advantage of about 70-100 ¥?a (10-15
k.s,i.) for both yield and tensile strzngth, 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 Q). In Figure 4 @, (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

1028



TS (MPa)

0O290PS (MPaq)

170

150

130

110

90

70

50

1200p
1100F
1000}
900¢ -
“\Sfundurd Carbon
rails
800}
R o © A
700 /‘@ C-Mn-Cr
/8/ rails
600} a _
,i////, <<
C-Mn-Cr-Nb rails \\\ \,
S00F 7 §
400 ~~~Standard Carbon
raiis
d ‘8 ‘9 10 " 12
Mn
+.____.
C+
Figure 3 Comparative strength of standard carbon, C-Mn-Cr

and C-Mn—-Cr-Nb rails manufactured at AlS plotted
against C + Mn/4 (Refer Table II).

1029

k.s.i



Actual O, 2R/PPS. NAPa)

70 80 90 100
750} ! ' ' )
')
C-Mn-Cr-Nb rails [ V4
700} - A
/
<
650}
600
600
menk /7 C-Mn-Cr rails
22U /
/
7/
500 /
/7
Ve
/7

100

90

80

70

500 550 600 650 700
Predicted Y.S’ (MPq)

% YS=108 + 474 7%+ 0%Si +84:2%Mn +128:3%Cr
+0%P  (Heller)

Figure 4(a). Actual versus Predicted YS of C-Mn-Cr and
C-MnCr-Nb rails.

1030



1200

1100

1000

ctpal T.S.(MPa)

900}

C-Mn-Cr rails

Figure 4(b).

Actual versus Predicted TS of CIMInCr and
C-MnCr-\b rails.

1031

180

160

140

120

k.s.i



steels suggests that the equations of Heller and Schweitzer over—estimate
yield strength by about 50 #fa (7 k,s,i,) and tensile strength by about 25
Mpa (3.5 k.,s,i,) For the manufacturing and processing conditions used at AlS.
A plot of A yield strength and » tensile strength (where o = actual - pre-
dicted) versus carbon content is shown in Figure 5 (@ (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 MPa (@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 (@ (b), in terms of normalized parameters, YS/CE and Ts/CE, which
take into account variations in base composition (viz CE = C + Mn/4 + Cz/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 0.8 percent). In Figure 7 the product of tensile strength
and elongation (Ts.EL/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 9.
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 ¥ra (35
k.s.,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 psar-
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
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Figure 6. Effect of niobium content on (a)YS/CE and
(b)TS/CE in C-Mn-Cr-Nb rails.
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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.
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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). This would seem to be a plausible explanation for the better perfor—
mance obtained for low carbon (0.50%) Mn-Cr-Nb rails compared to high carbon
(> 0.70%) in gag pressing at AlS.

Weldability

The welding of rails is usually accomplished by flash butt welding a
number of individual rails into longer lengths which are laid in track and
finally joined insitu by thermite welding. Performance of rails in flash
butt welding is more critical than thermite welding because of the much
aigher 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. Hard welds will form high spots in track which can lead
to deterioration of rolling stock, rails and ballast and, in addition, may be
dangerously brittle.

Continuous cooling transformation (¢CT) 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). In 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 III 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 Pa (10-15 %,s,{,) 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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Kp*
Steel (sec)
.71 C, .80 Mn, .15 Si ~ 18
.71 C, 1.18 Mn, .23 Si, .91Cr ~ 250
.72 C, 1.12 Mn, .19 Si, .93 Cr, .07 Mb ~ 275

400
350}
- o Mn-Cr-Nb (AIS )
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Figure 9. Hardness gradients across thermite welds in
Standard Carbon, C-Mn—-Cr and C-Mn—Cr-Nb rails.
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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.

10.

11.

12.

13.

14.

15.

16.

References

Proceedings of the Iron & Steel Institute Meeting on Rail Steels,
London, 23 Nov. 1972.

"Rail Steels - Developments, Processing and Use'" ASTM Symposium, Denver,
Nov. 1976.

"Vanadium in Rail Steels"® Vanitec Seminar, Chicago, Nov. 1979.
19th Annual Conference of Metallurgists, Halifax, Nova Scotia, 1980.

W. Heller, R. Schweitzer and L. Weber, "Modern Developments in Rail
Steel Metallurgy and Production", Paper presented at 19th Annual Con-
ference of Metallurgists, Halifax, Nova Scotia, 1980.

D. H. Stone, "The Increasing Demands on the Serviceability of Rail
Steels", ibid.

H. Ichinose et a1, "An Investigation of Contact Fatigue and Wear Resis-
tance Behaviour in Rail Steels', Session 307, Paper 13, Proceedings
Heavy Haul Railways Conference, Perth, Western Australia, Sept. 1978.

