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a b s t r a c t

Rail is the most valuable asset owned by railroads the AAR reported that only in North America the
annual expenditure for rail repair and replacement is approximately $2.6 billion. In the last 50 years
the railways and rail manufacturers have improved rail performance. Modern rail metallurgies have
achieved a successful increased in hardness from 248 Hardness Brinell (HB) to more than 400 HB. This
in turn increased the wear resistance of rails and a life extension. Lubrication and suspension bogies
eywords:
remium rail steel
dvanced rail steel
icrostructure

haracterization
hermo-mechanical processing (TMP)

have positively contributed to rail life extension as well. Unfortunately, not as much progress has been
made as far as rail’s fatigue performance (e.g. rolling contact fatigue (RCF)), and fracture toughness. In
this work is presented a methodology followed to development a new metallurgy that will increase RCF
and wear resistance. The development of this new rail consists of rail characterization and advanced rail
steel design. Published by Elsevier B.V.
olling contact fatigue (RCF)

. Introduction

Clayton et al. made one of the most extensive research works
f rail’s wear and rail’s life extension for various metallurgies for
everal years [1–7]. Clayton et al. contemplated in his publica-
ions the effects of heat treatment [1], interlamellar spacing [2],

icrostructure [3,5], track curvature [6] among other rail and track
haracteristics. In the last 50 years the railways and rail manu-
acturers had improved rail performance by increasing hardness
rom 248 HB to more than 400 HB. The use of premium rail in North
merica is mainly in use along curves and inclined tracks; although,
ome railroads started using premium rails in tangent tracks where
he yearly transit exceeds 40,000–60,000 MGT. Fig. 1 illustrates the
istorical path followed in the development of the current premium
ail steel metallurgies. Although current rail steels used in North
merica have good wear resistance, RCF improvements are nec-

ssary since a great portion of the rails are removed prematurely
ainly due to fatigue related issues. It is important to mention that

he RCF also depends on the loading environment, impact charac-
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epartment at the University of Houston.

043-1648/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.wear.2010.10.048
teristics, creepage and other contact related phenomena. Therefore,
rails used in heavy haul lines in North America may experience
more RCF than the same rail in railroad lines with more moderate
loading environment.

Beynon et al. [8] showed that nonmetallic inclusions have
direct effects on RCF development. A major finding in the rail-
road industry is the determination of the effects of cleanliness
on railroad track components subjected to contact fatigue (rail,
wheels, bearings, etc.) [9–12]. In order to meet the future require-
ments of heavy haul railroads in the USA, the Transportation
Technology Center, Inc. (TTCI) conducted a major effort to develop
a new rail steel that possesses superior wear resistance proper-
ties and significantly higher RCF and wear resistance. Under the
scope of this rail steel development it has been determined that
hyper-eutectoid steels with pearlitic microstructure may be the
most suitable steels to guarantee rail’s life extension [9]. TTCI
and the University of Pittsburgh found that pro-eutectoid cemen-
tite along the prior austenite grain boundaries is the main factor
that may have negative effects on fracture toughness, elongation,
fatigue, and wear resistance on hypereutectoid pearlitic rail steels
[12–14]. It is important to mention that not all premium rails show
pro-eutectoid cementite and the amount vary for the different
manufacturers.
This project had been divided in two sections; in Phase I was
conducted a thorough metallurgical analysis and characterization
of the microstructures of two generation of premium rail steels
(13 different types of rails in total). The investigated rails were

dx.doi.org/10.1016/j.wear.2010.10.048
http://www.sciencedirect.com/science/journal/00431648
http://www.elsevier.com/locate/wear
mailto:fcrobles@uh.edu
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ig. 1. 50 years evolution of rail steel metallurgies for heavy haul use in North
merica.

anufactured in 2001 and 2005 by Corus, JFE Steel America Inc.,
ittal, Nippon Steel Corporation, Rocky Mountains Steel Mills,

nd Voestalpine. Phase I has been accomplished using optical
nd scanning electron microscopy (SEM) techniques to deter-
ine microstructural characteristics such as: interlamellar spacing,

earlite colony size, and prior austenite grains. This helped to com-
lete knowledge of the effects that microstructural constituents on
echanical properties and field service characteristics of rail steels.

