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Ilmprovements in and relating to Carbide-Free Bainitic

Steels and Methods of producing such Steels

This invention relates to carbide-frae bainitic steels
and to methods of producing such Steels. Mors €specially,
but not exclusively, the invention relates tp carbide-frae
bainitic steels having enhanced Wear resistance ang rolling
contact fatigue from which inter alia track and crane
Tails, railway pocints and crossings, railway wheels and
specizal abrasive wear resistant Sections and plateg can be
producad,

Most track rails have hitherto been produceq from
pearlitic sreels. Recent reviews have indicated that
pearlitic steels are approaching the limit of +thejr
material Property development for track rails, There is
therefore a need to evaluate alternative t¥pes of steel
having gooad wear and rolling contact fatigue resistance
coupled with improved levels of ductility toughness and
weldability.

EP 061285za1 discloses a Process for manuracturing

high-strengts bainitic steel railg having goog rolling-
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contact fatigue resistance in which the head o7 the hge-

rolled rail isg subjected to a discontinuous cooling

Programme which entails accelerated ceoling from the

austenite region to a cooling stop temperature of 500 to

300°C at & rates of 1° ¢g 10°C Per second, and then cooling

the rail head further to & still lgwer temparature zone,

Rails produced by this process were found to wear away more
readily than canventional pearlitice rails and exhibired an
improved resistance to relling-contacs fatigue. Thus, the

increase in wear rate exhibited by the head surfacas of

these rails ensurad that accumulated fatigue damage ware

away before dafects occurred. The physical Eropercies

exhibited by these rails are achieved in part by the
acceleratad cooling regime referred to above,

The solution proposed by EP 0612852a1 differs markedly
to the method of the pPresent invention which achieves ip
rail steels substantially enhanced wear resistance with
excellent resistance to rolling-~contact fatigue. These
steels also show improved impact toughness and ductiliey in
comparison with pearlitic rails. The method of the present
invention also avaids the need fer a complicated
discantinuous cooling regime as specified in EP 051283231,

Other similar documents specifying cemplicated
discontinuous cooling regimes include GE 2132223, GB
207144, GR 14530355, GB 1417330, US 5108518 and =P 0033600.

Track rails produced from iren carbide containing
bainitic steeis have been proposed previously. Whareas :he

fine ferrite lath size (-0.2-0.8 um  wide) ang nigh
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3
dislocatien density of continuously cooled bainite combine
to make the steels very strong, the presence in the
microstructure of inter ang intralath carbides leads to
increased embrittlement which has to a large extant tended
te hinder commercial exploitation of such Steels.

It is known that the embrittlement problem which
occurs because of the presence of deletarious carbides can
be largely alleviated by employing relatively large silicon
and/or aluminium additions (~1-2%) to low-alloy steels.
The presence of silicon and/or aluminium ip steels
continuously transformed to bainite encourages the
retention of ductile high carben dustenite regions in
AL prefarence to the formation of brittle intralath cementite
. films, and depends c¢n the premise that the dispersed,
retained austenite should be both thermally and
mechanically stable. It has been shown that the retaineg

austenite foliowing continuous cooling transfermation in

the bainitic témperature range occurs either as finely

divided thin intralath films, or in the form oI "blocky"
interpacket regions. While the <thin £ilm morphology has

extremely high thermal and mechanical stability, the blocky

T t¥ype can transform to high carbon martensite, less
: conducive to good fracture toughness. A ratio of thin film
to blocky marphology »0.9 is required to ensure good
toughness, and this can be achieved through a careful
cheice of steel composition and heat treatment. This
results in an essentially carbide free, "upper bainite"

LYPe microstructure based an bainitic ferrite, residual

SUBSTITUTE SHEET (RULE 26§)
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austenite and high carbon martensite.

It is an object of the present invention to provide carbide-free bainitic
steels with substantially enhanced ranges of hardness, and which exhibit clear
advantages over known track rail steels,

According to the present invention in one aspect there is provided a
method of producing a wear and rolling contact fatigue resistant carbide-free
bainitic steel, the method comprising the steps of hot rolling to shape a steel
whose composition by weight includes from 0.05 to 0.50% carbon, from 1.00 to
3.00% silicon and/or aluminium, from 0.50 to 2.50% manganese, from 0.25 to
2.50% chromium, from Q to 3.00% nickel; from 0 to 0.025% sulphur; from 0 to
1.00% tungsten; from 0 to 1.00% molybdenum; from 0 to 3% copper; from 0 to
0.10% ftitanium, from 0 to 0.50% vanadium; and from 0 to 0.005% boraon,
balance iron and incidental impurities, and continuously cooling the rail from its
rolling temperature tc ambient temperature naturally in air or by accelerated
cooling,

