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posium was sponsored by the American Society for Testing and Materials
through its Committee A-1 on Steel, Stainless Steel, and Related Alloys.
D. H. Stone, Association of American Railroads, and G. G. Knupp, Beth-
lehem Steel Corporation, presided as symposium chairmen and editors of
this publication.
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Introduction

The technical literature is lacking in the specific area of rail steel, the steel
rail, and the why and how of service developments currently experienced in
this most basic component of our great railroad industry. ASTM Sub-
committee AO1.01 on Steel Rails and Accessories recognized in 1975 the
need for a forum through which state-of-the-art technical papers on rail
steel, its development, processing, and use could be presented. A symposium
on rail steel, the first conference of its kind ever in the United States, was
held during Committee Week, 17-18 Nov. 1976, in Denver, Colo., under
the direction of the editors.

An international response to the call resulted in the acceptance of more-
than 20 papers in the general categories of “An Introduction to Rail Steels,”
“Effects of Alloy Additions and Special Processing on Rail Steels,”
“Strength and Fracture of Rail Steels,” and “Fatigue in Rail Steels.”
The papers were presented and discussed, and are published herein along
with several pertinent postmeeting written discussions. The international
attendance and participation throughout the symposium is greatly appre-
ciated. These contributions have made possible this initial publication in a
field that invites increased activity.

Rails in today’s heavy-duty service lines in North America are, relatively
speaking, in a state of accelerating deterioration. This is the state, not by
design but rather by the lack of it. The increased wear, deformation, and
failure rate occurring in rails is, in the opinion of many, the direct result of
the unfavorable economic atmosphere under which the railroads have had
to operate for several decades, and the regrettable development of oversize
rolling stock designed to cope with the situation. While the growth of rail-
roading, the railroad rail, and the rail problem are covered in detail in the
introductory symposium paper, the resumé in the next few paragraphs will
give those not familiar with railroading sufficient background to put the
technical papers into the proper context.

The concept of free interchange of freight traffic among American rail-
roads in the early 1860s made possible the development of one of the world’s
great transportation systems. Mandatory interchange rules by the Master Car
Builders Association and its successor, The Mechanical Division of the
Association of American Railroads, guided rolling stock development from
the early 30-ton capacity freight cars, through the 40, 50, 70, and 90-ton
types, to the 100-ton and heavier capacity units which now make up the bulk
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2 RAIL STEELS—DEVELOPMENTS, PROCESSING, AND USE

of new car acquisitions. Similarly, motive power was developed from the
early 35-ton American-type steam locomotive, through the massive 400 to
500-ton articulated steam types, and on to the more versatile electric and
diesel-electric power units that are standard today. These latter units provide
greater flexibility in tractive effort and permit operation at higher train
speeds.

The configuration of locomotives and cars in trains changed dramatically.
The amount of motive power, the number of cars, and the lading have been
increased until, in recent years, commonplace unit trains are in excess of
10 000 tons.

Reductions in main line trackage through centralized traffic control,
mergers, and abandonments in the last two decades have increased the traffic
density on existing tracks until some heavy haul lines carry up to 70 million
gross tons annually.

Marketing interests in the railroad industry promoted this upward spiral
in car size and loading, train size and speed, to recapture fading business in
a highly competitive transport market. The Mechanical Division of the
Association of American Railroads supported the trend, and the operations
departments of the railroads moved the heavier trains.

The Engineering Division of the Association of American Railroads,
responsible for the track structure and its maintenance, recognized early that
the rails, accessories, and roadbed were showing the adverse effect of the
more destructive forces being transmitted through the wheel/rail interface.
However, lacking authority to force a change, its recommendations went un-
heeded until great numbers of 90 and 100-ton cars had entered the inter-
change fleet, and the early destruction of the rails, etc., was underway.
The concept that commercial benefits would justify the higher maintenance
costs incurred proved erroneous.

Although the acceptance in interchange of 125-ton cars has been stalled,
maintenance problems escalate as the ratio of heavy to lighter cars increases,
and the accompanying heavier wheel loads are at that point where the high
contact stresses between the wheel and the railhead greatly exceed the elastic
limit of the steel. Service-induced plastic deformation, abrasion, and fatigue-
developed detailed fractures in rails therefore are considered to be the direct
result of the unfavorable in-track stress environment.

The depressed economic atmosphere under which the heavy rail loading
developed manifested itself in other ways. For example, the general state of
track maintenancedeteriorated; research and test work by individualrailroads,
the Association of American Railroads, and the American Railway Engi-
neering Association was virtually halted; and the fluctuating rail market
curtailed major capital investments by rail producers in new manufacturing
facilities. In the latter case, the general rail needs of the railroads have been
met, and, where possible, new technologies have been applied in the produc-
tion of rails.
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The historical approach of increasing the size of the rail became ineffective
years ago, and, although higher strength steel in rails, through heat treat-
ment or alloying, has proved effective in delaying development, it is a treat-
ment but not a cure for the ills from service abuse.

What has happened to the rails placed into heavy-duty service since the
late 1940s is self evident. With little hope that currently accepted wheel load-
ings could be materially reduced, it has become necessary for the industry
to search for a better understanding of the mechanisms involved in rail
failures. In the early 1970s, revitalization of the Association of American
Railroads Technical Center in Chicago got underway, and rail problem
studies and Track-Train-Dynamics programs were initiated as money and
manpower were made available through the railroads, related industries,
and government agencies. Certain of the papers published herein evolved
from such programs.

The papers presented in the “Introduction to Rail Steels” section of this
volume document the aforesaid for the most part. Surface and internal
fatigue failures, and wear are described, and the influence of metallurgical
composition, structure, and properties on service life is discussed. A study of
the metallurgical characteristics and fractographic analysis of selected rails
from service in a search for correlation between material characteristics and
failure is presented.

Evaluations of laboratory and actual performance are given in the second
grouping of papers, “Effects of Alloy Additions and Special Processing on
Rail Steels.” Service-developed defects are further defined, and possible
ways to enhance the resistance of the steel to these developments are
explored. The production of rails from continuously cast steel blooms from
one mill is described and the product evaluated.

The probability of being able to predict the rail steel strength required to
control damaging plastic deformation and resulting failures in a given
service is explored in the “Strength and Fracture of Rail Steels” section.
Attention is directed also to the mechanism of fracture, fracture mechanics
analysis, and stress intensity considerations for cracks that have developed
in rail steel while in service.

The “Fatigue in Rail Steels” section offers papers with differing views on
fatigue crack growth rate, cyclic inelastic deformation behavior, and the
effect of metallurgical notches and load environment.

We believe that, in general, the papers in this volume present initial work
in diverse areas on rail steel and rails to technically analyze and assess possi-
ble modes of initiation and progression of service failures. The need for cor-
related in-track stress environment studies on rails in heavy service, particu-
larly in failure-prone track locations, is recognized.

Metallurgical and strength-of-material considerations may dictate the
need for railroads to upgrade their requirements for rails. It can be similarly
projected that the seemingly obvious overstressing of rails in service will
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need to be controlled by the railroads to attain a balanced and economically
sound rail maintenance posture. Thus, directions for future research efforts
in several areas are indicated.

G. G. Knupp

Senior Metallurgical Engineer,
Bethlehem Steel Corporation,
Bethlehem, Pa. 18016; coeditor.
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in North America—A Report of
AIS| Technical Subcommittee

on Rails and Accessories
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ABSTRACT: The intent of this, the initial paper of this publication, is generally to set
the stage for the more specific and detailed state-of-the-art papers to follow. The
evolution of the North American tee rail in its struggle to “keep its head” under pro-
gressively heavier and faster-moving motive power and rolling stock is traced briefly.
Technological developments in rail steel and rail production designed to improve qual-
ity and enhance resistance to service developments are reviewed. This includes adapta-
tion of various steelmaking processes and grades of steel to the production of rails, and
the handling of the steel through the forming, cooling, finishing, and in some cases
further treatment of the rails.

KEY WORDS: steels, railroad tracks, abrasion, plastic deformation, cracks, flakes,
rolling stock, shear, crushing, butt welds, fillets, vacuum degassing, hot topping,
cooling, thermit welding

It is not the intention in this, the introductory paper of the symposium, to
explore in detail the historical evolution of the railroad rail and railroading.”
However, it is essential that we review sufficient railroad history and rail

'Metallurgical engineer, Bethlehem Steel Corporation, Bethlehem, Pa.

2Consulting engineer, Technical Subcommittee on Rails and Accessories, American Iron and
Steel Institute, Chicago, Ill.

3Manager, Railroad Products Metallurgy, United States Steel Corporation, Pittsburgh, Pa.

4Superintendent, Product Development and Research, CF&I Steel Corporation, Pueblo,
Colo.

SManager, Quality Control, Primary Rolling and Structural Mills, Algoma Steel Corpora-
tion, Ltd., Sault Ste. Marie, Ont., Canada.

6Manager, Metallurgical Services, Sydney Steel Corporation, Sydney, N.S., Canada.

’This being a historical paper, measurements are given in the original English units.
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8 RAIL STEELS—DEVELOPMENTS, PROCESSING, AND USE

production and use through more than a century to document, in part, de-
velopments contributing to the rail problems currently facing North Amer-
ican railroads and the producers of rails.

Those students who wish to review rail history in depth will find a wealth
of references on the subject. Historical background on rails is offered in the
Association of American Railroad Research and Test Department Report
No. R-120, entitled “Rail Research-Problem Definition” [7],} and in the
paper “Evolution of Rail Steel and Rail Sections and What is Being Done
Relative to This Material Today” by K. W. Schoeneberg, as published in the
American Railway Engineering Association Bulletin 653 [2]. A reasonable
measure of rail history is contained in the American Iron and Steel Institute
steel products manual “Railway Track Materials” [3], last revised in October
1975.

Growth of Railroading, the Railroad Rail, and Rail Problems

Standardization

For the purpose of this paper, railroad developments predating the Civil
War can be considered academic. The Civil War forced American railroads
into the concept of free interchange, which in turn fostered much of the later
standardization, and together made possible the development of one of the
world’s great transportation systems.

The interchange of freight cars between railroads and indeed countries
and the resulting need for standardization promoted the birth of various
organizations created to handle evolving problems. The Master Car Builders
Association, which is a direct ancestor of the present Mechanical Division of
the Association of American Railroads (AAR), was organized in 1867, and
was responsible for issuing the first interchange rules adopted in 1872, con-
sisting of two printed pages containing nine rules. The American Railway
Engineering Association (AREA), chartered prior to the turn of the cen-
tury, has since served as the Engineering Division of the AAR. However,
unlike the Mechanical Division, it has never possessed rule-making powers
and its actions, even today, are only “recommendatory.”

Rail Designs

At this point in history, the tee rail, as we know it today, had been devel-
oped. Future changes in rail design were to involve, principally, increases in
section dimensions, and therefore weights, to provide greater bending
strength; more wear metal in the railhead; a wider base for better lateral
stability; and more generous fillets to reduce local streeses to better cope
with increasing service demands. This should not be construed to imply that
section design, following acceptance of the tee type, became stagnant.

8The italic numbers in brackets refer to the list of references appended to this paper.
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Indeed, design changes proliferated to an extent that would be difficult to
justify based upon engineering data. The railroads of the day no doubt exer-
cised pride of authorship in developing individual section designs and per-
petuating their use, even though many such designs were as essentially alike
as peas in a pod. In recent years, AREA has encouraged restraint in this
area, and today lists only seven recommended sections to cover all service
conditions [4].

Service Conditions

There existed in 1874, 69 mills in the United States engaged in rolling rail-
road rails [3], primarily from Bessemer process steel in section weights less
than 100 1b/yd.

The equipment which operated on these rails consisted, in the main, of
freight cars of 30-ton capacity or less on two 4-wheel trucks equipped with
33-in.-diameter, cast-iron wheels. The capacity of freight cars was very lim-
ited prior to 1870, when ten tons per car was considered heavy loading [5].

The steam locomotives of the day, such as the well-known, American-
type passenger locomotive, having a wheel configuration of 4-4-0, weighed
in the neighborhood of 35 tons [5], and wheel loads were approximately 400
Ib/in. of wheel diameter. It is interesting to note that some of this early
equipment was capable of quite high speeds even by today’s standards. The
famous speed record of 112.5 mph was set by Locomotive No. 999, hauling
the Empire State Express on the New York Central’s Syracuse Division,
prior to the turn of the century [6]. However, average freight train speeds,
due to servicing requirements and other operating conditions, were generally
quite low.

Given these service requirement parameters, it appeared reasonable to
assume that rail problems would be minor. In fact, overall performance was
good enough to make viable a railroad system which was largely responsible
for the industrial development of the nation.

Service demands on the rails did not remain stationary. Freight cars of
40 and 50-ton capacity appeared in numbers, followed by cars of 70 and
100-ton capacity. Steam locomotives reached a size which required enlarged
engine houses and shop facilities to handle their necessary servicing and
repair, and weighed up to 350 tons and more. At the peak of their develop-
ment, steam locomotives in working order weighed up to 500 tons, these
being of the articulated types [7]. With deference to the development and
use of the electric locomotive in certain geographic locations, the era of the
diesel-electric locomotive was at hand. Improved economics, adaptability
to multiple unit operation providing flexibility in tractive effort and speed
requirements, and numerous additional advantages were to bring about a
complete transition from steam to diesel power in a relatively short time.

The rails in service had been dealt additional blows! Evidence of the effect
of higher contact and shear stresses, increased lateral loading, and wheel
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flange abrasion readily manifested itself in the railhead metal. Under the
heavier stressing, the transverse fissure type rail failure became more and
more of a problem. Service developed transverse failures of this type most
often initiated at “shatter cracks or flakes” in the steel caused by entrapped
dissolved gases, primarily hydrogen, which did not evolve from the steel
during air cooling of the rolled rail. Since 1937, however, shatter cracks
have been effectively eliminated by controlled cooling, a development by the
rail producers which, along with other effective means of hydrogen control,
is covered in more detail later in this presentation. It is interesting to note
that considerable quantities of rail rolled prior to the general adoption of
controlled cooling can still be found in service.

Heavier sections were periodically designed to provide rails better able to
cope with service developments. The 100 Ib/yd section was developed in
1900, the 130-Ib section in 1916, the 140-1b section in 1946, and finally, the
heaviest, the 155 1b/yd section, in 1947 [3,7]. But, at the end of 1933, the
average weight for rails in the main line tracks of Class | railroads of the
United States was only 92 1b/yd, and 66 percent of all main line track on a
mileage basis was laid with rail of a weight less than 100 1b/yd [8]. In fact,
some of the rails which were rolled and laid when 50-ton equipment was the
heaviest rolling stock in use remain in service today.

Growth in the scope and severity of service requirements also produced
other equipment technology. In the case of rolling stock, the use of fail-safe
air brakes and automatic couplers had been made mandatory by federal
regulation. Sophisticated high-capacity draft gears and sliding sill cushion-
ing devices were developed; and finally, the cast-iron freight car wheel was
eliminated in 1959 [9] in favor of wrought and cast-steel wheels. Freight car
wheel sizes, other than 33 in., were not made standard until later, with the
introduction of the 100-ton car. Journal roller bearings rapidly started to
replace plain bearings in freight equipment. Nevertheless, it appeared to
be a reasonable assumption at this point that heavier section rails could
meet the service demands associated with the operation of heavier equip-
ment.

In the 1940s, a type of service development in rails which actually had
made its appearance under 50 and 70-ton equipment, namely, plastic defor-
mation or flow of the railhead metal, came into focus. “Shelling,” a condi-
tion where the rail steel, stressed beyond its elastic limit, deforms and
fails in subsurface shear, was to be found predominantly in the high side
rails in curves on many railroad properties, and crushing or mashing of the
head metal in low side rails in curves was observed.

More serious service experiences evolved, especially after 100-ton capac-
ity freight cars entered the rolling stock fleet in significant numbers during
the early 1960s. Cars weighing 263 000 Ib when loaded to capacity, on two
4-wheel trucks equipped with 36-in.-diameter wheels, which are loaded to
over 900 lb/in. of diameter, have demonstrated in service considerable
damage to the rails and the track structure generally and have also indi-
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cated accelerated maintenance requirements for many freight car compo-
nents. Modern powerful six-axle diesel locomotives have also contributed
measurably to the excessive shear stresses imposed upon the rails.