ails in new and service conditions were investigated.
In Phase II is used the knowledge gained in Phase I to con-

uct an advanced design of the next generation premium rail steel
ith higher wear and fatigue resistance. As of today, rail steel
etallurgies are reaching a limit of development; although, ther-
omechanical processing (TMP) is believed to be able to further

ncrease yield strength (YS) or proof stress for typical premium rail
hemistries. In addition, advanced alloy design will further increase
he potential to maximize rail performance. The idea in this Phase
s to design a functional alloy capable of having a narrower inter-
amellar spacing that is susceptible to further refinement during
hermomechanical processing with low level of inclusions. The
mplementation of the TMP will yield homogenous microstruc-
ures and may increase the rail’s hardness and hence significant
mprovements in rail RCF performance.

In this paper are described the laboratory test results and the
rocedures followed to develop this advance steel as well as the
teps followed to designed the optimum TMP to achieve the desired
icrostructure. Following the completion of the laboratory testing,

he best performing steel and TMP were used to cast and roll a heat
f rail steel. In the present work are proposed 5 steels and one of
hich was selected as a candidate to cast a heat of steel and roll

ails with this specific composition. The rail with best mechani-
al properties and most promising is characteristics is identified in
his paper as RS2 was cast and rolled by Voestalpine, such rail is
urrently in process of installation at the Facility for Accelerated
ervice Testing (FAST) at TTCI, Pueblo, Colorado (fall 2010). The rail
ill be tested along with rails from other manufacturers to have a
irect rail performance comparison.

. Phase I – analysis of nonmetallic inclusions
Modern higher strength rail steels have a tighter control of
onmetallic inclusions, primarily oxides and sulfides. In the inves-
igated rails has been found by SEM that the volume fraction of
onmetallic inclusions is comparable in all rails. However, the
ar 271 (2011) 364–373 365

cleanliness results conducted by optical means based on the E45
and E1245 ASTM standards [15,16] indicate that the cleanliness
levels of each steel are different particularly the number, type, and
shape. The cleanliness results obtained from the E45 and E1245
ASTM standards can be consulted in Ref. [10]. These observations
imply that the rail manufacturers may use different technologies to
produce the premium rail steels. Additionally, the investigated rails
presented different amounts of pro-eutectoid cementite. Revealing
pro-eutectoid cementite by chemical means is challenging and the
results of this phase presented in this work were simulated using
the JMatPro4.0 software. The metallographic determination of the
amount of pro-eutectoid cementite is contemplated for future pub-
lications.

The majority of the observed inclusions were MnS and Al2O3,
and some of the investigated steels contained complex oxide inclu-
sions. Fig. 2 shows some examples of the typical inclusions and
pro-eutectoid cementite present in the investigated rail steels. Pre-
liminary analysis of the inclusions indicates that their numbers and
fraction volume (including voids) may have secondary effects on
fatigue performance. In contrast, parameters such as particle size,
type, distribution, and shape are more detrimental and can con-
tribute to excessive RCF and the premature removal of the rail
[10]. In Table 1 are presented the results of SEM analysis for the
investigated (commercial) premium rails, the highlighted steels
correspond to the cleanest and dirtiest microstructures as per SEM
analysis.

Nonmetallic inclusions can have a negative effect on the nucle-
ation and propagation of defects (including RCF cracks), but it seems
that for premium rail steels, the presence of pro-eutectoid cemen-
tite has a direct influence/effect on RCF formation. Potentially, the
major finding of this work is the effect of pro-eutectoid cementite
on RCF. Fig. 3 shows some of the microstructural analysis conducted
on the investigated rail steels. These micrographs indicate typical
interlamellar pearlitic structure and a transgranular crack behavior
in samples exhibiting RCF. Analysis shows that the cracks growth
along the grain boundaries in a trans-granular fashion along the
prior-austenite grain boundaries. The pro-eutectoid cementite is
mainly identified along the grain boundaries that are relatively
weaker locations where the cracks are initiated. Fig. 3 indicates a
series of micrographs with transgranular cracking along the prior-
austenite grain boundaries with some pro-eutectoid cementite. The
limited amount of pro-eutectoid cementite present in these micro-
graphs is attributed to a potential removal during polishing and
etching. The secondary cracking is usually influenced by the pres-
ence of hard inclusions (e.g. Al2O3, complex oxides). Therefore, in
order to minimize RCF, pro-eutectoid cementite and hard inclu-
sions, should be minimized and ideally eliminated.