In a further aspect the present invention provides a carbide-free bainitic
steel rail produced by hot rolling to shape a steel whose composition by weight
includes from 0.05 to 0.50% carbon, from 1.00 to 3.00% silicon and/or
aluminium, from 0.50 to 2.50% manganese, from 0.25 to 2.50% chromium, from
0 to 8.00% nickel; from 0 to 0.025% sulphur; from 0 to 1.00% tungsten; from 0
to 1.00% molybdenum: from 0 to 3% copper; from 0 to 0.10% titanium; fram 0 to
0.50% vanadium; and from 0 to 0.005% boron, balance iron and incidental
impurities, the rail having been continuously cooled from its rolling temperature
to ambient tempetature naturally in air or by accelerated cooling.

The carbon content of preferred steel compositions may be from 0.10 to
0.35% by weight. The silicon content may be from 1.00 to 2.50% by weight.
Also the manganese content may be from 1.00% to 2.50% by weight, the
chromium content may be between 0.35 and 2.25% by weight and the
molybdenum content may be from 0.15 to 0.60% by weight.

in another aspect, the invention provides a wear and

MGR CAWINWOADMAI 1 NODELETEwas 18.00C
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5
rolling contac:t fatique resistant steel Produced by the
Processes specified in the Preceding three pParagrapns.
In a s+ill further aspect, there ig provided & het
rolled or ephanced cooled rolling contact fatigue and wear
resistant bainitic Steel rail having an iren carbide-frae

microstructure, the rail, after hot rolling, having been

cooled continuously naturally in air or by accelerates
cooling.

Steels in accordance with +the inventien exhibit
improved iavels of rolling contact fatigue Strength,
ductility, bending fatigue 1life and fracture Ttoughness,
coupled with rolling contact Wear resistance similar to or

better than those of the current heat treated pearlitic

rails.

Under cartain Circumstances it is considered

lee advantagecus sar the rail to POsSsess an adequately high

WeAr rate in order to allow the accumulatad rolling contace

- fatigue damage on the surface of the rail head +to he
:..:: continually warn away. One obvious Way to increass the
. wear rate ¢f the rail is by decreasing its hardness. A

significans® reduction in the hardness of the rail, however,
ML tauses severa plastic deformation to Gccur on the surface
.

) of the ra:: head, which in itgelf is undesirable.

The novel solution to this problem lies, therefore, inp
being able 15 produce a sufficiently high hardness,/strength
rail to resist excessive plastic deformation during
sService, therehy maintaining the desired rajil shape, vet

POSsessing & rsasonably high wear rate for continual

SUBSTITUTE SHEET (RULE 26)
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rolling contact farique damage ramoval , This has heen

achieved in +the Present invention by the deliberate

introduction in the éssentially carbige free bainitic
microstructure of a small Proportion of goft Pro-eutectoid
ferrite, through an appropriate adjustment to the steel
composition.

One processing advantage of the natural air cooled
bainitic steels in dccordance with the invention over the
current high strength pearlitic steel raiilg lies in the
elimination of heat treatment operations during both the
pProduction @f the rail and itg Subsequent jeining by
welding.

The invention will now be described by way of example
only with reference to the accompanying diagrammatic

drawings which:-

Figure 1 illustrates a hardness profils ¢l an iron

carbide-free bainitic steel rail in accordance with the
-] invention;
N Figqure 2 ig a schematic CCT diagram for a carbide-free
bainitic steel in accordance with the inventign;

Figure 3 ig a §canning electron micrograph for &

. carbide-free bainitic stael 1n  accordance with the
invention; -
Figure 4 sheow Charpy V-notch impact transitien curves
for, as-rolled, iren carbide-free bainitic scteel in
accordance with the invention compared wi*h similar curves

for plain carbon heat treated pearlitic stesl vygeg

currently in railway track:

SUBSﬂTUTESHEET(RULEZS)
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Figure § is a graph of laboratory rolling contact wear
Tate against hardness of steel samples produced from
carbide-fres bainitic steels in accordance with the
invention;

Figure 6 illustrates abrasive wear lives of carbide-
free bainitic steels in accerdance with the invention and
commercially available wear resistant materials against
rounded guartz abrasive;

Figure 7 is a graph showing a hardness profils of
flash butt weldega carbide-free bainitic steal plate in
accordance with the invention; and

Figure 8 ig a jominy hardenability curve for as-rolled

carbide-free bainitig steel in  aceordance with the

invention.
Pt
ces W & primary cbjective of the present invention is to
Pr
M-
rLt Provide a high Strength wear and rolling contact fatigue

rasistant microstructure comprising primarily carhide frae

"bainite" with some high carbon martensite and retained

P austenite in the head of the rail. In Practice, it has

been found tha* this high strength microstructure is also
. Present in both the rail web and foot regions of the as-
. rolled rail. A typical Brinell hardness (HB) profile for
a 113 1b/vd raiil section is shown in Figure 1.