Today, shelling and crushing occur quite frequently, even in tangent track
locations. An ever-increasing number of wheel loads are at that point where
the high contact stresses between the wheel and the railhead greatly exceed
the elastic limit of the steel. The historic approach, that of beefing up the
section design, is no longer the answer, and it may be fair to state that the
true extent of the impact on maintenance costs involving both track and
equipment is still not fully realized.

An early appraisal of this condition was made by Chief Engineer C. J.
Code, of the Pennsylvania Railroad. Code’s work was published in the 1960
AREA proceedings [/0] and contained recommendations for maximum
loads on wheels of various sizes. He recommended maximum wheel loads of
between 800 1b/in. of diameter for 33-in. wheels, and 830 Ib/in. for 42-in.
wheels. These proposed limitations on wheel loads were referred to the
Mechanical Division of the AAR, with recommendations that they be made
mandatory. This curious circumstance, where the Engineering Division
attempted to ensure protection for the track structure, which was the imme-
diate concern and responsibility of its members, by suggesting that rules
limiting wheel loadings be progressed and adopted by another division, was
of course due to the fact that then, as now, the Engineering Division had no
rule-making procedures. The interchange rules under the jurisdiction of the
AAR Mechanical Division provided the only vehicle available through
which compliance might have been gained.

Although the proposed limits on wheel loading were never approved and
placed in the rules by the Mechanical Division, it was not due to any basic
disagreement with Code’s conclusions. The fact is that high-capacity cars
had become so important, with respect to marketing and rate-making prac-
tices, that any limits on car capacity to prevent projected rail deterioration
had become unacceptable to railroad management. The popular reaction
was that, even though the rail migiwt require premature replacement due to
the damage being inflicted, sufficietitbbysieshveastbeing generated through
the use of such large equipment thatmognizywduld be available to make re-
placement when necessary. Experience liad-shown that, in many cases, such
optimism was excessive.

This story does not end with 100-ton equipment which today comprises
the bulk of new car construction. The 125-ton car was introduced about
1964. The only reason this car did not achieve free interchange status was
due to the fact that the bridges and structures on many railroads could not
handle it. As a result, it has remained subject to special routing require-
ments. Even so, the truck components for 125-ton cars, 38-in.-diameter
wheels, which are loaded to over 1000 lb/in. of diameter, side frames,
bolsters, etc., have been made AAR standard designs [//].

It ‘might be regretted that some other marketing philosophy, possibly the
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use of some simple form of articulation, was not successfully substituted to
meet the demand for oversize cars. The fact is that only the physical clear-
ances involved and the ability to handle such cars to destination limited
their construction and their acceptance.

After it had been clearly demonstrated that the inherent restrictive param-
eters on load capacity and length were being exceeded, rules were adopted
limiting the overall load on two 4-wheel trucks to 263 000 b and the overall
length of cars to 89 ft, 4 in. over the end sills for use in interchange ser-
vice [12].

At present, the railroads stand in a situation reminiscent of that which
existed prior to the introduction of controlled cooling. The industry needs a
solution for the present rail service experience which appears to be in a pat-
tern of accelerating deterioration. Since it probably is unrealistic to believe
that present wheel loadings will be reduced, it would seem that the possible
choices involve the acceptance of substantially higher maintenance costs,
certainly not a palatable solution to the railroads, or the expanded use and
further development of premium rail steels which might better handle the
contact loads involved without excessive plastic deformation and wear.
Some aspects of carbon and alloy higher strength steel rails and how they
have been and are being used in heavy service locations are offered under the
steelmaking and treating review presented later.

Rail Joints

Through the years, problems with rail joints somewhat paralleled those
associated with wear and plastic deformation. Head-web separations start-
ing primarily at the ends of the rails, cracks emanating from the bolt-
holes, particularly end holes, and end batter or local flow of the head metal
on each side of the joint took their toll on the rails in service. New rail
designs included more generous fillets to reduce stress and corrosion
oriented cracks; the first bolt-hole was drilled further from the end in new
rails; and end hardening at<sthe mill,.a logalized heat treatment of the metal
at the top of the railhead-asvdeeeliepdd: tryithe rail manufacturers, provided
more uniform wear acrosésbeltedjoints.

The prospect of elimination oflie bolted joint came with the joining of
rails by butt welding, which was initiated in the mid-1930s. The practice has
progressed to a point where some railroads install only continuously welded
rails (CWR) [13].

Generally, quarter-mile strings are produced in a weld plant by joining
individual rails of nominal 39 ft length by electric flash (resistance) or gas
pressure butt welding. These strings, after installation in track, may be
bolted together conventionally or joined by in-track thermite type weld-
ing [14].

The actual butt welding has not been without problems. In an effort to
minimize costs, rails ordered and produced to bolted rail standards are still
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adapted by the railroads to the welding operation. Problems associated with
straightness, and the inherent internal characteristics of the open-top type
of steel employed, particularly at the ends of the rails, complicate weld plant
operations, and appear to contribute in some degree to unsatisfactory in-
track experiences. However, neither the end straightness nor normal internal
steel conditions posed service problems in bolted track applications down
through the years. A brief discussion of open-top ingot steel characteristics
and a comparison with other modes of rail steel casting is presented herein,
and rail straightness is treated toward the end of the paper.

Economics

It would not be proper to leave this portion of the paper without mention
of the depressed railroad economic atmosphere under which current dam-
aging rail service problems developed. Obviously, rails and rail joints need
to be supported properly on a well-maintained roadbed if a reasonable
service life is to be expected under the stresses applied by modern motive power
and rolling stock. Frankly, deferred roadbed maintenance programs, such as
those which have been a way of life for some time on many North American
railroads, have resulted in less-than-desired rail support in many cases. Con-
sequently, much of the rail population operates in a highly detrimental stress
environment induced by overloading and enhanced by lack of proper sup-
port. Rail life shortened by abnormal wear, deformation, bending, and
fatigue type failures is to be expected. In cases where curtailed rail renewal
programs have necessitated keeping worn rails in service longer than normal,
the chances of rail failure in fatigue and derailments are greatly enhanced.

For decades, the rail manufacturers have been faced with a widely fluc-
tuating but generally depressed rail market, which certainly is not conducive
to capital investments in new production facilities. With no inference that a
valid comparison exXists, it is interesting to note that, in contrast to the earlier
mentioned number of 69 mills in the United States engaged in the produc-
tion of rails in 1874, there are in North America today only seven mills pro-
ducing rails, and historically they have not enjoyed year-round, rail-
producing schedules.

The rail-manufacturing industry has generally met the needs of the rail-
roads. It has produced rails to changing section designs, from steels pro-
duced by the latest processes; developed controlled cooling and end hard-
ening at the mills, to respectively eliminate transverse fissure from shatter
crack type failures, and resist end batter; provided heat-treated and alloy
rails to resist service developments; and, where equipment was available or
could economically be installed, provided from certain plants, rails from
vacuum degassed steel, continuously cast steel, and rails that have been
rotary straightened. Rails produced utilizing these and perhaps other tech-
nological improvements can be expected if and when new facilities become
economically feasible at the rail-producing mills.
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Rail Steelmaking, Heat Treatment, and Finishing

Steelmaking

At the turn of the 20th century, the acid-Bessemer process was the prin-
cipal method of melting steel for rails. Molten blast furnace pig iron was
converted to liquid steel by blowing cold air through the bottom of the
Bessemer converter. Sufficient heat was generated in the vessel by the
chemical oxidation of silicon, manganese, and carbon. In 1907, over 3.5
million ingot tons of steel rails were produced in the United States, practi-
cally all by the Bessemer process[/5). The acid-Bessemer produced satisfactory
steel from pig iron that was low in phosphorous and high in manganese and
silicon. Despite the high-grade ore available in the United States from the
Mesabi Range, the acid-Bessemer process declined and has been abandoned
since 1967 as a source of raw steel production [/5].

The basic open hearth process rapidly supplanted the Bessemer steel-
making process. In 1910, almost half of the 3.5 million ingot tons of rail steel
was produced in open hearths [/5]. The increased yield of finished steel from
pig iron, economical use of more scrap and iron of phosphorous contents
higher than the Bessemer could utilize were important factors that made the
basic open hearth the leading steelmaking process in this country. At its peak
in 1955, almost 105 million tons of ingots were produced in the United States
by this method [/6].

Until recently, electric arc furnaces were utilized chiefly for the production
of alloy steels. Electric furnace production of carbon steels has increased
because of the relatively low investment cost and the ability to produce
quality steels without a source of hot metal. One U.S. rail producer is using
this steelmaking practice to produce ingots for rolling into rails.

During the past quarter century, the outstanding development in steel-
making technology has been the increasing use of manufactured oxygen.
Oxygen of high purity is now used a$ an integral tool in basic open hearth
and basic electric steelmaking processes and as the foundation for the
bottom blown open hearth and basic oxygen furnace steelmaking processes.
In the United States and in one Canadian plant producing rails, the basic
oxygen process is carried out in a tapered basic lined vessel. The oxygen jet
equipment for top blowing consists of a tubular water-cooled retractable
lance kept in a vertical position above the bath. For bottom blowing in the
vessel, or in open hearths as exists in one rail-producing Canadian plant, the
multiple oxygen jet tuyeres are each designed with two concentric pipes; the
outer carries the hydrocarbon and the inner the high-purity oxygen.
Impinging on the surface of the liquid bath or rising as bubbles through the
bath, the oxygen immediately starts reactions leading to the formation of
iron oxide, part of which disperses rapidly through the bath. Carbon
monoxide is evolved which gives rise to a vigorous stirring action and
accelerates the refining process. A major advantage of the basic oxygen
process is its flexibility in handling raw materials which cover a wide range
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of types and compositions. The production of heats at regular, compar-
atively short intervals is an advantage of the basic oxygen process when it is
used to supply molten steel for the continuous casting process. The basic
oxygen process does not possess the flexibility of the open hearth or electric
furnace processes with regard to the amount of scrap that can be charged
and melted. However, steel which has been made by the basic oxygen
process is quite similar, chemically and metallurgically, to basic open hearth
steel of the same grade. The greater portion of present day rail production in
North America is from basic oxygen steel.

All rail steel produced in the United States today is cast into big-end-
down, open-top molds, whereas, in Canada, a large proportion of con-
tinuously cast bloom steel is employed in rail production.

Ingot molds are usually tapered from the top to the bottom of the mold to
facilitate stripping of the ingot. The taper gives rise to the two principal types
of molds: big end down and big end up. As the mold is being filled with
molten steel, the metal next to the mold walls and mold stool is chilled by
contact with the cooler surfaces. The liquid steel solidifies at the walls and
bottom of the mold and shrinks as it solidifies, leaving a shrinkage cavity, or
pipe, located in the upper portion of the ingot. In open-top, big-end-down
killed steel ingots poured without a hot top, the practice commonly used in
making ingot rail steel in North America, primary pipe is ordinarily
discarded. Under some conditions, another shrinkage cavity, known as
secondary pipe, may form in the ingot below, but not connected with, the
primary pipe. Due to its nature, secondary pipe normally welds in rolling.

The phenomenon of selective freezing associated with the solidification of
steel causes segregation, with resultant chemical composition and mechan-
ical property nonuniformity. Segregation of varying degrees is found in all
types of steel ingots. The manner in which these conditions weld together
during reduction by rolling, along with the amount of segregation involved,
determines the degree of segregation pattern, porosity, or pipe in the finished
product after discards are removed. The potential for these internal prob-
lems is greatest in the top cut or “A” rails of open-top ingots.

Hot topping provides a reservoir of molten steel over and above the
normally cast ingot body, in a position to feed the ingot as the cooling and
shrinkage takes place. The remaining porous hot-top portion is discarded,
leaving a more sound ingot body. _

Changing from open-top to hot-topped ingots for rails would require
capital expenditure for major changes in mill facilities to handle the variety
of hot top settings and the increased time of heating in the ingot soaking pits.
In some cases, the soaking pits used in heating rail ingots do not have the
necessary height to accommodate taller hot-topped ingots.

Among the more significant changes in steelmaking technology stands the
introduction of the continuous casting process. This process comprises the
direct solidification of liquid steel into a solid bloom which is continuously
extracted from the casting machine and cut into required lengths. Con-
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tinuous casting eliminates from the conventional production sequence the
following steps: the pouring of the liquid steel into molds, the stripping of
the molds off the solidified ingot, the reheating of the ingots in soaking pits,
the rolling of the ingots to bloom form, and the cutting of the blooms to the
required length.

The continuous casting process has been applied successfully to bloom
production for carbon steel rails, and is now considered a standard
production method throughout most of the world. The faster and more
uniform bloom cooling rates which occur during solidification with this
process, as compared to ingot production, greatly reduce the occurrence of
macrosegregation, and minimize the occurrence of pipe. Consequently, these
benefits are seen at the rail welding plants, where the problems which have
been associated traditionally with “A” rails are not encountered.

Currently, changes in rail specifications to accommodate continuously
cast steel are under consideration. These would include adjustments in the
areas of chemistry, testing, and rail identification requirements.

Rail Steel Composition

The chemical composition of rail steel has been revised repeatedly over the
years. Advancing wheel loads and speeds have dictated the need for a more
abrasion- and flow-resistant rail steel. Since increasing the carbon content is
the most economical method of increasing the strength of the rail steel to
resist these particular service developments, the current AREA specification
requires that the chemical composition shall be within the limits shown in
Table 1. However, specified carbon contents higher than the 0.82 percent
shown for heavy rails in both the AREA and ASTM A 1 specifications
could result in undesirable metallurgical and mechanical properties in
the rail steel.

Since the previously discussed service problems of railhead abrasion,
plastic deformation, shelling, crushing, and corrugation have resulted in
high rail maintenance and replacement costs to the railroads, the rail
producers have responded to counter them in a variety of ways. The broad

TABLE 1—Chemical composition—tee rails.4

Nominal Weight, 1b/yd

Constituents,

% 70/80 81/90 91/120 121 and Over
Carbon 0.55 to 0.68 0.64 to 0.77 0.67 to 0.80 0.69 to 0.82
Manganese 0.60 to 0.90 0.60 to 0.90 0.70 to 1.00 0.70 to 1.00
Phosphorus, max 0.04 0.04 0.04 0.04
Sulphur, max 0.05 0.05 0.05 0.05
Silicon 0.10 to 0.25 0.10 to 0.25 0.10 to 0.25 0.10 to 0.25

4Courtesy of the American Railway Engineering Association.
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approach has been to increase the level of hardness and the yield and tensile
strengths of the rail steels available, while retaining a fine pearlitic structure.
This has been accomplished through alloying of the rail steel, and heat
treating the entire rail or only the head of conventional carbon steel rails.

As early as 1949, trial chemistries based on alloying the normal AREA
composition primarily with chromium were introduced and installed in track
[17]. In these early trials, various problems were encountered, and it was not
until the last decade that volume production and installation of alloyed rails
was successfully achieved.

At the present time, premium rails are being produced from four alloyed
rail steel compositions in North America. These are high silicon, inter-
mediate manganese, manganese-vanadium, and chromium steel rails. Gen-
erally speaking, these steels exhibit improvements in yield and tensile
strengths in the range of 15 to 35 percent over standard carbon rail steel.

It is of interest to note that the development of alloy rail steels in Europe
has reached the same general level, with the approaches there being based on
chromium and manganese as the main alloying elements. Subsidiary addi-
tions of molybdenum, vanadium, or silicon are used by some rail producers.

There is a high level of interest in alloy rail development at this time.
However, it appears that further development of properties using this route
might well be limited by metallurgical phenomena, such as microsegre-
gation, which are inherent in ingot steel. In this context, it is probable that
research will be directed toward trials using continuously cast steel.

Heat-Treated Rails

Heat treating of conventional carbon steel rails offers another metallurgi-
cal route to improved rail steel mechanical properties. Two major products
have been developed: a rail with the head hardened using induction heating
and air quenching, and a fully heat-treated, oil-quenched, and tempered rail.
Both products have been established for a significant number of years and
have realized definite improvements in track performance [/7] which have
also justified the higher costs involved. The heat-treated rails have offered a
major advantage over alloyed rails, that of ease of welding, both in butt-
welding at weld plants and repair welding in the field. In addition,
improvements to yield and ultimate strengths over standard carbon rail steel
are in the range 40 to 55 percent.

It may be said that significant improvements in resistance to wear and to
crushing, plastic flow, and shelling have been achieved using both heat-
treated and alloy rails. Indeed, a number of railroads now use these higher
strength rails as standard practice on curves meeting particular radius and
annual traffic density criteria.