The preliminary results of this study showed that the major met-
allurgical factors contributing to the strength of fully pearlitic steels
are (a) solid solution strengthening, (b) pearlite colony size, (c)
interlamellar spacing, and to a lesser extent (d) the austenite grain
size. The transformation behavior of the austenite also controls the
presence of pro-eutectoid cementite, which should be minimized
or eliminated. It is suggested that a pearlitic microstructure with
a fine interlamellar spacing and thinner cementite lamellae could
improve wear and RCF performance. This and other approaches
have been explored in this research work to improve not only
wear, but also RCF performance for this new rail steel metallurgy
by reducing the amounts of pro-eutectoid cementite and inclu-
sions. Table 2 summarizes the influence of microstructural defects
on mechanical characteristics on commercial rail steels. This table
indicates the main microstructural factors responsible for the in-

service performance of rail steels.

Fig. 4 sketches the procedure followed in Phase I to deter-
mine the main microstructural characteristics. Table 3 presents a
summary of all the microstructural characteristics for all the rails
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ig. 2. Typical inclusions identified in the investigated rail steels: (a) mixed of oxide inclu
l2O3 inclusions, and (c, d) pro-eutectoid cementite along the prior-austenite grain boun

able 1
esults of the inclusion content and identification measured by SEM/EDS on the investiga

owest and largest amounts of inclusions respectively.

Generation ID VfSulfides VfOxides

2000 A 0.005272 0.0008
B 0.000928 0.0005
J 0.00022 0.0006
K 0.0131 0.0031
M 0.00097 0.0002
L 0.00109 0.0002

2005 C 0.00304 0.0021
D 0.01655 0.0078
E 0.00112 0.0001
F 0.000861 0.0005
G 0.00088 0.0002
I 0.00087 0.0003

able 2
icrostructural factors that have a direct contribution to rail performance. Relative influe

Pro-eutectoid cementite Non metalli

Rolling contact fatigue ++ ++
Impact toughness ++ +
Wear + +
sions of alumina (Al2O3) and magnesium oxide (MgO), (b) silicon carbide (SiC), (c)
daries by means of SEM and optical microscopy respectively.

ted premium rails. Highlighted text (rails J and D) are indicating the rails with the

VfTotal Types

24 0.006096 MnS, SiC
8 0.00151 Al2O3, MnS
82 0.00091 Al2O3, MnS
59 0.01621
01 0.00117
55 0.00134 Al2O3, MnS, CaCO3, MgCO3, TiN
6 0.00519 Al2O3, MnS
39 0.02439 Al2O3, MnS, SiC
91 0.00131 MnS, SiC
46 0.00141 Al2O3, MnS, CaCO3, MgCO3

99 0.00118 TiN, Al2O3, MnS, SiC
32 0.00120 TiN, VN, SiC, Al2O3

nces: + medium influence, ++ high influence, – no influence.

c inclusions Austenite grain size Interlamellar spacing

++ ++
++ ++
– +
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Fig. 3. Scanning electron micrographs indicating intergranular cracking (RCF) along the prior-austenite grain boundaries in the presence of pro-eutectoid cementite. Note:
some of the pro-eutectoid cementite may be lost due to its lack of integrity (following the cracking), sample handling, polishing and etching resulting in the limited amount
of this phase observed in the above micrographs.

F
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ig. 4. Brief summary of the microstructural analysis for (a) interlamellar spacing, (b)
Phase I).

able 3
ummary of results of microstructural characterization conducted on the rails investigat
nd prior-austenite grain size respectively.