The high strength head, web and fgot regions of the
rail provide goed rolling contact and bending fatigue
performance during service in track.

This and other desired objectives are achiaved by

careful selection of the steal composition and by either

SUBSTITUTE SHEET (RULE 286}
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continuously cooling the steel in air or agcelsratad
cocling after hot relling.

Composition ranges for steels in accordance with this

invention are set out in Table A below,

TABLE A
Element Compogition Range (wtg)
Carbon 0.05 te 0.30
Aluminium/$iliceon 0.50 to 3.0
Manganese 0.08 to 2.5
Nickel/Copper up to 2.0
Chromium 9.25 to 2.5
Tungsten up to 1.0
Molvbdenum up to 1.00
230 Titaniam up to 0.10
Vanadium up to 0.50
Boron up to .0050
Balance Iron & Incidental Impuriciag
":?. Within the ranges, variations may be made depending

on, Inter alia, the hardness, ductility etc. required. All

Steels are however eéssentially bainitic in nature and are

carbide free. Thus, the preferred carben content may fall

LR within the range 0.10 to 0.3%% by weight.  Also, the
silicon content may be from 1 <+p 2.5% by weight, the

. manganese content from 1 to 2.5% by weight, the chromium

content from 0.25 to 2.25% by weight and the molyhdenum

content from 0.15 to 0.60% by weight.
Steels in accordance with the invention generally
exhibit hardness wvalues of betwsen 390 and 500 Hv3g,

although it is also possible to produce stesls with lower

SUBSTITUTE SHEET (RULE 26)
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hardness levels, Typical hardness values, wear rates,
elongation and other physical parameters can be geen from
Table B appended heretoc which identifies elevan sample
steels in accordance with the invention.

Figure 2 shows a schematic CTT diagram. The addition
of boron serves to retard the transformation to ferrite,
such that during cantinuous cooling, bainite forms over a
wide range of cooling rates. In addition, the bainite
curve has a flat top so that the transformation temperature
is virtually constant over a wide range of cooling rates,
resulting in only small variations in strength across
relatively large, air cooled or accelerated cooled
sections,

The steels listed in Table B were rolled to 30 mm
thick plates {ceoling rates of 30 mm thick plate are close
te those at the centre of a rail head), from ~125 mm square
ingots, and normal air cocled from a finish rolling
temperature of -1000%c to ambient temperature. The as-
rollad microstructures thersby developed comprise
essentially a mixture of carbide free bainite, retained
austenite with varying proportions of high carbpeon
martensite as illustrated in Figure 3.

A comparison of the range of mechanical properties
achieved in the as-relled, 30 mm thick experimental
bainitic stesl plates with those cohtained typically for

currently produced mill heat treated rails (MHT) 1is given

below:-

SUBSTITUTE SHEET (RULE 26)
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Rail 0.282¢ 115 & Rofd | HV30 | cvi(J) | & at | Wear Rats,
Type (Frez’s | (N/m* | (3 (%} at -%%“P T¢/8 f
20°C MPcri S
{conzact
soregs 750
ot
MHT 806~ 1150~ 3- 20-25 | 360- | 3-5 30-40 2W=3
30 130 12 400
Bainir:c 736~ 1250- 14~ 1 40-55 | 400~ | 20-39 45-8( i3
123 1600 17 300 !

The properties of the as-rolled, 30mm thick, bainitic
Steel plates represent a significant increage in strength

and hardness lavels compared with those of the heat treatad

pearlitie rail, ccompanied by an improvement in the Charpy
impact energy level from 4 +go typically 357 a:= 20°C.

Charpy V-notch impace transition curves for two of the as-

rolled bainitic raiil steel compositions (0.223¢C,

[o%)

3C

b

,
0.5%Mo, B frea and 0.243C, 0.5% Cr, 0.5%Mc and 0.0625%B)
together with 3 plain carbon, mill heat treated, pearlitic
rail, are showr in Figure 4, The two bainitic rail steals
can also be seen +t5 retain high impact toughness down to
temperatures as low as -40°C,

The laboratery rolling contact wear performance of the
as~rolled, 30 mm thick bainitic steel plates under a
contact stress of 750 N/mmt  was established +vwo be
significantly better than that of +the Eurrent pearlitic
neat treated rails, as illustrated graphically in Figure 5.