Hydrogen Control

Earlier in this presentation, one successful solution to the problem of
transverse fissures from shatter cracks or flakes was briefly noted. Addi-
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tional coverage appears warranted since processes other than that of
controlled cooling of the rails, which is defined in the AREA and ASTM
A 1 rail specifications [/8], can be applied successfully to cope with the
hydrogen-induced flakes in rails.

One of several theories on the formation of flakes in steel holds that
hydrogen atoms diffuse out of solution in the steel toward nuclei, such as
inclusions, where they combine to form the molecular gas, the pressure of
which subsequently causes a small rupture called a flake or shatter crack.
Controlled or retarded cooling of the rolled rails allows the elemental
hydrogen to diffuse out of the steel before it collects to form the gas. The
amount of gas retained that could possibly produce flaking is dependent
upon the section size of the rail, the chemistry, and the rate of cooling.
Adding certain alloying elements to the steel increases the susceptibility to
flaking for a given hydrogen content and must be compensated for by
modifying the cooling cycle.

Proper cooling of rail steel blooms prior to reheating for rolling into rails
may be practiced, particularly where the blooming and rail rolling oper-
ations are discontinuous, or continuously cast blooms are adapted for latter
processing into rails as is done to some extent in Canada.

Another approach to reducing the susceptibility of steel to shatter
cracking is to lower the hydrogen content of the liquid steel to a harmless
level, generally considered to be three parts per million or less, by exposing
the steel to a low-pressure atmosphere created by vacuum treatment.
Vacuum treatment of rail steel is also advantageous from a chemical analysis
viewpoint. Greater uniformity of chemistry from the front to the back of the
heat of steel appears to result from the mixing action that takes place during
vacuum treatment. However, only one rail mill in North America is
equipped to vacuum degas rail steel on a production basis.

Rail Straightness

Straightness is the last rail production feature to be discussed in this
review. While roller straightening of rails has been practiced for more than
50 years in Europe and for a similar or lesser time in other parts of the world,
it is only in North America that gagging is still the primary method of
straightening heavy section rails. One of the seven rail mills has been rotary
straightening for several years; another is in the process of total conversion;
and a third is utilizing the method to a major degree.

The quality of new rail straightness demanded by the railroads, especially
for continuously welded track applications, has made this aspect of the
product as essential as correct profile, chemical composition, and mechan-
ical strength. Decreasing tolerances on straightness and the increasing
weight and strength of rail sections has made it more and more difficult to
produce rails with acceptable line, surface, and end straightness character-
istics by the gag straightening method. Consequently, the practice of sight
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lining and incrementally pressing into alignment any distorted areas in either
plane of the as-rolled rail is, where economically feasible, being replaced by
roller machine straightening.

The roller straightener is a machine with two banks of rolls, one above the
other and offset by a half pitch. One bank, which may be three, four, or five
rolls in the case of rail straighteners, is driven continuously, and the piece to
be straightened passes through the machine between the banks of rolls. Rail
roller straightener installations in recent years have consisted of two
machines, usually in tandem, the first working the rail in the major axis, and
the second, or lighter machine, working the minor axis. This provides an
excellent method for removing handling and cooling distortions common in
both planes of the as-rolled rails.

In some instances, it is necessary to gag or press straighten localized mis-
alignments not totally removed by the rotary processing. Generally speak-
ing, roller or rotary straightening as it is often called offers smooth, uniform-
finished rail alignment beyond that normally attainable with gag straight-
ening.

Summary

The story of these developments has been one of cooperation between
producer and user, with change and experimentation coming as a result of
definition and analysis of field problems. The need for further progress on
rail development is well recognized, and this area will be one of considerable
interest in the coming years.

The struggle of the North American tee rail to survive in an unfavorable
stress environment, even with the help of technological production and use
improvements, has been traced through growth and troublesome periods in
railroading in this historical and descriptive account. Some of the problems
facing the rail-producing industry have also been noted.

How we got where we are appears to be quite evident. Hopefully, the
technical papers to follow will establish exactly where we are and indicate
where we should be going in the effort to find economic aid for the railroad
rail.
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Annual gains in the carrying capacity of railroad freight cars, an unbroken
upward trend for the past fifty years, have been especially pronounced in
recent years. In 1975, the average capacity of new freight cars was 89 tons,
compared with a 62 ton average for cars retired [/].3 This increase in loads
combined with increasing train speeds, and in some cases changing main-
tenance practices, have placed new and severe demands on the existing rail
steels.

Railroad rail is called upon to support and guide rapidly moving vehicles
in such a fashion that the cargo, be it merchandise or people, is not
inordinately distressed in transit. Thus, the serviceability of rail is a
reflection of how well rail meets these needs by resisting structural failure
and excessive wear. In order for the service offered to be economically
viable, the rail must retain an adequately high level of serviceability for a
long enough period of time to return the original investment costs.

*QOriginal experimental data were measured in U. S. customary units.
IDirector—Metallurgy, Association of American Railroads, Technical Center, Chicago, Il

2Metallurgist, Department of Transportation, Transportation System Center, Cambridge,
Mass. 02142.

3The italic numbers in brackets refer to the list of references appended to this paper.
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Serviceability Requirements and Performance

The ultimate limit on serviceability is structural integrity. Although most
rail removed from service in the United States is removed because of
excessive wear, those very wear limits have been selected and imposed to
avoid the increasing risk of fracture, loss of gage control, or excessive
dynamic loads (as caused by corrugations) likely to result from further wear.
Indeed, because the macroscopic crack growth rate in most metals responds
to approximately the fourth power of stress, relatively small decreases in
section modulus can result in very large increases in crack growth rate. On
the other hand, modest wear may be something of an advantage, since rails
with moderate wear have been reported to exhibit a lower defect* occurrence
rate [2,3].

The ability of the rail to resist both wear and fracture depends upon its
mechanical properties, and it has become the lot of the metallurgist to
attempt to provide a steel of satisfactory strength and toughness at a price
which the user is willing to pay and the producer finds compensatory.
Because of the sometimes conflicting demands for fracture resistance versus
wear resistance, the first problem can be to define what mechanical
properties or characteristics shall be considered in the effort to optimize
serviceability. However, before entering into a discussion of how mechanical
properties and characteristics can influence serviceability, the environment
in which the rail must function should be described briefly.

Through the years, freight train speeds and train tonnage have increased,
with the average train length remaining at approximately 70 cars since 1969.
Although both speed and length influence the forces imposed upon the rail,
perhaps the factor which has given engineers the most concern is the increase
in wheel loads without a corresponding increase in wheel diameter. These
trends reflected as average loaded car capacity are illustrated in Fig. 1.

Early studies by Thomas and Hoersch [4] and subsequent work by Code
[5] and Frocht [6] revealed that, as wheel loads exceed 700 lb/in. of
diameter, one may expect increasing plastic flow of the rail running surface
with an ensuing increased likelihood of shelling type failures. A second way
in which increased wheel loads can damage rail is through the progressive
deterioration of the rail support structure (that is, ties, ballast, and subgrade)
with ensuing increases in flexure stresses induced into rail. Although wheel
loads have increased, Way [7] has pointed out effectively that the predictions
of dire consequences have not yet completely come to pass.

An examination of rail failure statistics over the last ten years will reveal
several interesting trends. The detail fractures has been selected for con-
sideration because it is most likely to be influenced by increases in the

“The term “defect,” most often used in conjunction with a descriptive adjective such as
transverse, etc., historically has been used in the railroad industry to categorize service-induced
fatigue separations of the metal in rails and should not be construed to mean inherent imperfec-
tions in the steel.

5A transverse fatigue crack progressing from the corner of the railhead.
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FIG. 1—Increase in freight car capacity from 1929 to 1975 [1].

wheel/ rail contact stresses and also represents one of the most potentially
dangerous defects. Using figures compiled by the Sperry Rail Service for the
years 1965 through 1975, Curve (a) in Fig. 2 illustrates that the total number
of detail fractures rose up to 1969 after which the number of defects
remained essentially constant through 1975. From 1965 through 1969, the
number of track miles tested remained constant within 2000 miles, after
which the miles inspected has been rising fairly steadily. Figure 2 Curve (b)
shows the number of detail fractures normalized for ton miles of traffic and
average car capacity. Sperry [8] attributes the increase in the 1960s to both
“increasing effectiveness of test systems (primarily in the rail end region) and
increasing incidence of defects resulting primarily from heavier tonnage and
axle loading.” The overall decrease (for all defects) following 1970 is
attributed to “more frequent inspection of certain main line areas rather than
any significant improvement of rail conditions in North America.” Inter-
estingly, when the data are normalized for ton miles and car capacity, that is,
more heavier cars, the trend of defect occurrence prior to 1970 is still
upward, suggesting a nonlinear relationship between damage and wheel load
or the progressive accumulation of roadbed damage which in turn con-
tributes to rail damage, although detail fractures should perhaps be less
influenced by rail support conditions during their initiation than other types
of defects. If the reduction in detail fracture defect rate which has occurred
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after 1970 is indeed caused by more frequent inspection of main line areas,
then perhaps it might be assumed that a substantial number of detail
fractures might have been expected on branch lines.

A somewhat different view of the consequence of the rail failure problem
can be gained by an examination of reported accident statistics attributed to
broken rails. Figure 3 Curve (a) shows the ratio of reported main line
accidents per 10! ton miles which occurred between 1967 and 1974, adjusted
for inflation using the Federal Railroad Administration (FRA) inflation
index. Although somewhat irregular between 1969 and 1974, the overall
trend is upward. If the number of reported accidents is adjusted for system
utilization (ton miles) and wheel load (car capacity), the basic trend upward
still persists as shown in Fig. 3 Curve (b). Unfortunately, it is not possible to
distinguish the influence of those transverse defects caused primarily by
wheel/ rail contact stresses on train accidents becr..se, until 1975, causes due



STONE AND STEELE ON PERFORMANCE OF RAILROAD RAILS 25

®
®

-1 0.400

RATIO (ACCIDENTS/1011TON MILES)

20

] 0.300

RATIO OF ACCIDENTS/1011 TM/TONS OF CAPICITY

10 i 1 1 1 1 i
67 68 69 70 71 72 73 7
YEAR
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to transverse defects, under which detail type fractures would fall, were
lumped into the “other causes” category. Nevertheless, the data do suggest
that a rail failure problem does still exist although its exact causal
relationship with wheel loads remains subject to the need for better defi-
nition.

At this point, it will be fruitful to see how the mechanical properties of rail
steel influence the failure behavior of rail. The shelling-type defect which can
turn transversely into the detail fracture is perhaps the best-studied illus-
tration. The contact-induced shear stresses which develop within the rail-
head cause plastic deformation which, under the influence of many wheel
passages, leads to work hardening of the upper portion of the railhead such
that eventually the stress reversals become essentially elastic, and further
plastic flow becomes minimal.

The shelling-type flaw develops well below the region of maximum shear
stress and maximum hardness as is illustrated in Fig. 4 [10]. This region has
been shown to be characterized by stresses which have been caused by the
cold working of the railhead [9]. These residual stresses probably also
contribute to the generation of other head defects such as horizontal and
vertical split heads.
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of rail in rolling load type tests.

The rate of fatigue damage accumulation would be reduced in the region
of maximum shear stress (~2.5 to 5§ mm (~0.1 to 0.2 in.) beneath the
running surface) if work hardening is allowed to progress and concomitantly
the region at that depth sees compressive residual stress at least in the
longitudinal and transverse directions (Fig. 4). Consider that the normal
tensile fatigue endurance strength of rail steel is near 410 MPa (60 ksi) [11],
implying a shear fatigue endurance strength near 205 MPa (30 ksi).
Presuming that the endurance strength increases due to cold work in about
the same proportion as the increase in ultimate tensile [/2], the shear
endurance strength at ~2.5 to 5 mm (~0.1 to 0.2 in.) depth of the rail shown
in Fig. 4 would rise to ~275 MPa (240 ksi). By reference to Fig. 5 showing
the octahedral shear stress as a function of wheel load, wheel loads as low
as 45 kN (10 000 1b) would cause some damage within the region of maxi-
mum shear stress [13). But if the residual stresses, predominantly compres-
sive at 2.5 to 5 mm (0.1 to 0.2 in.) depth, are factored into the calculation of
octahedral shear stress (see Appendix I), the value of octahedral shear at
~90 N (~20 000 Ib) wheel load would be found to drop to ~160 kN
(~36 000 1b)—under the endurance limit; indeed, wheel loads as high as 25
tons (50 000 1b) (33-in.-diameter wheel) would be expected to cause little
fatigue damage in the region of maximum shear.
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FIG. 5— Maximum compressive, octahedral shear, and alternating traverse shear stress in a
rail for new 33-in.-diameter wheel and rail having 10-in. crown radius [12].

However, the region beneath the cold-worked layer can see a substantial
vertical tensile stress of perhaps as high as 40 percent of the tensile fatigue
endurance strength [9]. Considering that endurance strength is actually a
statistical distribution as shown in the modified Goodman diagram of Fig. 6,
the tensile residual stresses can increase the likelihood of fatigue crack
initiation. Indeed the benefit of using stronger rail can be seen by the upward
and rightward displacement of the endurance life line. A second advantage
of harder rail is that its use will reduce the cyclic plastic flow as reflected in
the depths of the peak hardnesses (compare Figs. 4 and 7), thereby delaying
the occurrence of adverse residual stresses beneath the cold-worked region.
Modest vertical wear of the rail will permit the residual stress pattern to
move downward gradually so that a volume of metal originally in the
residual tensile stress field will come under the influence of compressive
stresses, and the rate of accumulation of fatigue damage will diminish.

At this point, it would be well to consider the distribution of loads that
occur today in U.S. freight service. Figure 8 illustrates the distribution of
wheel/rail vertical loads observed experimentally on a main line trans-
continental railroad for Class I track. Note that, even with today’s train
consists (including six -axle locomotives), the 50 percent exceedance level
occurred at only 45 kN (10 000 1b) wheel loads, and 133 kN (30 000 1b) wheel
loads constituted only approximately 10 percent of the exceedances.
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Material Behavior

Oding et al [14] have taken test specimens from the region just below the
running surface of rails after different service periods and report that yield
and fatigue endurance strenths tend to increase out to 300-million gross tons
(metric). Elongation and toughness deteriorate somewhat as might be
expected under the influence of cold working. However, as 500 million gross
tons is approached, the endurance strength drops somewhat, accompanied
by a slight decrease in yield strength. The fatigue strength behavior is shown
in Fig. 9. The drops in endurance strength and yield are consistent with the
observations of Gervais and McQueen [/6] that a cycle softening-like
behavior occurred during cyclic indentation testing of a low-carbon ferrite:
pearlite steel at 10’ cycles of loading. The soft region appearing at a depth
near 0.25 to 0.5 mm (0.010 to 0.020 in.) in Fig. 4 may be a reflection of this
same cycle softening-type behavior, although it could also be an effect of
surface decarburization.

Lempitskii et al [/7] have summarized the results of Soviet work to
improve the resistance of rail to contact zone fatigue. Figure 10 illustrates
the fact that, for various pearlitic hardness levels, the resistance to fatigue
defects peaks at a hardness of 380 Brinell. The relationship between fatigue
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resistance and ultimate tensile strenth is more variable, but generally the
stronger the steel, the better its fatigue resistance with hardened rails, both
those of conventional composition and those with chromium additions,
exhibiting better fatigue resistance, while vacuum-treated rail fell below the
norm.