Year ID Head Web

IS PCS PAGS IS

2000 A 0.10 2.6 67.9 0.15
B 0.10 1.9 59.4 0.13
J 0.08 2.4 32.4 0.13
K 0.08 2.5 64.3 0.18
M 0.10 3.0 56.25 0.13
L 0.10 2.9 49.8 0.13

2005 C 0.09 2.1 34.7 0.15
D 0.09 2.0 34.7 0.15
E 0.09 2.8 28.8 0.15
F 0.12 2.8 23.3 0.12
G 0.07 2.8 24.8 0.11
H 0.10 2.9 25.9 0.13
1 0.09 2.7 58.6 0.15
pearlite colony size, and (c) prior-austenite grain conducted on premium rails

ed in Phase I. IS, PCS, and PAGS stand for interlamellar spacing, pearlite colony size

Base

PCS PAGS IS PCS PAGS

3.3 74.4 0.15 3.2 21.3
3.5 32.1 0.13 2.4 27.3
2.5 60.86 0.18 4.4 27.3
4.1 73.1 0.15 3.8 28.3
3.9 66.3 0.15 3.3 23.1
2.9 34.28 0.15 3.5 23.2
3.5 64.6 0.20 4.2 21.0
4.5 27.2 0.19 3.9 28.5
3.9 32.1 0.16 3.6 26.3
3.6 32.0 0.12 3.1 22.1
4.3 27.88 0.13 3.2 22.2
3.8 47.8 0.15 2.9 23.9
2.7 61.48 0.18 3.9 20.51
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ig. 5. JMatPro4.0 simulations for (a) commercial steel (ID as M) and (b) the exper-
mental steel R2. The design process of steel R2 is explained in detail in Phase
I.

anufactured in 2001 and 2005. Two hundred measurements per
ocation (head, web and base) for interlamellar spacing, the pearlite
olony size and prior-austenite grain size were carried out in per rail
teel. From Table 3 can be observed that in average the interlamel-
ar spacing along the head of the rail is in most cases the smallest

hen compared to the measured values from the rails web and
ase and the same trend is observed for the pearlite colony size.
he prior-austenite grain size the values in the head are smaller
han the web, but the smallest values are identified along the base
f the rail.

Pro-eutectoid cementite is the most detrimental microstruc-
ural feature for RCF performance. However, its precise quantifi-
ation by conventional metallographic methods is challenging and
epresents an outstanding effort. In contrast the amount of pro-
utectoid cementite for each of the compositions can be estimated
y numerical simulations using JMatPro4.0. As examples of the
MatPro4.0 simulations Fig. 5 shows a commercial premium rail
teel (M) composition and one the experimental steel identified as
RS2) developed in Phase II of this work. The simulations shown in
ig. 5 were conducted based on the chemical composition of each
teel and its grain size as determined experimentally (Table 3).

The volume fraction of pro-eutectoid cementite is as the amount
f cementite that precipitates at the eutectoid temperature. Any

emperature below the eutectoid promotes the precipitation of
earlite and hinders any further precipitation of pro-eutectoid
ementite. In Fig. 5 the eutectoid temperature can be better dis-
inguish as the intersection among ferrite and cementite lines. In
Fig. 6. Numerical models correlating calculated and experimental values of yield
strength.

other words, the amount of cementite that precipitates above the
eutectoid temperature is the pro-eutectoid cementite that is be
observed along the grain boundaries (Figs. 2 and 3). From Fig. 5 can
be mentioned that the experimental steel Rs2 has a significantly
lower amount of pro-eutectoid cementite than the commercial M
steel and this can be translated into a better RCF resistance.

In the literature are found empirical approximations that corre-
late steel microstructural characteristics to mechanical properties.
In the literature were identified three numerical models as approx-
imations. This is of great interest because by proposing a specific
composition it is possible to use software such as JMatPro4.0
and determine the exact cooling conditions (continuous cooling
transformation (CCT) diagrams) to obtain specific microstructural
characteristics. This information is used to extrapolate mechanical
properties by using the methods reported in the literature (Fig. 6)
[19–21]. The “ideal” case in Fig. 6 was developed using the results
from Phase I and is capable of predicting the yield strength of hyper-
eutectoid steels as a function of its microstructural characteristics.
This is of great interest because by using software such as JMat-
Pro4.0 it is possible to assess the required cooling path in order
to achieve a specific microstructure hence the desired mechanical
properties.