J. Flugge, W Heller, E Stolte and W Dahl, "Variables Influencing the
Mechanical Properties of Pearlitic Steels", Arch. Eisenhuttenwes, 47,
1976, pp., 635-640.

W. Heller and R. Schweitzer, "Influence of the Chemical Composition on
the Mechanical Properties of Rail Steels', stahl und Eisen, 95, Oct.
1975, pp, 1057 = 1061.

H. Nordberg and B. Aronson, "'Solubility of Niobium Carbide in Austen-
ite", Journal of lron & Steel Inst., 206, 1963, pp. 1263-1266.

I. Weiss and J. J. Jonas, "Interaction Between Recrystallization and
Precipitation During the High Temperature Deformation of HSLA Steels",
Met. Trans. l0a, July 1979, pp- 831-840.

H. H. Cornell, "Improvement in Carbon Rail Steels by the Addition of
Niobium™ ibid, ref. 5

W. J. Cruise et al, "Rail Research and Development', AAR Report No.
R121, 1972.

G Westerberg, "Niobium and Vanadium High Strenzth Steels', Symposium
Low Alloy High Strength Steels, pp- 87-98, Nuremberg, May 21-23, 1970.

E 0. de Oliveira and C. A Nolasco "Niobium in Si-Mn Rail Steel",
Paper presented at Niobium '81 International Symposium, San Francisco,
Nov. 1981.

Private communication, P. N Basson, South African lron & Steel Ind.
Corp. Ltd., Aug. 1977.

1039



17.

4.

3L

H Schmedders, A Chromium-Vanadium Alloyed Rail Steel for Heavy Duty
Requirements” pp. 3-11, Proc. Vanadium in Rail Steel Seminar, Chicago,
Nov.  1979.

Y. E Smith and F. B Fletcher, "Alloy Steels for High-Strength 4s-
Rolled Rails", Rail Steels - Developments, Processing and Use, ASTH, STP
644, American Society for Testing and Materials, 1978, pp. 212-232.

A L De Sy, J. A Dilewijns and G Goethals, "Development of a High
Yield Strength Cu-Ni-Cr-Nb Rail Steel™ Paper No. 8, Proceedings of the
Iron & Steel Institute Meeting on Rail Steels, London, Nov. 1972.

J, Barrett et al, "The Development of Microalloyed High Strength Rail
Steels", Paper presented at 30th Annual Conference, Australian Institute
of Metals, Newcastle, Australia, May, 1977.

B. P. Barnsley, J, K #acDonald and J. E Croll, "Manufacturing Experi-
ence with a Wide Range of High Strength Rail Steels', Session 410, Paper
H5, ibid, ref. 7.

P. Curcio, S. Marich and ¢. Nisich, "Performance of High Strength Rails
in Track', Session 313, Paper 110, ibid, ref.

J. R Everett, M. Toyama and J. Freeman, "Effect of Soaking Temperature
on Hot Strength of Cr-Mn-Nb Rail Steels", BHP Melbourne Research Labora-
tories Report, MRL/131/73/006, Feb. 1978.

G K Bouse, I. M. Bernstein and D. H. Stone, ""Role of Alloying and
Microstructure onthe Strength and toughness of Experimental Rail Steels",
pp- 145-166, ibid, ref. 18.

H. Rantanen and E Rasanen, "A Study of the Microstructures of the
Experimental Steels Made at Ghent University" mp. 16-21, ibid, ref. 17.

T. Gladmaa, I HMeIvor and F. Pickering, "Some Aspects of the Structurs-
Property Relationships in High-Carbon Ferrite-Pearlite Steels”, Journal
Iron and Steel Inst,, 210, 1972, pp. 916-930.

S. Marich and P. Curcio, "An Investigation of Type 4 (Cr-Nb) Rail
Alloys™, BHP Melbourne Research Laboratories Report, MRL/85/5, Nov.
1974.

P. Vicens, written discussion, pp. 383-386, ibid, ref. 18.

S. Marich, "Development of Improved Rail and Wheel Materials™, pp. 23-
40, ibid, ref. 17.

H. Masumoto et al, "'Some Features and Metallurgical Considerations of
Surface Defects in Rail Due to Contact Fatigue', pp. 233-255, ibid, ref.
18.

G. J. Fowler and A. s. Tetelman, '"The Effect of Grain Boundary Ferrite
on Fatigue Crack Propagation in Pearlitic Rail Steels" p. 363-382,
ibid, ref. 18.

S. Marich and P. Curcio, "Development of High Strength Alloyed Rail
steels Suitable for Heavy Duty Applications™, p. 167-197, ibid, ref.
18.

1040