In recent years, information has become available about the fracture
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FIG. 10— Resistance of rails to the development of fatigue defects in the contact zone plotted
against tensile strength and hardness (tonnage ratio reflects the relative merit of different steels
in comparison to standard rail steels) [16).
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toughness and fatigue crack growth behavior of rail steels. Although
difficulties remain in the use of this type of information to predict explicitly
the growth behavior of cracks in actual rails, it can nevertheless be used to
provide useful insight into the growth process. An example of this is
presented in Appendix II for the case of a transversely oriented crack of
radius 5 mm (0.2 in.) embedded within a railhead at an origin depth of 10
mm (0.4 in.) growing under pure opening mode stresses (Mode I) induced by
vertical flexure. Wheel loads from 111 kN (25 000 Ib) (20 percent exceed-
ance) to 222 kN (50 000 1b) (0.1 percent exceedance) and peak residual tensile
stresses up to 172 MPa (25 ksi) are treated. The crack growth behavior at
stress ratios R = g_:f’ix 2 -1 can be described by the expression
dajdN = 5638 X 10° AK®
(1 - R) Kic - AK

where
da/dN = crack growth rate

min = maximum stress

max = minimum stress, and

AK = alternating stress intensity factor,
as found by Carter et al [/8] for wheel steels and is a close approximation of
the upper limit of crack growth behavior for rail steels as shown in Fig. 11.
When R > -1, the crack growth is expected to respond to only the tensile
portion of the stress cycles (that is, R=0). Finally, incorporating the
variation of threshold, which is ~8/ MN-m*? (~7 ksi \/i_E) at R = 0[20], with
stress ratio, R, in the fashion found applicable by Cooke and Beevers [20]
for British rail steel, that is

I>R>-1 R=0

AKprespors = BKiprepors (1= R)

where the constant y = 1, the results shown in Fig. 12 are obtained. Simply,
they show that, except at both very high wheel loads (which have a low
occurrence rate) and at very high longitudinal residual tensile stress (which
are not that likely), the crack growth rate at small cracks under pure Mode |
loading is quite low, and, in fact, at longitudinal residual stresses less than
83 MPa (12 ksi), even 222 kN (50 000 1b) wheel loads would yield negligible
crack growth at 5 mm (0.2 in.) radius. Indeed, since both the residual stress
and the bending stress diminish as crack front moves downward toward the
web, the growth rate probably will remain reasonably low, and one must
look to factors other than pure opening Mode I stresses such as the shear
stresses or local bending stresses within the railhead to promote growth.

As has been implied several times in these discussions, wear behavior can
have both direct and indirect effects upon the stress within the rail, and
therefore is a factor of prime importance in assessing the serviceability of
rail. Figure 13 is an illustration of rather extreme curve wear and illustrates
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how gage control can be lost and stresses significantly increased. Numerous
papers have appeared which focus attention on wheel rail wear [27-31].
Recently, work by Kalousek [2] has shown that rail wear generates both
spherical and abrasive wear particles. The spherical particles are considered
to be the result of a fatigue-dominated wear mechanism. Although it is
generally observed that harder (that is, stronger) materials provide better
wear resistance, there are some data [32], as shown in Fig. 14, to show that
wear resistance is not a single valued function of hardness but can depend
upon both composition and heat treatment independently of hardness.
Although better wear resistance is generally associated with greater
hardness, the exact functional relationship of wear to mechanical properties
will depend upon the operative mechanism of wear. If wear is considered a
microfatigue process [15], the approach outlined in Appendix III can be
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used to show that wear rate, R, could be related to several fatigue pa-
rameters through the expression

i@

where
P = mean pressure dependent upon the cyclic yield strength, that
is, 2.6 o'y,
p* = reflects the increase in effectlve pressure due to the application
of shearing loads,
W = applied load,
h = height at the enclave in which fatigue wear is occurring,
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p’r = pressure equivalent of the cyclic fracture stress, that is, ~2.6
o', and
Ibl = absolute value of the slope of the log-log stress:life plot.

Thus, the cyclic mechanical characteristics of the material oy, oy, and |5l
can influence wear rate, recognizing the fact that these characteristics can be
altered as the surface undergoes changes during the wear process. For
instance, cold working will tend to increase p, reduce [bl, and leave p/ little
changed; these changes will reduce the wear rate. On the other hand, after
the surface has worked hardened, cyclic softing could occur in some metals
and alloys, allowing somewhat of a reduction in p, that is, J; and a possible
increase in wear rate. Rail steels are shown [/9] to exhibit cyclic softening.
Different wear modes, depending upon magnitude of the loads, could be
treated by considering that the height of the wear enclave, A, probably is a
complex function of load, W, so that the term W-h probably should better be
represented as W¥ where g will vary with the mode of wear and possibly
with the type of microstructure as is implied by the result shown in Fig. 15.

The performance requirements have to a great extent led to the develop-
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ment of the rail steels presently used. Therefore, in order to strike a reason-
able balance between wear resistance and structural strength at acceptable
cost, fully pearlitic steels are used with compositions as shown in Table 1, for
the manufacture of rails (ASTM Specification for Carbon-Steel Rails
(A 1-68a)) [34]. The standard rails are used in the as-rolled condition which
produces a steel with the approximate mechanical properties shown in Table
2. However, response of rails to modern service conditions has created
problems with excessive wear and crack initiation in standard rails.

Effects of Composition

‘To meet the needs of these severe service conditions, two classes of
improved rails have been introduced. The first class includes rails which have
been strengthened through alloy additions. These include high-silicon,
intermediate-manganese, and chromium alloy rails. Typical compositions
and properties of these steels are given in Tables 1 and 2. The influence of
alloys on the mechanical properties of rails has been analyzed using multiple
regression analysis. Previously published data for 32 standard, high-silicon
and intermediate-manganese rails are used in the analysis [35-45]. The
results of the analysis show that the tensile strength, yield strength,
unnotched Charpy, and fatigue endurance limit are functions of the chemical
composition of as-rolled steels as shown in Table 3. Heller has derived a
similar equation of the tensile strength and ductility of as-rolled rails
containing chromium [47], and Gladman et al have developed equations
relating composition and microstructure to the tensile and impact properties
of medium-carbon steels used for rails in Europe [48]. Examination of the
equations shows that, while composition changes can increase strength,
ductility and impact resistance are decreased.

Effects of Microstructure

The second class of improved steels are heat-treated rails. Rail heat
treatments are similar to chromium and chromium-molybdenum alloy
additions in that strength is increased by producing a fine pearlite micro-
structure. Hyzak and Bernstein have shown that heat treating has the
advantage of being capable of producing a steel with both improved
toughness and strength [49]. This is due to the fact that strength is dependent
on the pearlite interlamellar spacing; decreasing the pearlite spacing in-
creases the strength, as seen in Fig. 16. Figure 17 shows that the fracture
toughness or impact strength is a function of prior austenite grain size. Since
pearlite spacing and austenite grain size may be controlled independently,
the strength and toughness may be optimized independently through
heat treatment. A comparison of the fracture toughness properties of
standard, alloy, and heat-treated rail shows the improved fracture behavior
of heat-treated steels [50] (Table 2).
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TABLE 2— Typical mechanical properties of rail steels used in North America at 21°C (75° F).

Dynamic Fracture
0.2% Yield Strength? Tensile Strength? Elongation,? Toughnessb

Rail ksi MPa ksi MPa % ksiVin, MN-m™>?
Standard 69.9 4819 1359 937.0 9.5 26.0 28.6
High silicon  70.8 4882  137.0 944.6 10.3 19.0 20.9
Intermediate

manganese  76.2 525.5 133.4 920.1 13.5 27.0 29.7
Chromium 94.9 654.1 161.6 1114.0 92 19.0 209
Heat-treated  126.1. 8694 176.9 1219.7 95 340 37.4

4Tests performed with 0.505-in. (12.8-mm) diameter specimens.
Tests performed with precracked Charpy bars,

Effect of Hydrogen

Rail steels are also subject to shatter cracking associated with high
hydrogen contents (>3 parts per million) [46]. However, studies by Cramer
and his co-workers, who confirmed the connection between hydrogen and
shatter cracks, showed that cracking could be suppressed by slow cooling
(controlled cooling) between 370 and 150°C (700 and 300°F) as seen in Fig.
18 [51-55]. More recently, Heller et al [46] have shown that various rail
grades have different degrees of susceptibility to flake formation. Investiga-
tions were made to establish the critical hydrogen contents, above which
flakes are formed. These investigations revealed that sensitivity to hydrogen
increases with an increasing manganese-carbon ratio, as seen in Fig. 19.
Higher sulfur contents reduce susceptibility to the formation of flakes
(Fig. 20). A chromium-manganese special grade is less sensitive to flaking

TABLE 3—Regression equations for predicting mechanical properties of
non-heat-treated rail steels at 70° F.

Pearlitic rail steels

Tensile strength, psi 72 750 + 63 324 (%C) + 11 935
(%Mn) + 20 206 (%Si)

Yield strength, psi 38 766 + 34 580 (%,C) + 8234
(%Mn) + 12 453 (%S1)

Un-notch Charpy, fi-lb 299 -365 (%C) + 103 (%Mn)

Endurance limit, psi 48 528 + 9523 (%C) + 3366
(%Mn) + 10 037 (%S1)

Brinell hardness 113 + 162 (%C) + 34 (%Mn) +
38 (%S1)

Chromium rail steels [46]
Tensile strength, psi 34 185+ 116 175 (%C) + 16 664
(%Mn) + 10 254 (%Si) + 10 592
(%Cr) + 81 619 (%P)

Conversion factors—
1 psi = 1.6894 Pa
1 ft-lb = 1.355 N-m
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than standard carbon rails in spite of having a higher tensile strength.
Hydrogen effusion does not differ between the pearlitic grades.

Where higher hydrogen contents lead -to flaking, these occur predom-
inantly in segregation lines. Accordingly, the tendency of the various rail
steels to form flakes is governed mainly by the content of alloying and
accompanying elements in the segregation and, particularly in rails of high
carbon and manganese contents, leads to a transformation of the segregation
lines to martensite. ‘

Tension tests confirmed the influence of the alloying elements on the
hydrogen embrittlement of the pearlitic structure. In the standard tension
test, the degree of hydrogen embrittlement increases with increasing man-
ganese contents, and in the multiaxial state of stress of the notched-bar
tension test, it increases with higher manganese and chromium contents.
Carbon has no effect on hydrogen embrittlement [46].

Conclusion

The continuously increasing service demands placed on the presently used
pearlitic steels, which have been developed over the past 75 years, are
approaching the limits of the rail’s ability to act as an effective part of the
track structure. The ability of rail to meet the serviceability demands placed
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upon it has been shown to depend upon a number of mechanical properties
and characteristics, some of which can undergo alteration as the rail is
subjected to use. In spite of much improved knowledge of the mechanical
properties, reliable quantitative predictions of rail service behavior are
difficult to make. As a result, the amount of research directed at rail steels
and rail behavior has increased rapidly over the past five years. In this
respect, this paper is intended to provide a background for the following
papers by giving the context in which current rail research is performed.

APPENDIX 1

For a 84.5 kN (19 000 1b) wheel load, the maximum shear stress occurs at a depth
of approximately 2.8 mm (0.11 in.). The calculated contact induced stresses acting
in the x, y, and z directions at that point are approximately [56]

0= —240 MPa (35 ksi)
0, =—207 MPa (=30 ksi)
0. = —965 MPa (—140 ksi)

Based on Office for Research and Experiments (ORE) results [9], the residual stresses
at that level could be

oxR = +69 MPa (+10 ksi)
ok =~ —207 MPa (=30 ksi)
o.R = —90 MPa (—13 ksi)

Superimposing these stresses upon the contact stresses and solving for the octahedral
shear stress (7o) using

Toct = 1/3 [(ox - 0_")2 + (0_1' - 02)2 + (0: = oi')z]l/z
one finds that
T, = 248 MPa (36 ksi)

which would be somewhat less than the estimated shear endurance strength of
approximately 275 MPa (40 ksi).

APPENDIX 11

A transverse crack fully embedded within the head of a rail can be approximately
represented by a penny-shaped crack embedded within an infinite solid for which
the stress intensity range is given by

AK=113A0+/a

The stress range, Ao, can be estimated approximately for the theory for a beam on
an elastic foundation. With the lower crack front at a depth of 15 mm (0.6 in.)
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(10 mm (0.4 in.) depth at origin and @ = 5 mm (0.2 in.)), the maximum nominal bend-
ing tensile stress and the stress ranges, Ao, at the crack tip depth are given below:

Wheel Load, Maximum Tensile Stress,
kN (kips) MPa (ksi) Ao, MPa (ksi)
111 (25) 15.2(2.2) 108.3 (15.7)
178 (40) 24.1 (3.5) 173.1 (25.1)
222 (50) 30.3 4.9 217.9 (31.6)

If no residual stresses are present, the stress ratio, R, will be much less than R = | so
that only the maximum tensile stress can be considered to drive the crack (R = 0).
For a 222-kN (50-kip) wheel load, the stress intensity will be

AK = (1.13) (30.3 MPa) 1/0.005 m = 2.4 MN-m

which is less than the threshold of 8 MN.m™? (7 ksi v/in.) at R = 0. Thus, without
residual tensile stress present, all wheel loads less than ~710 kN (~160 kips) will fail

to produce sufficient stress intensity to drive a crack of 5 mm (0.2 in.) radius above
the threshold level.

In order to incorporate residual stress into the analysis, one must recognize that
the residual stress pattern within the railhead will redistribute as the crack enlarges.
For simplicity, it will be assumed that a crack originates at that point of peak residual
stress at a depth of 10 mm (0.4 in.), and, as it grows downward, the residual stress
diminishes linearly to zero at the bottom of the head as shown conceptually in
Fig. 21. For each load of peak residual stress, a new stress ratio is calculated by

\QRAIL PROFILE/

T—— —

z

S

% TENSION RESIDUAL STRESS

(2]

S oe— TE;
~——NSION BENDING STRESS

o —
2 f ~
23]
-4
5 . /

S
s’\@

z ‘\G

e \\\\‘

o L

9 <

] ‘)&&3

E

3 P

FIG. 21—Location of residual and bending stresses in the railhead.
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adding the residual stress at @ = 5 mm to the peak bending stress at that point, that is

Omin + Oresidual
R=——

Omax + Oresidual
Where R 22 —1 the crack growth rate can be calculated from the expression

da _5.638 X 10”° AK’
dN (1-R) Ki.-AaK

whenever AK exceeds the threshold which is calculated from
- R=0
AKll;c’s?old] = AKpreshold (1 - R)
=7(-R

Values of da/dN for a range of wheel loads and tensile residual stress levels are
tabulated below:

dajdN for Three Tensile and Residual
Stress Levels, m/cycle (in./cycle)

Wheel Load
kN (kips) 103 MPa (15 ksi) 138 MPa (20 ksi) 172 MPa (25 ksi)
111 (25) 1.5 X 107°(5.9 X 107 2.0 X 107°(8.0 X 107 2.6 X 107°(10.3 X 107
178 (40) 43X 10°(169 X 10 56X 10°(22.3 X 107 7.1 X 107°(28.3 X 107
222 (50) 73X 10°28.6 X 107" 95X 10°(37.3X 107" 11.8 X 107°(46.8 X 10°%)

APPENDIX III

Some Russian research [56] has suggested that there is a fatigue aspect of wear
which combines with adhesion to cause metal transfer on a macroscopic scale. A
fatigue model of wear may be developed which predicts behavior consistent with
observed behavior by merging concepts of metal contact at rubbing surfaces with
a Manson-Coffin view of fatigue. .

If wear were to be considered a fatigue process, the wear rate, R, could be con-
sidered directly proportional to the area of contact at the asperities, A4, and inversely
proportional to the number of cycles, Ny, necessary to achieve the amount of fatigue
damage within an enclave near the surface needed to remove metal from the surface,
that is

R= A-h/Nf

where A is the depth of the enclave in which the fatigue damage will occur. The units
of R are volume/cycle which is reasonable. Now the area of contact depends upon
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both the load, W, and the mean pressure, P, which can develop within asperities

[57] as

A=W/p
thus

R = W-h/pNs

The mean pressure, B, is thought to be virtually independent of load, W, having a
value dependent on the yield strength. If the surface is rough and loads relatively
light, one may hypothesize that asperity contact behavior resembles the metal flow
problem of a punch where the thickness-to-width ratio is near unity; in this case,
the yield pressure, J, is approximately equivalent to the yield strength [58]. On the
other hand, when the surface is smoother (after wear in) or the loads higher or both,
the situation could resemble that of the flat punch where the thickness-to-width ratio
approaches 10 or more; here, p would be approximately 2.6 times the yield strength
[33]. Thus, the value of 5 may depend upon the conditions of the surface and the
loading.

Shear forces applied to the interface have been shown [59] to have a large effect
upon the effective pressure, p*, which develops, that is

p* = /ﬁ2+a2s2

where « is reported to have a value of about 10 [59], and s is the applied shear stress.
The effect of the shear stresses is to increase the contact area and the effective
fatigue stress at the interface.

Considering the increase in area first, if the contact area without shear stress is

A=W[p

then the area with shear stress due to the increase in effective pressure, p*, might be

represented as
n
A= wm('l’.—)
P

Based on reported data (where a = 10), if the shear stresses approach the mean
pressure, p (which is a function of yield strength), the contact area will increase by
a factor of three; thus, the power term, m, should be 4. Basically, the ratio 1/
[(P/p*)™] is an amplification factor reflecting the increase in applied effective
pressure over the yield pressure.