Fig. 6 shows a series of graphs with the calculated vs analyti-
cal results of the yield strength for the investigated premium rails
steels using the three different approximations found in the lit-
erature [19–21]. These methods show a weak correlation with
the experimental values and either underestimates or overesti-
mates the values for yield strength. In addition to that the R2 is
too low, which further confirms the weakness of these approxima-
tions. Therefore, a more sophisticated model has been developed
by researchers from University of Pittsburgh and such model
approaches more closely the curved identified as “ideal” condition.

Similar approach was published by Clayton et al. [2] shows an expo-
nential behavior among interlamellar spacing (100–500 nm) and
hardness. In Fig. 7 similar procedure is followed and the relation
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ig. 7. Relationship among pearlite interlamellar spacing and Rockwell C hardness.

hat better satisfied the interlamellar spacing to hardness is quasi-
inear (Fig. 7) that is attributed to the narrow range of interlamellar
pacings in the investigated for premium rail steels (70–197 nm).

The steels proposed in Phase II were designed based on the algo-
ithms developed by the University of Pittsburgh for hardness and
ield strength determination. The above-mentioned algorithms are
onsidered for future publications. The final microstructure of the
ails metallurgies proposed in Phase II were first design by means
f numerical simulations using the JMatPro4.0 software before the
hort heats were cast. Once the microstructure is design the deter-
ination of the mechanical properties is conducted by means of

he algorithms developed by the University of Pittsburgh. From
igs. 6 and 7 shows the better fit of the ideal approximation that
as used as a based model for the determination of the optimum
roperties for rail steels a function of the microstructural charac-
eristics.

. Phase II – Research and Development (R&D) Program

The R&D of the next generation of rail steel is summarized in the
owchart in Fig. 8, which indicates the process followed to address
he most important aspects of advanced steel design and develop-

ent. A schematic of the TMP conducted for the experimental rail
teels is also shown. Five premium rail steels were design in this
roject. Four of the rail compositions were pearlitic and one was
ainitic. Carbon content ranged from 0.7 wt%C to 0.85 wt%C for the
earlitic steels and 0.3 wt%C for the bainitic steel. Other alloy ele-
ents added to the proposed rail compositions included vanadium,
olybdenum, niobium, manganese, and silicon. A tight control in

he levels of phosphorus and sulfur was also implemented. The
hemical compositions of the respective steels are currently con-
dential [24] the C, Mn, S and P contents are given in Table 4.
ilicon increases the activity of carbon in both austenite and ferrite,
hus reducing the local carbon activity gradient by slowing down

he formation and growth of cementite [12,17]. Manganese has a
mall effect on the growth kinetics of cementite by reducing pro-
utectoid ferrite and increasing hardness. Manganese distributes
referentially to cementite and lowers the temperature at which

able 4
artial chemical compositions of the experimental steels the other elements (Ni, Cr, Mo, V

Elements Rsteel 1 Rsteel 2

C 0.70–0.80 0.75–0.85
Mn 1.00–1.10 1.10–1.20
P 0.005–0.007 0.005–0.007
S 0.003max 0.003max
Fig. 8. Experimental procedure, and a schematic of the TMP and set up used during
the design and development of the next generation of rail steels.

cementite begins to form. Chromium and silicon act in a synergistic
manner improving the strength by solid solution strengthening and
preventing the coarsening of cementite particles. Molybdenum has
several effects on steels and for the purpose of this steel develop-
ment. Molybdenum was selected for its positive effects on: carbide
formation, hardenability, mechanical properties, pearlite stabilizer,
and reduce embrittlement. Niobium was added to the experimen-
tal steel compositions due to its effects on austenite grain size, and
grain size control. Vanadium has positive effects in pearlitic steels
due to its effects on hardening, austenite grain size, mechanical
properties, and grain size control [25].

Fig. 9 presents the theoretical continuous cooling transforma-

tion (CCT) diagrams of the laboratory heats. The CCT diagrams for
different rail steels cooled at variable rates were numerically deter-
mined by utilizing the thermodynamic model JMatPro4.0. The CCT
diagrams show that the same steel composition can produce a

, Al, Cu, Nb, and N) are confidential [25].