Tests carried out in relation to steels in accordance
With the invention have also shown the bainitis steel
compositions to gffer a high resistance to wea- under

abrasive condizions, with relative wear lives of around 3.0

SUBSTITUTE SHEET (RULE 26)
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in comparisen with a mild steel standard, against a rounded
quartz aggregate. Figure 6 shows that these wear 1life
values are superior to those of many commercially available
wear resisting materials, including Abrazo 450 and a 13%Cr
martensitic steel.

The fracture touchness (resistance to the propagation
of a pre-exisiing crack) of <the as-rolled 30 mm thick
bainitic steel plates has been found to be significantly
higher at between 45 and &0 MPam3 in compariscn with those
of the heat treated pearlitic rails, with typical vaiues in
the range 30-40 MPamsi .

The as-rolled, 30 mm thick steel plates were found to

P be readily flash but* weldable with hardness lsvels in the

a
.
-
.
-
.

critical weld HAZ regions of normal air coocled, flash butt

 nee
.
e

walded plates sither matching, or slightly higher than,

tdca bens
"
e

vees those cof the parent plate material, as shown in Figure 7.

The as-rolled, 30 mm thick experimental bainitic steel

:“-: plates possessed high hardenabilitias as illustrated in
'._:: Figure 8, with almost constant hardness levels being
- . developed a2t distances of between 1.5 and 30 mm from the

quenched earné, corresponding te cooling rates at 700°C of
E . between 223 and 2°C/s.

) Whereas the invention has baen described with
particular reference to rails, cther envisaged applications
for these steels include crane rails, railway points and
Crossings {(tfeth as-cast and fabricated), railway wheels,
8pecial abrasive wear resistant sections and plates, and

special struzgtural applications.

SUBSTITUTE SHEET (RULE 26)
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Throughout the description and claims of this specification, the word
“‘comprise” and variations of the word, such as “comprising” and “comprises”, is

not intended to exclude other additives, components, integers or steps.

MR CAWINWURDUAARYINGEELET B3S18.000
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A method of producing a wear and ralling contact fatigue resistant
carbide-free bainitic steel, the method comprising the steps of hot rolling to
shape a steel whose composition by weight includes from 0.05 te 0.50% carbon,
from 1.00 to 3.00% silicon and/or aluminium, from 0.50 to 2.50% manganese,
from 0.25 to 2.50% chromium, from 0 1o 3.00% nickel; from 0 to 0.025%
sulphur; from 0 to 1.00% tungsten; from 0 to 1.00% molybdenum; from 0 to 3%
copper; from O to 0.10% titanium, from 0 to 0.50% vanadium; and from 0 to
0.005% boron, balance iron and incidental impurities, and continuously cooling
the rail from its rolling temperature tc ambient temperature naturally in air or by

accelerated coofing.

2, A method as claimed in Claim 1 wherein the carbon content of the rail is
from 0.10 to 0.35% by weight.

3. A method as claimed in Claim 1 or Claim 2 wherein tha silicon content is
from 1.00 to 2.50% by weight.

4, A method as claimed in any one of the preceding Claims wherein the
manganese content is from 1.00% to 2.50% by waight, the chromium content is
between 0.35 and 2.25% by weight and the molybdenum content is from 0.15 to
0.60% by weight.

5. A carbide-free bainitic steel rail produced by hot rolling to shape a steel
whose composition by weight includes from 0.05 to 0.50% carbon, from 1.00 to
3.00% silicon and/or aluminium, from 0.50 to 2.50% manganese, from 0.25 to
2.50% chromium, from 0 to 3.00% nickel: from 0 to 0.025% suiphur; from 0 to
1.00% tungsten; from 0 to 1.00% molybdenum; from 0 to 3% copper; from 0 to
0.10% titanium; from 0 to 0.50% vanadium; and from 0 to 0.005% boron,

balance iron and incidental impurities, the tail having been continuously cooled

MER C W IRWORDWASYINODELE T 43518.00C
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from its rolling temperature to ambient temperature naturally in air or by accelerated

cooling.

6. A method according to claim 1 substantially as hereinbefore described with

5 reference to the embodiment,

7. A steel rail according to claim 5 substantially as hereinbefore described with

reference to the embodiment.
10 DATED: 4 Fsbruary 1999
BRITISH STEEL PLC

By: PHILLIPS ORMONDE & FITZPATRICK
. Patent Attorneys per
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