Now, returning to fatigue aspect, Morrow [60] noted that applied stress. g,’, and
the cycles to failure, Nf, could be related through the equation

o'y = o’r(2Np)b

where o is the cyclic fracture stress and b is the slope on a plot of log g, iplotted
versus log 2Nr. However, the value of b is related to the cyclic plastic stress-strain
curve through the expression

b=TF 57



46

RAIL STEELS—DEVELOPMENTS, PROCESSING, AND USE

where ' is the slope of the log-log cyclic stress-strain line. Given that 0.’ can be con-
sidered to be p*, then

ik
p*
=1/ —
Nr=1]2 (o',)

where b < 0. Substituting into the expression for R. one finds that

= 2 W'tL”z(Et)lhl
r Py
()Y
b

where p’r is the pressure equivalent of o7
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DISCUSSION

Pierre Vicens' (written discussion)—The development of new steel grades
capable of better resistance to the repeated stresses undergone by the rail in
service may only lead to an interesting approach of the fatigue problems if it
has first been endeavored to eliminate the incidental defects which are
detrimental to the performance of the currently used steel grade.

The research studies conducted by Societe Nationale des Chemins de Fer
Francais (SNCF), Steel Industry, and the Iron and Steel Research Institute
(IRSID) revealed that the fatigue failures in railhead (transverse fissure and
horizontal fissure as shown in Figs. 22 and 23) were due to internal
heterogeneities, either flakes or nonmetallic inclusions. The elongated
manganese silicates or silicoaluminates revealed themselves as especially
harmful due to the notch effect at their end; as concerns a standard grade rail
steel as per UIC specification, the fatigue limit under alternating torsion may
be as low as 12 to 14 kg/square mm, whereas the normal fatigue limit of this
grade is 18 to 20 kg/square mm.

The advantage of a nondestructive process allowing the detection of these
heterogeneities on all the rails prior to track laying seemed obvious, and
therefore IRSID has developed the RALUS process for the continuous
ultrasonic testing of railtheads.

Briefly, this testing method involves the detection of heterogeneities in the
upper part of the railhead, through a 20 mm deep layer (Fig. 24). In fact,
the fatigue defects that are to be avoided are located in this zone. The probe
is applied on railhead side. It includes two slightly skewed crystals, coupled
by means of a water column. The flaw echoes are recorded on a strip chart,
the winding of which is controlled by the motion of the rail, shown in Figs.
25 and 26.

For the calibration of the equipment, IRSID has studied the records
corresponding to 140 rails removed from the track: 77 rails presented a good
behavior and 63 rails revealed poor behavior. Thus, six rail classes have been

Ingenieur en chef adjoint, Metallurgie Qualite, Sacilor, France.
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F1G. 22— Transverse fissure.
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FIG. 23— Horizontal fissure.
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FIG. 24— RALUS inspected zone.

defined according to the number and to the height of the peaks above a given
threshold. Ninety-six percent of the good rails were included in the first three
classes, and 84 percent of the bad rails were included in the last three classes
(Table 4).

In order to ascertain the validity of RALUS process, the SNCF proceeded
in 1963 to the laying of rails pertaining to the various classes. The test sites
were the following:

The Track No. 1 of the Paris-Lyon line between Blaisy and Dijon:
traffic of 70 000 gross tons per day
speed of 120 km/h
slope 8 mm/m
rocky platform
The so-called Grande-Ceinture track near Paris:
traffic of 75 000 gross tons per day
speed of 80 km/h
slope 0
backfilling platform

The axle loads are in general higher on the Grande-Ceinture track, but the
dynamical overloads are higher on Blaisy track. The results obtained are
shown in Table 5 which proves the validity of the developed criterion.

Since 1966, the rail testing according to RALUS process has been applied
in the steel works producing rails for SNCF. The continuous ultrasonic
testing of each rail has permitted:

1. Easier study of the parameters having an influence on rail steel inter-

nal soundness.

2. Development of the manufacturing methods leading to the best indus-

trial results.

3. Control of the uniformity of production quality.

4. Rejection of bad rails (Class 5) liable to present a short life.

5. Putting aside the poor quality rails (Class 4) in order to use them for

subsidiary tracks.
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FIG. 25-——-RALUS apparatus.
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FIG. 26—RALUS record.

6. Since 1971, the best rails, of Classes 0 and 1, which are specially sorted
for a laying on main tracks.

Based on the accurate statistical data that SNCF has available in the very
comprehensive file pertaining to the life of rails in service, it is possible to
define on the diagram shown in Fig. 27 the influence of these actions on rail
removal.

In 1974, testing was improved. The main changes are as follows:

1. Extension of the scanned zone to 30 to 5 mm (Fig. 28) under the sur-
face, for two reasons. Previously, hydrogen flakes were not all re-
vealed, as shown in Fig. 29. According to the studies of Office for
Research and Experiments (ORE) C 53 Committee, the possible
increases in the axle loads are liable to shift inwards toward the zone
where the fatigue defects appear.

2. Introduction of a double accounting of the defects. The RALUS ac-
counting system is maintained for Classes 3, 4, and 5, but a second
accounting system of the defects has been introduced to take into
account a threshold lower than RALUS accounting threshold. Over
this threshold, the length and not the number of defects is taken into
account (Fig. 30). This is intended with a view to facilitate the quality
level of production; in fact, following the improvement in quality,
resulting from the fact that the Bessemer converter was replaced by
Kaldo and oxygen low pressure (OLP) oxygen processes in 1972,
the threshold defined for the RALUS no longer permitted a suf-
ficiently accurate sorting. A recently installed comprehensive auto-
matized system is shown in Fig. 31.
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TABLE 4 —RALUS classes

Height
Number of Echos,
Class of Echos mm
0 1
1 <3 <10
2 >3 <10
3 <3 >10
4 >3 >10
5 >6 >20
Good Rails Bad Rails
Class in Track, % in Track, %
0 96 16
1 96 16
2 96 16
3 4 84
4 4 84
5 4 84

After nearly ten years experience with the continuous ultrasonic testing of
the rails, we believe that this process is a very powerful tool which deserves a
great interest, either for the knowledge of manufacturing processes and of
the parameters having an action on inclusions and flake appearance, or for
continuously obtaining a very good behavior of the rails with regard to
fatigue in service.

D. H. Stone and R. K. Steele (authors’ closure)—The RALUS technique
is an effective demonstration of the difference in approach to the problem of
hydrogen cracking by the Europeans who do not control cool rails. Mr.
Vicens’ data indicate that, since 1966, this method has been as effective as

TABLE 5— Track trials.

Blaisy Grande Ceinture

(tonnage carried: 273 million) (tonnage carried: 318 million)

Ralus Rails Removed Rails Removed
Class Rails Laid % Rails Laid %
0 786 23 2.9 145 4 2.8
1 739 41 5.5 165 6 3.6
316 62 19.6 96 8 8.3
144 11 7.6

& W

56 21 375




DISCUSSION ON PERFORMANCE OF RAILROAD RAILS 55

N/g* T

40

35

Rolling Mill:

10 SACILOR HAYANGE

25

20

o—d
1974
5 Removat during year

0
1958 59 60 6f 62 63 64 65 66 67 68 69 70 71 72 75 1 7‘1
Rolling during year

FIG. 27—SNCF tracks.

control cooling. The authors believe that the RALUS technique might
reduce the number of rail failures due to its ability to detect harmful
nonmetallics.

Herbert Schmedders® (written discussion)—Let me make some comments
about quality characteristics of railroad rails under consideration of modern
metallurgy in western Europe, especially West Germany.

The increasing traffic volume in connection with the economic growth of
the industrialized nations of western Europe after the Second World War

FIG. 28—New inspected zone.

2Manager of Quality Control, August Thyssen-Hutte Aktiengesellschaft, Duisburg, West
Germany.
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FIG. 29— Hydrogen flakes.

could only be accomplished by the railroad companies by means of
operational and technical improvements, which meant an increased demand
on railroad tracks and roadbeds, particularly on rails themselves.

In this connection, I should point out the increased speed of passenger
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ECHO HEIGHT

class n* 3-4-5 for subsidiary track
TRESHOLD n:1

RALUS TRESHOLD

TRESHOLD n®2

class = 0-1 for main track

FIG. 30—New U.S. Classes.

trains of up to 100 mph and freight trains of up to 80 mph, the higher axle
loads of up to 24 net tons, the more frequent interval of individual trains, the
electrification of all main tracks, and the continuous welded rail versus the
old joint bar connection method.

The increased loads shortened the lifetime of the rails. In order to improve
that lifetime on main tracks, the rail sections were increased from 50 to 60
kg/m (100 to 120 1b/yd), and tensile strengths of the rails were improved
from 100.000 to 128.000 psi, according to the UIC 860-V specifications.
Besides the tensile strength, the rail quality to achieve trouble-free usage had
to be further determined by avoiding shatter cracks and coarse inclusions.

Sufficiently high tensile strength values simultaneously incorporate a high
(crushing and) yield strength, and at the same time provide a high resistance
to fatigue cracks. They reduce the wear on the outer rail in curves (Fig. 32)
and create resistance to head flow on the curved inner rail (Fig. 33).

Shatter cracks (Fig. 34) or coarse nonmetallic inclusions or both (Fig. 35)
can lead to transverse or horizontal fissures or vertical split heads (Fig. 36),
also called “dark spots.” Both the aforementioned failures are to be
considered severe safety hazards to rail traffic.

To eliminate shatter cracks, steel mills in the United States invented the
controlled cooling of the rail. This method assures effusion of the hydrogen
to a noncritical degree prior to reaching a temperature range critical to the
development of flake formation. The disadvantage of the controlled cooling
is the stalling in the production flow and a loss in tensile properties of about
5.000 psi compared to noncontrolled cooled rails.

Increasingly, the vacuum degassing of the liquid steel, thus reducing the
hydrogen to a noncritical degree with regards to the formation of shatter
cracks, becomes more popular in modern rail steel production. Predomi-
nantly, the Duisburg-Hamborn degassing process has become common
practice in the Federal Republic of Germany. The advantage of this
computerized vacuum degassing is to control and record all criteria deter-
mining the final hydrogen content.
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FIG. 31—New ultrasonic apparatus.
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FIG. 32—Abrasive wear of the railhead.

In maintaining a very low pressure of less than | torr in the vacuum
degassing unit for a certain period of time, a very low and noncritical
residual hydrogen content level of less than 2.5 ppm is achieved, even in
cases with fairly high initial hydrogen levels such as 6 ppm (Fig. 37).

By means of adequate pouring practice, a renewed increase in the

FIG. 33— Rail with head flowed to side.
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shatfer crack flake in the fracture- test

FIG. 34—Shatter crack in the railhead.

FIG. 35—Inclusion content polished section of the railhead.
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horizontal fatigue transverse
crack fissure

FIG. 36— Fissure in the railheads.

hydrogen level is prevented. Rails, produced from such vacuum degassed
steel, can be cooled conventionally without developing flakes. Steps sub-
sequent in the production process are in direct relation in determining the
limit of the hydrogen content, above which flaking could possibly occur. The
production standards in Germany limit the hydrogen content to 3.5 ppm for
the UIC Quality Grade A. For the high wear resistant quality developed by
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FIG. 37—Hydrogen removal during degassing.
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the August Thyssen Mill, the so-called THS 11 rail quality — with 0.7
percent carbon, 10 percent manganese, 1.0 percent chromium, and 0.1
percent vanadium and a tensile strength exceeding 1100 N/square mm
= 156.000 psi, the comparable value would be 3.00 ppm.

The degree of purity of the steel concerning nonmetallic inclusions is in
direct relation with its oxygen content, that is, low oxygen means a good
degree of purity. The vacuum degassing is also efficient in achieving very low
oxygen levels, regardless of the oxygen contents in the steel prior to the
vacuum degassing operations. After completing the degassing process,
oxygen contents of 0.002 to 0.008 percent are achieved in the steel, which
then has a degree of purity similar to ball bearing quality steel (Fig. 38).

Since 1963, steel for high-strength rail steels with a minimum tensile
strength of 128.000 psi has been produced, utilizing the vacuum degassing
method. Approximately 2.5 million tons of rails have been produced
accordingly, which were supplied largely to the German Federal Railroad
and other federal railroad companies worldwide. All these rails have an
excellent performance record, withstanding extreme loads even under poor
service conditions. None of these rails developed cracks, which could be
attributable to fissures originating from flakes or nonmetallic inclusions.

D. H. Stone and R. K. Steele (authors’ closure)—The authors agree with
Dr. Schmedders that vacuum degassing is an effective process for the
elimination of hydrogen-induced cracking.
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FIG. 38— Removal of oxygen during degassing.
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Rail Wear Under Heavy Traffic
Conditions™*

REFERENCE: Kalousek, J. and Bethune, A. E., “Rail Wear Under Heavy Traffic
Conditions,” Rail Steels— Developments, Processing, and Use, ASTM STP 644,
D. H. Stone and G. G. Knupp, Eds., American Society for Testing and Materials,
1978, pp. 63-79.

ABSTRACT: The life of rail in curves under heavy traffic densities and loads is gov-
erned either by rail failures or wear. Basic forms of rail wear including rail gage face
wear and surface fatigue forms of wear are described and illustrated by metallograph-
ical and scanning electron micrographs. The influence of improved rail metallurgical
properties and lubrication on wear reduction is discussed. Potential savings arising
from the usage of rail with improved metallurgy are estimated.

KEY WORDS: steels, railroad tracks, wear, metallurg);, lubrication

Modern railroads are striving to improve the productivity of their plant by
increasing track utilization and employing cars of increasingly greater
capacity. In view of these trends, improving or in many instances even
maintaining rail service life is a challenging engineering problem.

Rails are replaced either due to rail failures or wear. Wear, as one of the
major causes for rail replacement, is responsible for a significant portion of
railway maintenance expenditures. The potential savings which may be
realized from a better understanding of wear mechanisms are quite sig-
nificant.

Rail wear has been studied extensively in the past [/-3]’ and more recently
has enjoyed renewed interest [4,5]. This paper is intended to present some
observations of typical rail wear experienced on Canadian Pacific (CP) rail
and the conclusions which have been derived from these observations.
Although recognizing that there are also substantial safety risks and
expenditures associated with rail failures, it is our intention to confine our
remarks solely to rail wear.

*QOriginal experimental data were measured in U.S. customary units.

'Presently, associated research officer, National Research Council of Canada, Vancouver,
B.C., Canada; formerly, research engineer, Technical Research, Canadian Pacific Limited,
Research Department, Montreal, Que., Canada.

2Assistant director, Technical Research, Canadian Pacific Limited, Research Department,
Montreal, Que., Canada.

3The italic numbers in brackets refer to the list of references appended to this paper.
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Basic Forms of Rail Wear

CP rail carries in excess of 30 million gross tons annually on approxi-
mately 195 miles of trackage with varying degrees of curvature. While
standard carbon rail has a life of approximately 600 million gross tons in
tangent track, rail life in curves is reduced on the average to 120 million gross
tons due to severe forms of rail wear.

Rail wear can quite broadly be categorized into two types, fatigue and
adhesive wear. Both types of wear are apparent on rails removed from
service on CP rail in areas of high traffic density and high axle loads.

At the end of the service life on curved trackage, the outer rail is severely
worn on the gage side and is shelled or spalled at the gage corner of the
running surface. More likely than not, the rail is also corrugated with long
wavelength type corrugations. The inner rail in curves usually experiences
substantial plastic flow of metal toward the field side; the surface of the rail
is flaked across almost the full width of the railhead, and again the rail is
often corrugated. Figure | depicts the various types of damage which may be
observed on rails deleted from service. Flaking, shelling (referred to as
checking by some railroads), and spalling are fatigue forms of wear. Gage
face wear and a portion of surface wear on the outer rail are predominantly
adhesive forms of wear. Delamination and some abrasive types of wear are
also present. Let us examine these types of wear more closely beginning with
adhesive gage face wear on the outer rail

Gage Face Wear

Figure 2a shows the lateral components of tread forces acting in the
wheel/rail interface under saturated creep in curves of 2 deg or more. The
tread forces give rise to forces active between the wheel flange and the gage

LUBRICANT AND PLASTIC FLOW AND
WEAR RESIDUES SURFACE FATIGUE SHELLING
FLAKING : :
SPALLING 3
“...% SURFACE
***FATIGUE 3,22,?'"‘;
CRACKS .