Rsteel 3 Rsteel 4 Rsteel 5

0.80–0.90 0.28–0.32 0.85–0.90
1.00–1.10 1.90–1.20 1.10–1.25
0.005–0.007 0.005max 0.005max

0.003max 0.003max 0.003max
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the amount of RCF was low to moderate under non-lubricated con-
ditions. On the other hand, Rail L exhibited severe RCF and required
grinding after 270 MGT [9,11]. Therefore, due to the amount of pro-
Fig. 9. Continuous cooling transformation (CCT)

arge range of microstructural conditions from fully pearlitic, to
ainitic to martensitic microstructures, or combinations thereof,
hich are achieved at different cooling rates. Therefore, control-

ing the cooling rate is important and this will determine the final
icrostructure in the rails. In addition, alloy designs open the

otential for further optimization for rail steels. The JMatPro4.0
oftware was used to determine the microstructural state of the
ustenite prior to transformation and the determination of the pro-
utectoid cementite expected for a specific thermal path.

Fig. 10 shows the results of the predicted amounts of pro-
utectoid cementite in the commercial and the experimental rail
teels. It is important to mention that the amount of pro-eutectoid
ementite in the experimental steels is lower than in most com-
ercial rail steels. This is attributed to the lower carbon contents

n the experimental steels. The reduced amount of pro-eutectoid
ementite that may form along the prior-austenite grains in this
ewly developed rail steels is expected to retard the development
f RCF in rails subjected to North American heavy haul environ-
ents. Table 4 shows partial chemical compositions of the R1–R5
xperimental steels.
By comparing the amounts of pro-eutectoid cementite in com-

ercial and experimental rails (Fig. 10) can be observed that some
f the commercial rail steels have comparable amounts of pro-
s of the experimental steels designed in Phase II.

eutectoid cementite to the rails proposed in the present research.
For instance, in a rail performance test conducted at FAST, Rail K did
not need grinding after 478 MGT of heavy haul traffic, which means
Fig. 10. Comparison of the JAtPro4.0 calculated volume fraction (Vf) of pro-
eutectoid cementite in the commercial rail steels, and in the laboratory heats.
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ig. 11. Austenite grain growth of selected commercial rail steels, and the 5 exper-
mental steels developed under the scope of this project.

utectoid cementite in the experimental rails it is expected that
hey may have similar or better RCF resistance than rail K (Fig. 10).
hese results indicate that a lower amount of pro-eutectoid cemen-
ite may retard RCF, which leads us to conclude that designing
ail steels with lower amounts of pro-eutectoid cementite in the
xperimental steels can reduce RCF.

. TMP of commercial and laboratory steels
Prior to any deformation studies, the grain coarsening behavior
f selected commercially available rail steels and all the experimen-
al steels were studied. Fig. 11 shows an example of the austenite

Fig. 12. (a) As cast ingot and hot-rolled plate at room temperature, (b) plate during h
ar 271 (2011) 364–373 371

grain coarsening behavior for steels M and L, as well as the exper-
imental steels (1–5) to show the coarsening kinetics of the rail
steels. The grain coarsening ability in the experimental steels is
quite diverse when compared to the commercial steels. This differ-
ence is attributed to the superior cleanliness of the experimental
steels. The coarsening effect in commercial premium rail steels is
limited by the presence of inclusions that are acting as barriers to
grain growth, and behave as grain stabilizers instead.

As per the Hall–Petch relationship [22,23] grain refinements is
of great importance, and in this work the TMP is designed to refine
the grain as effectively as possible. The optimization of the TMP
enhances static and dynamic recrystallization allowing the refine-
ment of the experimental steel microstructures. It is expected that
this will maximize the rail performance characteristics. In order
to accomplish the desire microstructure, it is important to under-
stand the microstructural state of the austenite prior to any hot
deformation or transformation. Using Fig. 11 can be determined
the optimum annealing temperature to start the TMP.