TYPICAL INNER (LOW SIDE) TYPICAL OUTER (HIGH SIDE)
RAIL WEAR RAIL WEAR

FIG. 1—Wear of rails in curves under heavy traffic conditions.
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FIG. 2—(a) Lateral tread and flange forces. (b) Sliding trajectories and forces in wheel/
flange rail interface.

face of the rail. On the leading wheel sets, the horizontal component of the
flange force is equal to the sum of the products of the vertical loads and
friction coefficients in each of the wheel/rail interfaces.

Figure 2b depicts the sliding trajectories of flange asperities and the friction
forces in the wheel flange/rail interface. As the wheel moves from Positions 1
to VII, a point (B) on the whee! flange follows the trajectory of an extended
cycloid and contacts the rail between Points 3 and 5 if the angle of attack is
equal to zero. Although not shown in this figure, the angle of attack is the
angle between the vertical plane of the wheel and the vertical plane of the rail
at the point of contact. With a positive angle of attack, such as on leading
wheel sets of trucks, the zone of flange contact B precedes that of the vertical
contact A. In these circumstances, a point (B") on the wheel flange would
follow the trajectory between Points 3’ and 5. A scanning electron micro-
graph (SEM) of a trace of such a trajectory on the gage side of the rail is
shown in Fig. 3. An increase in the angle of attack results in an increase in
sliding distances, sliding velocities, and higher wear rates.

Apart from the effect of the magnitude of lateral loads and the amount of
sliding (that is, amount of lateral and vertical creep), lubrication and rail
metallurgy also have a pronounced effect on gage face wear.
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FIG. 3—SEM of a scar left by wheel asperity on the gage side of a rail. Scale mark indicates
100 pm.

Effect of Lubrication on Gage Face Wear

If the wheel flange/rail interface is not lubricated, a severe form of wear
referred to as gouging appears on curves with high axle loads and heavy traffic
densities. Railroaders also refer to this type of severe wear as snowflaking,
because the large number of wear particles generated which fall on ties and
tie plates appear to resemble snow. Some of these particles may be very
coarse approximately 2 mm across (0.08 in.), but on the average they are
approximately 0.1 mm (0.004 in.) across as illustrated in the scanning
electron micrograph of particles collected from a nonlubricated outer rail
(Fig. 4). If the gage corner of the outer rail is slightly shelled or spalled,
numerous and rather large metal flakes about 1 cm (0.40 in.) across may also
be found.

The liberal use of lubrication significantly reduces gage face wear rates.
Wear particles formed under lubricated conditions are generated in reduced
quantities. In addition, their shape and the process by which they are
generated changes. A large number of these particles resemble ice floes as
shown in Fig. 5, and their formation can be attributed to delamination [6].



KALOUSEK AND BETHUNE ON RAIL WEAR 67

FIG. 4—SEM of wear particles generated in an unlubricated wheel flange/rail interface.
Scale mark indicates 100 um.

These particles were extracted from scrapings collected at the bottom edge of
the gage side of an outer rail.

Effect of Metallurgy on Gage Face Wear

The effect of rail metallurgy on gage face wear and the general service
performance of rails may be evaluated best by a test in which two rails are
placed end to end in a curve. The outcome of such a test, performed by CP
on carbon and chromium rail, is shown in Fig. 6. The standard carbon rail¢
had an average hardness of 265 Brinell hardness number (BHN), while the
chromium rail’> had an average hardness of 315 BHN. On the outer rail,
standard carbon rail gage face wear was almost twice that of the chromium
rail. In the illustration shown in Fig. 6, 3.8 cm? (0.59 in.2) of outer standard
carbon rail gage face area has been worn away, and 0.25 cm? (0.04 in.2) of
material has been displaced due to plastic flow. The comparative chrome rail
has worn by 2.1 cm? (0.32 in.2) on its gage face and suffered a displacement

40.80 percent carbon, 0.93 percent manganese, 0.030 percent sulfur, 0.012 percent phos-
phorus, 0.14 percent silicon,

50.83 percent carbon, 0.51 percent manganese, 0.022 percent sulfur, 0.008 percent phos-
phorus, 0.30 percent silicon, 1.20 percent chromium.
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FI1G. 5—SEM of ice floe like wear particles. Scale mark indicates 100 um.

of 0.19 cm? (0.03 in.?) due to plastic flow. At the present time, we are not able
to predict wear behavior of rail materials reliably.

Need for Wear Prediction Formula

In the real world, prediction of actual wear rates for the high rail is very
difficult, due to the complexity and multidisciplinary nature of the wear
processes involved.

Several wear formulas have been noted while reviewing technical lit-
erature [7,8] which attempt to predict gage face wear rates; however, their
applicability under heavy traffic conditions is questionable. Railroads, at
present, have need for a formula similar to the widely used American
Railway Engineering Association (AREA) wear formula for tangent track
[3] to provide a reliable prediction of wear rates on outer rails. Such a
formula, including the effect of lubrication and rail metallurgy, might take
the following form

CnlL

V= — y
sin v H

where

=
I

volumetric wear,
L/sin v = flange force (force perpendicular to wheel flange/rail
interface),

|
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CARBON RAILS
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t / — INDICATES AREA OF GAUGE FACE WEAR

F1G. 6--Ten-degree curve rail wear profiles..

17 = mean value of lateral and vertical creep (increases with
angle of attack),

= angle specified in Fig. 25,

metal hardness,

= coefficient dependent upon the type and amount of lubri-
cant in the wheel/rail interface, and

a = exponent expressing the nonlinear effect of rail hardness

on wear rate.

O
|

Coefficient C and Exponent a will have to be statistically determined from
service data. To collect such data on any single railroad is difficult, since not
all rails with different types of rail metallurgy are available to a single
railroad company. Many railroads are optimistic that the Facility for
Accelerated Service Testing (FAST) will contribute significantly to the
generation of such data. It should be pointed out that this formula could not
be used exclusively for gage face wear, as it would also include the effect of
fatigue (shelling, spalling) wear on the life of an outer rail in curves. In fact,
under heavy wheel loads, at high traffic densities, shelling, spalling, flaking,
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and plastic flow of railhead material have become the predominant cause of
premature rail replacement.

Forms of Surface Fatigue Wear

Surface fatigue is the second type of wear to be discussed in this
presentation. Figures 7 and 8 show transverse cross-sectional micrographs of
an inner rail flake and outer rail shelling, respectively. The flaking and slight
shelling are being formed as the result of the presence of fatigue cracks. Once
cracks have initiated, remaining rail life (at least in the case of the inner rail)
becomes dependent upon the rate of crack growth. Uncontrolled growth of
fatigue cracks leads to the early development of long wavelength rail
corrugations. The relationship between contact fatigue and the initiation and
deepening of long wavelength rail corrugations has been discussed in detail
[9]. Presently, rail grinding is the most widespread technique used by
railroads to control the growth of long wavelength rail corrugations.
However, it is being acknowledged by an increasing number of railroaders
that improved rail metallurgy and lubrication practices can alleviate long
wavelength rail corrugation difficulties [10,11].

The initiation of fatigue cracks such as those shown in Figs. 7 and 8 and
the origin of fatigue cracks in general have been given considerable attention
in recent scientific literature. One source of fatigue crack initiation on rails is
small seams or subsurface chains of nonmetallic aluminum oxide, silicates,
or other type of inclusions [/2].

Even without the presence of the seams or inclusions in the rail, fatigue
cracks may still initiate. Many theories have been developed to describe
crack initiation processes (see, for example, the review by Plumbridge and
Ryder [13]). One plausible explanation for fatigue crack initiation involves
the dislocation theory [/4]. During work hardening, also referred to as strain
hardening, dislocations accumulate mainly at the grain boundaries. This
accumulation will eventually create intercrystalline voids or microcracks
which may develop in the subsurface layer of the rail. These microcracks can
grow into macrocracks which merge with other cracks and reach the surface
of the rail [/5].

Effect of Rail Strength on Work Hardening of Rail Material

Rail yield strength has an appreciable effect on the nature of work
hardening. Wheel/rail lateral tread forces (Fig. 2a) extrude the material
above the cracks toward the center of the curve and form flakes on the inner
rail or head checks and shelly spots on the outer rail. Due to the action of the
passage of wheel flanges on the outer rail, flattened metal fragments
generated at head checks and shelly spots are approximately 1 cm (0.4 in.)
across. On the other hand, flakes formed on the inner rail can be quite large,
several centimetres (1 to 2 in.) wide and tens of centimetres (4 to 8 in.) long.
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In the following, the metal fragments originating from head checks and
shelly spots will be referred to as “shellings.” These should not be mistaken
for “shells” or horizontal split heads originating from cracks which develop
1/4 in. or more below the running surface of the rail

The material in flakes and shellings is heavily work hardened by passing
wheel sets, until the ductility reserve of the rail material is exhausted. During
this process, the yield stress of metal gradually increases until it equals the
ultimate tensile stress and the flakes or shellings become brittle. Rail
materials with lower yield strength and hardness generally exhibit a greater
degree of work hardening, a thicker work-hardened layer, and deeper and
larger flakes and shellings. Rail materials with high yield strength and
hardness exhibit shallower fatigue cracks and less severe fatigue damage.
This may be attributed to a smaller difference between the yield and tensile
strength of high-strength rail steels as compared to standard carbon rail
steel.

Effect of Residual Stresses on Surface Fatigue

It is known that the least favorable period of operation of the rails with
respect to the formation of fatigue cracks is during the run-in period [16].
Initial strain hardening of the surface layer of rail metal proceeds very
rapidly, resulting in the development of substantial tensile stresses acting at
the plane of the interface between the work-hardened layer and the
nonhardened layer. Consequently, these stresses in conjunction with max-
imum shear stress due to external contact loading have a stress raising effect,
which promotes the creation of fatigue cracks.

Some of the as-manufactured rails may contain tensile residual stresses in
the top section of the railhead, which are usually maximum in the
longitudinal direction. If these tensile residual stresses are superimposed
upon the tensile stresses between the work and non-work-hardened layers,
even earlier development of subsurface cracks may result. The adverse
effects of tensile residual stresses on contact endurance has been observed,
for example, on gear teeth and races of ball bearings [/7].

By analogy with surface fatigue failures in other fields of engineering, it is
desirable to have a longitudinal compressive residual stress in the top por-
tion of the railhead to delay initiation of fatigue cracks. The beneficial effects
of compressive residual stresses may be attributed to, first, a reduction in the
value of the tensile stress between work-hardened and parent material layers.
Second, it may lead to increased resistance to the development of plastic
deformations in the work-hardened layer due to the Bauschinger effect [/8].
The Bauschinger effect is concerned with plastic deformation of materials in
the tensile compression loading cycle, during which the work hardening is
not completely isotropic. The consequence of this nonisotropy is that the
initiation of reverse deformation requires less stress [19]. Therefore, rail
containing a longitudinal residual tensile stress work hardens more rapidly
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due to the compressive nature of the imposed contact stresses than rail which
contains a compressive residual stress in the top section of the railhead due
to the manufacturing process.

Effect of Lubricant

The effect of a lubricant or lubricant residues on the growth of contact
fatigue cracks was first described by S. Way [20]. Pressure hydrodynamically
transmitted from the wheel/rail interface to the root of the crack via the
lubricant adds to the shear mode of crack propagations and aggravates
formation of head checks, shelly spots, and flaking of rails [9].

During the numerous track and rail inspections, the authors noticed a
difference between the flakes generated from lubricated track and unlub-
ricated track. The flakes from lubricated track are covered with grease
residues and are generally thicker and larger than the flakes from unlub-
ricated track. Flakes from unlubricated track are shiny and quite often have
a bluish tint.

Two representative flakes, one from an unlubricated, and the second from
a lubricated track, both originating from standard carbon rail, were polished
and etched with dilute nital solution. Plastic replicas were prepared for
electron microscopy (EM) examination. The results are shown in Figs. 9 and
10. In comparing these two figures, one may see that the pearlite lamellae in
a cubic element of unlubricated flake are more closely packed than in the
case of the lubricated flake. Providing the original pearlite lamellae spacing
was similar in both flakes, it may be concluded that the flake taken from
lubricated track is less severely work hardened than the flake from a
nonlubricated track. This is consistent with track observations. In addition,
one may observe in Fig. 9b the breaking up of the pearlite colony. This is
indicative of heavy strain hardening and possible overheating (between 500
and 600°C). We feel that the higher degree of work hardening of flake
material in conjunction with reduced crack frequency in unlubricated track
results in decreased loss of railhead material via flakes or shellings.

There are two significant implications suggested by the in-track and
metallographical observation of flakes. The effect of lubrication should be
taken into account by metallurgists when developing new rail materials. Rail
metallurgy which performs well under dry conditions may perform poorly
under lubricated conditions. Second, railroads must cope with a practical
dilemma which demands the labrication of the gage face of the outer rail
while at the same time maintaining the running surfaces of the rail free ot
lubricant.

In general, the lateral tread force in wheel/rail interface brings the maximum shear stress
closer to the interface. The higher the coefficient of friction, the smaller the distance between
wheel/rail interface and the location of maximum shear stress [2/}.
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(@) Surface of the flake.

(b) Transverse section of the flake.

(¢) Longitudinal section of the flake.

FIG. 9—EM replicas of inner rail flake from nonlubricated track. Scale mark indicates I1um.
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(a) Surface of the flake.
(b) Transverse section of the flake.
(¢) Longitudinal section of the flake..

FI1G. 10—EM replicas of inner rail flake from lubricated track. Scale mark indicates 1um.



KALOUSEK AND BETHUNE ON RAIL WEAR 77

Economic Considerations

To achieve increased rail life, the rail material must have increased
resistance to surface fatigue, adhesive wear, plastic flow, and brittle fracture.
The resistance of rail material to surface fatigue and adhesive wear is
increased by higher tensile strength and hardness. Plastic flow and brittle
fracture can be alleviated by increased yield strength and improved fracture
toughness, respectively. To satisfy these requirements simultaneously poses a
number of technical problems for the steel mills and will inevitably result in
higher costs.

It would take a detailed study to evaluate the full economic benefits of an
improved rail, but for purposes of illustration an order-of-magnitude
economic comparison of three types of rail is presented in Table 1. This table
is based on the assumptions of average rail life of carbon rail (2 years),
chromium rail (3.5 years), and advanced rail (6 years). A projected average
traffic density of 49.9 Tg (55 million gross tons)/annum and increased
percentage of heavy axle loads as compared to the period of 1969 to 1974
were used in the rail life estimates. .

We think it feasible that an advanced eutectoid steel rail with the specified
mechanical properties could be manufactured by means of heat treating,
alloying, or a combination of both at a reasonable cost. The cost of labor to
relay one kilometre (mile) of track was estimated at $6 215/km ($10 000/
mile). Under these assumptions, for 314 km (195 miles) of curved track,
the chromium rail presents, in a six-year period, potential savings of 13
million dollars, and advanced rail savings of 23 million dollars as compared
to standard carbon rail. Potential savings of this magnitude should be a

TABLE 1—Material and labor cost of rail replacement.

Type of Rail Carbon Chromium Advanced

Tensile strength

GPa 0.89 1.1 1.31 to 1.39

(ksi) (130) (160) (190 to 200)
Hardness, BHN 260 320 380 to 400
Fracture toughness

MPa Vm 28.6 19.8 33 to 38.5

(ksi Vin.) (26) (18) (30 to 35)
1976 posted price for rail steel

$/Mg 330 430 530

(3$/ton) (300) (390) (480)
Replacement factor for 6-year period 3 1.715 1

Cost of rail for 314 km (195 miles)
of track in 6-year period, millions

of dollars 40.8 30.2 21.8
Cost of labor to relay 314 km (195
miles) of track, millions of dollars 5.8 34 1.9

Total cost, millions of dollars 46.6 33.6 237
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significant incentive for railways to advance rail developmental and produc-
tion programs.

Conclusions

Some metallurgical and lubrication aspects of rail wear under heavy axle
loads and high traffic densities based on in-track observations and analysis
of specimens taken from service rails have been discussed.

As we come to know and better understand the nature of wear mech-
anisms experienced on rail under heavy traffic conditions, the areas in which
we must focus our attention become more defined. Improved rail metal-
lurgy, a better understanding of wheel/rail tribology, and the improved
knowledge of the effect residual stresses may have on rail life are areas that
clearly demand closer and continuing study.
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ABSTRACT: Many problems with rails can be attributed to the failure of the steel to
withstand the service environment. The successful selection of new and better mate-
rials depends upon accurate material evaluation. Realistic laboratory techniques
adopted at British Railways for studying material behavior are described in detail, and
various results for currently available rail steels are given. The future development of
rail steels based on these evaluation methods is discussed.
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In any developed railway system, the cost of replacing worn and defective
rails is a major economic burden. A fractured rail is a serious threat to the
safe operation of the railway [1].2 Selection of the optimum material for this
component is, therefore, of considerable importance. To be successful,
however, the material selection process must be based on an understanding
of the complex interrelationships between service environment and the
material properties.