The state of austenite prior to transformation has a significant
impact on the morphology of the pearlite, and the formation of
pro-eutectoid cementite by controlling the transformation tem-
peratures. Fig. 11 shows the effect of annealing temperature on
grain sizes. During annealing the grain size is optimized and then
is refined dynamically and statically during the TMP. Further, the
superior cleanliness of in the RS1-RS5 allows a complete control
of the grain size, which may not be possible with the commer-
cial rail steels. In addition, the effect of cooling rate, as shown in
Fig. 9 it has to be tightly monitored. In the experimental trials all
the above results were taken under consideration to control the
decomposition behavior of the microstructure, and the formation of
pro-eutectoid cementite along the prior austenite grain boundaries.

A short heat per composition was cast under vacuum condi-
tions to obtain ingots of 100–150 lbs per composition. The short
heat ingots were hot processed to obtain plates of approximately
1 in thickness. Fig. 12 presents pictures of the ingot as well as the
hot plates. The plates seen in Fig. 12 were hot rolled for the labo-
ratory trials to understand the evolution of the microstructure for
each composition and develop relationships among microstructure
and mechanical properties. Fig. 12c shows the fashion in which the
samples for the TMP (Fig. 8) simulations were extracted.
The corresponding strengthening mechanisms responsible for
the development of the mechanical properties during TMP are cur-
rently under evaluation. This study will help in understanding the
actual TMP conditions that will be targeted for steel mills. It is the

ot rolling operation, (c) plate after the samples for TMP (Fig. 8) were removed.
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ig. 13. (a) Calculated values of yield strength for a selected experimental steels,
b) hardness and interlamellar spacing of the various experimental steels (RS stands
or rail steel), and (c) fully pearlitic microstructure.

ntention of this work that similar procedures will be followed for
ommercial rail steels to optimize their microstructures in order
o optimize their TMP. Following the TMP the microstructures are
nalyzed and the hardness was evaluated.

Fig. 13a shows the contribution of each of the microstructural
haracteristics of the as rolled steels on yield strength as deter-
ined by the numerical model developed by the University of

ittsburgh. Based on this prediction the steels microstructures with
he best mechanical properties and a fully pearlitic microstruc-
ure were selected for hot rolling. Once the TMP is optimized the
lates are heat treated and rolled under the exact temperature and
eformation conditions to heat treat the plated for tensile, frac-

ure toughness, wear, and hardness analysis using ASTM standards

ethods.
The microstructural conditions prior to transformation and

ooling rate effects were used to evaluate the resulting pearlite
Strain [%]

Fig. 14. Results of mechanical testing of experimental steels after rolling.

colony size and the interlamellar spacing, which is in agreement
with Ref. [18]. The results of the TMP and cooling experiments were
supported by a systematic dilatometric study of the decomposition
of austenite. From the dilatometry results systematic microstruc-
tural and hardness evaluations were conducted. The steels that
exhibited the best combination of fully homogenized microstruc-
ture and best mechanical properties (as predicted numerically
using the “Ideal” model Fig. 6) for a given chemistry and TMP are
indicated with an ( ) in Fig. 13a. The steels and heat treatment
conditions indicated with “ ” were selected for the rolling process
and the results are presented in Fig. 13b. The steels in the as rolled
conditions are presented in Fig. 13b, rail RS2 is indicated with an

due to its superior characteristics its respective microstructure
is given in Fig. 13c. In the laboratory conditions it was possible to
heat treat RS2 and obtain a fully pearlitic microstructure. Tensile
test results of selected experimental steels in as rolling condi-
tions are presented in Fig. 14, the mechanical properties in the as
TMP conditions are considerably higher. The results presented in
Figs. 13b, c and 14 were used to selected the experimental RS2 as
ideal candidate to manufacture the rail by Voestalpine.

5. Conclusions

Some premium rail steels exhibit pro-eutectoid cementite at the
prior austenite grain boundaries. This phase has been identified as
the major contributor to the development of RCF in the railhead.
The presence of inclusions has been found to aggravate the prob-
lem, because they aid the development of secondary cracks in the
rail. A number of other factors that affect impact toughness and
wear have been identified as well. Advanced alloy design and TMP
methods allowed the development of rail steel with limited to non
pro-eutectoid cementite and ultra low levels of inclusions. The level
of inclusions was achieved through a tight control of the rail chem-
istry (S and P) and vacuum degassing. The use of advanced TMP
allowed the optimization of a fully pearlitic steel microstructure.
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