The service stresses in a rail result from the forces imposed on it and range
from the essentially static residual and thermal stresses resulting from
manufacture and prestressing practice, respectively, to the high impact
forces that can occur as a result of wheel/rail contact at discontinuities in the
track or tires. The forces resulting from wheel/rail interaction are normally
the most significant. The magnitude of these depends on a number of factors
which include the vehicle unsprung mass, rail top profile, rail section, cant
and curvature, support conditions, axle load, vehicle speed, and wheel
profile.

The strains that the rail steel experiences depend on the magnitude of the
applied forces and also on the material response to them. The determination
of service strains and the assessment of a material’s ability to withstand them
are the important factors in any material selection process.

1Principle scientific officers, senior scientific officer, and senior principle scientific officer,
respectively, British Railways Board, Research and Development Division, The Railway

Technical Centre, Derby, England.
2The italic numbers in brackets refer to the list of references appended to this paper.
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This paper concentrates on the material property evaluation aspect of rail
steel development and the prediction of service performance. The methods
of assessment which have been adopted by British Railways (BR) in the last
few years are described.

Assessment Methods

Much of the available data on rail steel behavior has been produced in
full-scale tests or in-service experiments. While there are many advantages
associated with this type of approach, there are also serious drawbacks; the
effect of noncontrollable service variables on results, the problem of accurate
measurements, the long time scale involved, and high cost.

In recent years, there has been a general move in BR towards the greater
use of small-scale laboratory tests for the evaluation of material behavior. In
this approach, the service trial is reserved for the ultimate test. The following
review describes the laboratory tests now used to study both rail failure and
rail wear problems.

Rail Failures

The most important rail failures occurring on BR [/] are wheel burns, star
cracking at fishbolt holes, taches ovales, thermite weld failures, and failures
initiated at corrosion pits in the rail foot. The mechanisms associated with
each of these failure types normally involve fatigue crack initiation and
growth, followed by rapid fracture when the fatigue crack has reached a
critical size. In the case of wheel burn, the initial crack may also be caused by
back quenching. In order to understand the role of material properties in rail
failures, each of these phenomena need to be studied.

Fatigue Crack Initiation and Early Crack Growth—The most suitable
assessment method to use for studying crack initiation and the development
of small cracks in components is the “critical location approach” developed
by Morrow and Topper and their co-workers [2,3]. This technique relates
the behavior of a small element of material at a critical location in a
component to that of small, smooth laboratory specimens. The specimens
are subjected to an actual or representive service strain history.

In addition to comparing materials, this method may be used to predict
the life (in terms of the development of a small crack) of a component from a
knowledge of the local strains experienced in service at the critical location
and relevant material properties. A cycle counting method (rain flow) is used
to reduce the variable service strain record to cycles and reversals suitable for
use with a realistic fatigue life curve. A cumulative damage law is then
required to predict the life of the component. At BR, the Palmgren-Miner
rule has been adopted for this purpose. A schematic representation of this
approach is shown in Fig. 1. The basic material properties required in this
approach are: (@) cyclic stress-strain relationships and (b) fatigue life
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FIG. 1—Schematic representation of critical location approach.

relationships (both strain and stress life relationships are used, but the
parameter proposed by Smith et al [4] is also used if variable mean stresses
exist in the service record).

Cyclic stress-strain properties—Rails in service are subjected to random
loads, and therefore the material’s strain response to cyclic loading is
important. This information can be obtained from a cyclic stress-strain
curve. This has been defined as the locus of tips of the stable hysteresis loops
from completely reversed cyclic tests carried out at different strain ampli-
tudes.

There are several methods of determining this curve, but the one most
frequently employed is the incremental step test method in which just a
single smooth specimen is required [5]. The strain input to the specimen and
the resultant hysteresis loops are shown in Fig. 2. The test is performed in a
servohydraulic testing machine, and the strain inputs to the specimen are
supplied from an on-line tape recorder. Many rail steels have been tested in
this way, and some of the results are given in the paper by Dabell, Hill, and
Watson in this volume.?

Fatigue life curves—Fatigue crack initiation and growth result from
repeated plastic deformation. When comparing materials for components
which may develop fatigue cracks, therefore, it is pertinent to consider the
relationship between strain and life. This relationship can be evaluated by
carrying out constant amplitude, fully reversed fatigue tests using strain
control, or alternatively such curves can be predicted using the approach
first proposed by Morrow [6]. He defined four fatigue parameters, namely,
fatigue strength coefficient and exponent, o/ and b, respectively, and fatigue

3Dabell, B. J., Hill, S. J., and Watson, P., this publication, pp. 430-448,
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FIG. 2—Cyclic stress-strain curve using the incremental step method.

ductility coefficient and exponent, ¢’r and ¢, respectively. The relationship
between applied strain and life can be expressed mathematically by

% =€/ (2N)" + -‘1’-31(21\',)"

where
€ = total applied strain range,
Ny = cycles to failure, and

E = Young’s modulus of elasticity.
Thus only four fatigue parameters are required to predict a strain-life curve.
Subsequent work has shown that ¢’;, and o’r are equivalent to the mono-
tonic fracture ductility, ¢/, and fracture stress, oy, respectively [7], and the
two exponents are related to the cyclic strain hardening exponent, n’, which
is computed from a cyclic stress-strain curve. The relationships which are
most commonly used are those due to Morrow and Fettner [8] which are

Thus only two tests, a monotonic test and an incremental step test, are
required to predict fatigue life curves.

Strain life curves have been produced for a number of rail steels, and
typical examples are shown in Fig. 3. It can be seen from the results that,
over the entire life range, there are significant material differences. For
example, the fracture tough rail steel is superior to conventional BS11 in the
low-cycle region of the curve but appears to be slightly inferior in the high-
cycle (fatigue limit) regime. In addition, the austenitic manganese steel is
inferior to both the BS11 and fracture tough rail steels in the low cycle region
but has a much higher fatigue limit than either. This type of information is



84 RAIL STEELS—DEVELOPMENTS, PROCESSING, AND USE

&'=0.44| €<051
\ef’=089
© = CONVENTIONAL BS 1

N x = FRACTURE TOUGH RAIL STEEL

N_| e = LOW CARBON, AUSTENITIC
L MANGANESE STEEL

0.01 ‘.\_ ‘..\

S
B

Y
&\91“4.\\‘\
B~
. .
X

STRAIN AMPLITUDE

-~
T~ ..

0-001

10° 10! 102 10° 10¢ 10° 10° 107

REVERSALS TO FAILURE [2Nf)

FIG. 3—Strain life curves for some rail steels.

significant in material selection exercises. If high strains are known to occur
in service, then steels with high ductility will, in general, be preferred to high-
strength steels.

Strain life curves have also been produced for many experimental steels
with variations in carbon, silicon, and manganese [9]. This latter series of
tests was performed to obtain quantitative relationships between chemical
composition, microstructure, and mechanical properties, including the
fatigue parameters. These data have been used to predict fatigue curves
direct from chemical composition and are of value in assessing new materials
for rails.

Crack Growth—Subsequent to the development of a small crack, crack
growth can take place until the critical crack size for brittle fracture has been
achieved. The best method of quantifying this portion of the failure process
is the linear elastic fracture mechanics crack tip stress intensity factor (X)
approach first proposed by Paris [10].

Tests are carried out to determine crack growth rates as a function of AK
on notched specimens tested under load-controlled conditions. At BR, both
single-edge-notched and center-hole notched specimens are used, in either a
very high frequency vibraphore (Amsler) (frequency 150 to 200 Hz) or a
servohydraulic testing machine (frequency 0.1 to 50 Hz). Crack growth is
measured either continuously using an electric potential method or at
intervals optically.

Results for a number of rail steels using center-notched specimens are
shown in Fig. 4. In general, little difference is observed in the crack
propagation rates of these steels at similar levels. This implies that the
differences in life mentioned in the section on fatigue life curves are
determined by the initiation period. The figure shows the scatterband of the
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mean values of the da/dN to AK lines produced from an average of six tests
on ten rail steels. Overall differences are considered to be of secondary
importance and would in practice be masked by scatter of the individual
points.

Fracture Toughness—The resistance of a material to rapid crack growth,
which is initiated from a preexisting crack or similar defect, is usually
referred to as its fracture toughness. Using the principles of linear elastic
fracture mechanics, the fracture toughness of a material can be quantified by
the critical crack tip stress intensity factor [/, 12] which, for the crack
opening mode, is known as Ki.. Under conditions of limited crack tip plastic
deformation, K describes the magnitude of the crack tip stress field [13]. Its
value is related to the crack length, remote body loadings, and the geometry
of the body. Following the measurement of Ki- in a laboratory test, the
critical crack length for any given stress in a structure made of the same
material may be predicted. Thus, withdrawal criteria and in-service inspec-
tion requirements for cracked rails may be determined in a logical, quantita-
tive fashion.

Laboratory tests for determining Ki. are well documented {/2], and
proposed specifications are also available (ASTM Test for Plane-Strain
Fracture Toughness of Metallic Materials (E 399-74), [14]). However, in
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making laboratory determinations of K., proper cognizance must be taken of
the service environment to be experienced by the material. Ki- is not an
invariant material property. Its value is influenced by temperature and strain
rate [}5,16]. In addition, excessive plastic deformation occurring at the crack
tip may affect the determination of Ki- [/7,18].

When significant crack tip plastic deformation occurs, alternative meth-
ods to quantify fracture resistance may have to be considered. These
include modified forms of linear elastic fracture mechanics, crack opening
displacement, the J contour integral, and equivalent energy approach {19].
At BR, a modified linear elastic fracture mechanics procedure is used (K.),
but its limit of applicability, as with the other candidate nonlinear fracture
parameters, has yet to be fully understood. The value of K. is usually
influenced by the size of the body containing the crack (a constraint effect);
therefore, the specimen tested should simulate the service structure.

Fracture toughness tests should be conducted over the entire range of
operating rail temperatures and strain rates. On BR rail, temperatures range
from about —15 to 50°C and strain rates from 0 to about 2.5s™". The highest
strain rates and the highest stresses are associated with impact loading. This
type of loading is caused when the wheel loses contact with the rail running
surface, and this occurs most frequently as a result of wheel flats, wheel burn
depressions, and rail joints. This loading rate produces a stress intensifica-
tion rate (K) of 4 X 10* MN - m™"’s™ at the tip of a S-mm-deep surface
embedded crack originating at the running surface of the rail. If it is only
possible to perform a limited number of fracture toughness tests, it is
advisable to test at the lowest expected temperature and the highest strain
rate since a combination of these conditions will result in the lowest
operating fracture toughness.

Fracture toughness specimens used at BR range from the standard three-
point bend, single-edge-notch specimen machined from the head or web of
the rail section to a full rail section type specimen. The web specimen is
oriented at 45 deg so that crack propagation is in the same plane as that
occurring in service at this position in the section. The choice of specimen
depends upon the toughness of the rail steel being tested. Usually a small
specimen is tested first, but if failure is accompanied by significant crack tip
yielding, the full section specimens are used in subsequent tests. A K
calibration for the full section specimen has been developed at BR using a
finite element—energetic approach (Fig. 5). Small standard specimens are
tested in servohydraulic machines which generally provide adequate ram
displacement rates to cover the range of strain rates expected in service. To
achieve the necessary loading rates and fracture loads in the full section
specimen, a drop weight machine is used. This machine, which has been
described in detail elsewhere [20], consists of a 60-ton steel anvil resting on a
300-ton concrete foundation with tup guides providing a maximum drop
height of 9.2 m. The machine is built to take a maximum tup mass of 5
tons. A range of tups can be used, however, and very small masses, down to
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1 kg, can be dropped accurately from any height using a duplex tup system.
The tups are guided to within 2 mm of their target.

The fracture load in the high strain rate, full section specimen tests is
measured by instrumenting each specimen. Two or more sets of strain gages
located at different points on the rail section are used (Fig. 6). The outputs
from these gages are first measured statically in a bending arrangement
similar to that used in the dynamic test. The dynamic strain gage signals are
recorded on magnetic tape (maximum frequency response 20 kHz), and they
are later replayed to give a detailed and well-defined, strain-time record [20].
By comparing the signals from the various strain gage locations, it is possible
to (a) detect the onset of rapid crack initiation, (b) check that the specimen
has behaved in a sensibly linear elastic fashion and that the expected stress
distribution exists on the crack plane, and (c) determine the load at fracture.
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FIG. 6—Rail section specimens instrumented for dynamic testing.
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The results of high strain rate tests conducted on BS11 full section rail
steel specimens compared favorably with those derived from specimens
machined from the rail section and tested conventionally in servohydraulic
equipment (Fig. 7). Thus there is some measure of confidence in the full
section specimen, dynamic fracture toughness test technique.
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FIG. 7—Effect of strain rate on the fracture toughness of typical BS!11 rail steel.

The effects of strain rate and temperature on the fracture toughness of
typical casts of BS11 are shown in Figs. 7 and 8, respectively. There is a
slight increase in Ki. with temperature constant. Most of the fracture
toughness data on BS11 rail steel have been determined at —15°C and at
quasi-static loading rates (Table 1). No consistent trends in fracture tough-
ness have been identified with variations in composition within the specifica-
tion, with rail position in the ingot or with supplier [2/]. The only significant
variation observed was that between head and web specimens.

Recently, the British Steel Corporation has changed the production route
for BS11 rail steel from acid Bessemer or basic open hearth ingot practice to
a basic oxygen continuously cast (concast) process. It was considered that
the change of process might possibly influence the level of fracture toughness
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FIG. 8—Effect of temperature on the fracture toughness of BSI1 rail steel.
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TABLE 1—Summary of valid Kic data, BS11 rail steel (excluding concast BS11).

Specimen Location Head Web
Mean Ki, MN-m™"} 35.2 311
95 percent confidence limits on

the mean, MN-m™'-* , *1.51 +1.23
Standard deviation, MN-m ** +4.0 +2.77
Number of results 30 23

NoTe—Test temperature -15°C, loading rate quasi-static.

because of higher silicon levels (<0.35 percent), higher proof stresses, and
smaller reductions in rolling associated with the concast process.

Fracture toughness tests were performed on specimens machined from the
railhead, and these were tested at —15°C under quasi-static loading condi-
tions (assuming that, like conventional BS11, there would be little if any
effect of strain rate on toughness). The results showed that there was no
significant difference in railhead toughness between BS11 produced by the
basic oxygen steel (BOS) concast and the prior process routes (Table 2).

Fracture toughness tests are currently being performed on wear-resistant
grades of rail steel. The chemical compositions of these steels and the —15°C,
quasi-static loading Ki. determinations are given in Table 3. The results to
date are essentially similar to those for BS11.

Rail Wear

BR purchases about 150 000 tons of new rail each year, and a high
proportion of this is used to replace rails which have become worn in service.
Since the problem of wear has been recognized for centuries, it might be
expected that the theoretical basis for its understanding would be similarly

TABLE 2—Summary of valid Kic data, BSI! rail steel, concast process.

Chemical Composition,
percent by weight

Number of Mean Kie,

Cast No. Carbon Silicon Manganese Results MN-m™"3
1207 0.6 0.3 1.19 5 315
2293 0.59 0.31 1.25 3 39.5
2971 0.56 0.30 1.15 6 429
3354 0.58 0.29 1.11 6 34.4
3535 0.59 0.32 1.11 4 39.2
3689 0.55 0.35 1.14 4 37.3
3943 0.53 0.27 1.15 2 40.8
2970 0.58 0.36 1.12 2 39.1

NoTe—Test temperature —15°C, loading rate quasi-static. Specimens taken from the head
of the rail.
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TABLE 3—Kic data for UIC grades of rail steel.

Chemical Composition (Spec.), percent by weight

Average
Manga- Chro- Phos- Number Kle,
Carbon Silicon nese mium Sulfur phorus of results MN.m™ 3
UIC 860
Grade A 0.6 to 0.75 05 08tol3 ... 0.05 0.05 10 32.8
UIC 860
Grade B 0.5t0 0.7 0.5 1.3to 1.7 ... 0.05 0.05 4 36.0
UIC 860
Grade C  0.45t0 0.65 0.4 1.7t0 2.1 ... 0.03 0.03 3 30.3
1 percent
chromium 0.68 to 0.75 0.2t0 0.5 1.1to 1.4 1.0to 1.3 0.04 0.03 4 353

Note—Test temperature -15°C, loading rate quasi-static. Specimens taken from the head of
the rail.

well established. This is not the case mainly because it is not possible to
measure the fundamental parameters associated with wear: the stresses,
strains, and temperatures at the rubbing surfaces. This problem has been
extremely significant in the development of wear life prediction since there is
no basic reference point with which to relate laboratory and service
environments. Consequently, wear testing can only be used to predict the
comparative wear behavior of different materials.

The method most commonly used to obtain wear data for wheel and rail
steels involves the attempted simulation of wheel/rail Hertzian contact
stresses and creep rates with a twin-disk wear testing device. The approach
now being used at BR, however, is based on reproducing the service wear
mechanism in the laboratory. To achieve this, it was first necessary to study
the mechanisms of wear that rails experience.

The surface topography and subsurface microstructures of a number of
worn rails were examined by optical and scanning electron microscopy. In
the case of high rail wear on curves, wear debris was also collected and
examined in the same way.

This work showed that, although both vertical and lateral wear could be
attributed to a plastic deformation and fracture mechanism, there are two
factors which complicate the vertical wear of rails. First, the rolling/sliding
action of the wheel tread gives rise to surface phase transformations in the
rail of a type [22] commonly observed with ferrous materials which have
experienced rubbing contact. This does not occur with flange/ rail contact on
curves. Second, there is the influence of atmospheric corrosion on the
fracture process.

So far, only the more straightforward case of lateral rail wear has been
studied in the laboratory. This work has been carried out with a pin on a ring
wear testing machine which was designed and constructed within the
department. This machine is capable of a wide range of testing conditions
with linear sliding speeds of 0 to 5 000 cm/s and pin loads of 0 to 200 kg.
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One of the major problems encountered in laboratory wear testing, and
one which has led to considerable confusion over the comparison of wear
data, is the generation of high stable surface temperatures. This can lead to
the formation of thick, adherent oxide films, and wear then takes place
almost wholly within the oxide layer.

This situation does not arise in service because of the intermittent nature
of the wheel/rail contact and the large masses of metal involved. To help
reduce this problem in the laboratory test, artificial cooling by dried,
compressed air is used.

The machine is fully instrumented and measures ring rotational velocity,
total ring revolutions, pin height loss, and frictional force on the pin. These
data are scanned at preset intervals of between 10 and 90 s and recorded by a
teletype. It was established, by testing BS11 rail steel over the full range of
machine conditions, that the required wear mechanism could be achieved
with a linear sliding velocity of 40 cm/s and pin loads of 50 to 100 kg.

Several other rail steels were tested under these conditions, and the results
for four of these steels, BS11, Union Internationale des Chemins de Fer
(UIC) wear-resistant grades B and C, and | percent chromium steel, are
shown in Fig. 9 in terms of log wear rate against pin load.

It can be seen that these curves form a set of nearly parallel straight lines.
For this reason, the wear resistance of each steel can be denoted by a single
wear rate figure at constant load. Table 4 shows the wear rates of the four
steels at 100-kg pin load, and it can be seen that the relative wear resistance
of the four steels compares favorably with the established relative life in the
high rails of curves in service.

The wear testing procedure has been used [23] to investigate the rela-
tionships between wear resistance, chemical composition, microstructure,
and the stress-strain properties of a range of ferrite pearlite steels pro-
duced under experimental conditions. This work showed that the wear
behavior is best related to the flow properties at high strains. This is
illustrated in Fig. 10 which depicts the relationship between wear rate at
100-kg pin load and the values of K’ (the cyclic strength coefficient
(Footnote 3)), measured by the incremental step test described previously,
for six rail steels containing carbon, manganese, and silicon. Small speci-
mens machined from the wear pins were used for the determination of the
cyclic stress-strain curves.

This work is being continued to establish the validity and application of
the relationships, devised for pearlitic steels, to a wider range of steels by
studying the behavior of martensitic, bainitic, and austenitic materials.

Discussion

The introduction of improved rail steels has invariably resulted from the
inability of standard steels to withstand the increasing demands of service. In
many cases, the improved rail steel has been based on a higher ultimate
tensile strength and tested under service conditions. There are several
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FIG. 9— Wear rate versus pin load for four rail steels.

reasons why this approach to rail steel development is no longer considered
the best method available.

It is possible to define materials by much more meaningful parameters
than ultimate tensile strength. This term can be used as a rough guide to the
wear resistance of a narrow class of microstructures, such as pearlitics, since

TABLE 4— Relative wear of rail steels.

Wear Rate in Laboratory Test

Approximate Relative (100 kg load)
Rail Steel Life in Curved Track Pin Height Loss per cm Sliding mm/cm
BSI1! 1 30.0x 10
UIC B 2 14.0 X 107
uiC C 2 13.5 x10™
1 percent chromium 4 5.5%x 10
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FIG. 10—Wear rate versus K’ for six C-Mn-Si rail steels.

the work hardening characteristics of these materials are similar. It would,
however, be of little use in comparing the wear behavior of pearlitic steels
with austenitic, bainitic, and martensitic steels. Further, it does not reveal
anything at all about fracture and fatigue properties.

The use of the service trial as a means of assessing material behavior is
fraught with difficulties unless carried out on a very extensive and costly
scale, since the many service variables which cannot be controlled can mask
even significant material differences.

Results from the assessment methods described in this paper can be used
in conjunction with service environmental data to provide predictions of
service performance which allow the consequences of introducing new rail
steels to be determined.

Escalating labor and material costs have made the repair and replacement
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of rails an expensive process and resulted in the need to optimize material
properties for specific applications.

For these reasons, considerable attention has been paid by BR to
understanding and developing new methods of assessing material behavior
so that eventually the specific requirements of a rail steel for curved, straight,
continuous welded rail (CWR), and switches and crossings can be well
defined.

By taking the work a stage further to study the relationships between
relevant material properties and metallurgical variables, it is anticipated that
future generations of rail steels will be designed from first principles to meet
these specific requirements.

An assessment of the problems in BR track has highlighted three areas in
which improved rail steel properties are required.

1. On an economic basis, there is a need to increase the wear resistance of
rails. This must be achieved, however, without reducing the resistance to
fatigue and fracture shown by BS11 rail steel. Since pearlitic steels are the
cheapest to produce, it is unlikely that future plain rail steels will depart from
this type of microstructure. Although a lot of work has been carried out on
this type of material, there is still some scope for optimization since it has
been shown that wear resistance is very sensitive to small changes in
composition. Further, there is a growing need to study the relationship
between resistance to corrugation formation and other material properties.

2. Failures in switches and crossings have indicated the need for materials
with both better strength and ductility than BS11. The majority of common
crossings used on BR are constructed by welding or bolting together
premachined BSI1 rails. These crossings are used in all types of sites,
although, in the more severe locations, they have now largely been replaced
by crossings manufactured in austenitic manganese steel (AMS). Crossings
made from either steel have major disadvantages. BS11 steel crossings suffer
from serious wear or gross deformation of the crossing nose and fatigue
cracking problems from bolt-holes, whereas cast AMS crossings often
contain casting defects which may act as fatigue crack initiation sites. AMS
has the additional disadvantage of being difficult to weld, and therefore
crossings made in this material cannot be welded into track.

An alternative material must have the following properties:

(a) High cyclic yield stress or a high cyclic strain hardening exponent or

both so that gross deformation is minimized.

(b) High wear resistance.

(¢) High fracture toughness.

(d) High fracture ductility for increased low-cycle fatigue resistance (more
important in crossings than in plain rail due to the regular impact
forces).

(¢) Must be weldable both to itself and BS11 so that crossings can be
fabricated and repaired by welding and be capable of being welded
into track.
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() Relatively cheap. Due to the small quantities of rail involved in pro-
ducing crossings compared with the plain rail requirement, the cost
factor is not as important. However, the use of expensive alloying
elements and additional heat treatments must still be kept to a
minimum.

One possible method of obtaining these required properties in an as-rolled
material is by producing a bainitic microstructure. Such a structure would
enable the carbon content of the steel to be reduced to a much lower level
than is used for BS11 steel without a reduction in strength and with possible
benefits in weldability, ductility, and toughness.

To obtain a bainitic microstructure, the polygonal ferrite reaction should
be retarded as much as possible without a marked retardation of the bainite
transformation. The mechanical properties of these steels can be adjusted by
variations in the carbon, manganese, and chromium contents. A range of
steels of this type are currently being evaluated using the small-scale
laboratory methods described in this paper.

3. Specific service failure problems can be considered in terms of
material selection. An example is the wheel burn problem.

A fracture prediction diagram developed using the principles of linear
elastic fracture mechanics for this situation in BS11 rail steel is shown in Fig.
11. Various operating conditions are shown which reflect combinations of
residual stress, temperature stress, and fracture toughness (that is, worst
expected, average, etc.) Also shown is a typical bending moment which can
be induced as a result of impact loading in service. At sites where wheel burn
occurs, this type of loading is very common because of the rail running
surface depressions caused by wheel slippage. It will be seen that at worst the
critical defect size is about 1 mm, and at very best (that is, no residual or
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temperature stress, best estimate of average fracture toughness, etc.) this is
increased to about 10 mm. Because of the possible derailment hazard
caused by this type of fracture, it is BR policy to withdraw rails showing
evidence of wheel burn. This results in 2000 to 3000 rails being removed
annually [/]. If a steel of about twice the toughness of BS11 were used, the
critical crack length would be increased to about 15 mm. It would not be
necessary, therefore, to withdraw rails which only showed evidence of
surface damage. A detailed surveillance of wheel-burned rail in service over a
period of almost three years indicates that the vast majority of cracks
embedded in the transformed structure of the rail running surface do not
propagate beyond the martensite—ferrite/pearlite boundary (usually 2 to 3
mm deep). This is of little consequence with BS11 rail steel since the depth of
this layer is sufficient to contain a critical crack; but, in a tougher rail steel,
the crack will be required to extend beyond this boundary to produce a crack
of sufficient size to be critical. A steel with a Ki greater than 50 MN-m ™"
would ensure this condition. Thus, it would be possible to leave the vast
majority of wheel-burned rail in track without impairing safety, and this
would result in an economic benefit.

The British Steel Corporation and BR have investigated the possibility of
producing a tougher rail steel [2/]. Full rail section specimens have been
used extensively for fracture testing these experimental steels. The results of
fracture toughness tests on one cast at' various strain rates and two
temperatures are shown in Fig. 12. These results demonstrate the need to test
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FIG. 12—The effect of temperature and strain rate (K) on fracture toughness of an exper-
imental steel.
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under conditions which closely simulate the service environment. Approx-
imations could result in either a pessimistic or optimistic assessment of
candidate steels. The experimental rail steels produced to date are tougher
than conventional rail steels. Further improvement would be desirable,
however, to meet requirements at the lowest operating temperature and
highest strain rate condition.

Concluding Remarks

This paper has outlined the present-day, small-scale laboratory methods
employed at BR for evaluating rail steels. Emphasis has been placed on the
use of more sophisticated assessment methods to give a better and more
realistic comparison of materials and a clearer understanding of the
relationships between metallurgical variables and the important mechanical
properties. These procedures have indicated the significant information
required about the service environment and the lack of knowledge in this
area. In the future, much greater efforts will be needed to obtain relevant
service information suitable for application to the new assessment methods
and for future development of these techniques.
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ABSTRACT: A metallurgical analysis was made of 33 carbon-steel rail samples se-
lected from service, 31 of which had service-developed defects. The program was for-
mulated to attempt to establish the metallurgical characteristics that promoted the de-
fects and to establish possible interrelationships among these characteristics, the
in-location service stresses, and the defects. This paper describes the results of
chemical analyses, hardness and tension tests, and the results of wear, deformation,
metallographic, and fractographic analyses. A companion paper in this symposium
describes the results of Charpy V-notch impact toughness tests, fracture toughness
tests, and fatigue tests.

“The results of this investigation showed that (g) all the service-developed defects in
the rail samples examined were fatigue cracks, (b) all these fatigue cracks initiated at
sharp internal notches such as inclusions, and (¢) a correlation between the metallurgi-
cal properties of the rail samples and defect formation could not be made.

Overall, it is reasonable to conclude that the service lives of the rails investigated
would have been longer if the inclusions responsible for crack initiation had not been
present. However, it should be noted that most of these rails had service lives lasting 16
years—454 million metric tons (MMT) (500 million gross tons (MGT)) with one
sample lasting 22 years—685 MMT (755 MGT). Furthermore, the service stresses,
although unknown, were apparently severe as evidenced in the deformation of the rail-
heads.

It appears that of greater importance and interest with respect to the effect of steel
quality and properties on defect formation in rails would be a study of defects that
form early in the rail life. It is recommended that such studies be conducted.

KEY WORDS: steels, railroad tracks, carbon steels, defects, composition measure-
ment, tensile properties, hardness, metallography, fractography, wear, service life,
evaluation
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*Qriginal experimental data were measured in U.S. customary units.
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Steel Institute (AISI) Committee on Railroad Materials, formulated a
program to determine the metallurgical properties and applied stresses that
promote service defects in conventional control-cooled, carbon-steel rail,
particularly in rails exhibiting short service lives or premature failure. The
overall objective of the program was to establish possible interrelationships
of material properties, in-location service stresses, and service defects in
rails.

As part of this program, U.S. Steel Corporation was awarded a contract
to conduct a metallurgical and failure analysis of 33 rails removed from
service, 31 of which contained service-developed defects. The specific tasks
to be performed are outlined in Table 1. The results of these studies are
discussed herein, except for the Charpy V-notch impact toughness, fracture
toughness, and fatigue properties, which are discussed in a companion paper
in this volume.2

TABLE 1—Test program tasks.

A. Chemical analyses
B. Mechanical property analyses
1. Hardness tests
2. Tension tests?
3. Wear and deformation analyses
4. Charpy V-notch impact toughness tests?
S. Fracture toughness tests¥
6. Fatigue tests?
C. Metallographic analyses
1. Macrostructural examination
2. Microcleanliness examination
3. Microstructural examination
D. Fractographic analyses
1. Fractographic features determination
2. Composition and nature of origin

4Conducted by AAR Technical Center, Chicago, 1iL.
bReported in companion paper in this symposium.

Materials and Experimental Work

Materials

Thirty-three control-cooled, carbon-steel rail samples were selected by the
Ad Hoc Committee from approximately ninety 2.44 m (8-ft) portions of
jointed rails that had been removed from track sites on main line railroads
by the AAR. Thirty-one of the samples were removed because ultrasonic
inspection had indicated service-developed defects in them. These samples
were broken in three-point bending at room temperature at the AAR
Technical Center to reveal the service-developed defects, and tensile and
Charpy V-notch impact properties were determined by the AAR. One half of

2Barsom, J. M. and Imhof, E. J., Jr., this publication, pp. 387-413.
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each fractured sample (31 samples) and two samples of rail containing no
service-developed defects (for comparison purposes) were sent to the U.S.
Steel Research Laboratory.

Information concerning the samples is given in Table 2. Note that the
sample distribution was not uniform in that 21 of the rail samples were from
one railroad (Railroad A), 28 were produced by one producer (Producer A),
and 26 were removed from tangent track. The tie and ballast conditions at
the track sites were generally indicated as good by the field group that
selected the samples. Although it was desired to have rail samples with
prematurely short service lives from traditionally troublesome track loca-
tions, rail samples with service-developed defects were not found in these
locations. As a result, the field group was only able to select rails with
relatively long service lives; most of these (27) had lives between 363 to 545
million metric tonnes (MMT) (400 and 600 million gross tons (MGT) ) and
the average life was 454 MMT (500 MGT) or 16 years (Table 2). This
average service life represents about 15.4 million loading cycles at about 14.7
metric tonnes (16.25 tons) per wheel, well beyond the number of cycles (5
million) generally considered as infinite life in laboratory fatigue tests such
as a rolling contact load test. Only three rail samples had lives less than 363
MMT. Twenty-three of the samples contained detail fractures originating
from shelling; four contained shelling only; three contained compound
fissures; and one contained a horizontally split head. Most rail samples were
from B, C, or D cut rails. There were no A cut (top of steel ingot) rails.

Experimental Work

Metallography—The samples of rail were sectioned as shown in Fig. 1 to
obtain specimens for chemical analysis, for oxygen analysis, and for
metallographic examination. The microcleanliness of 50 unetched fields on
each specimen was rated on a quantitative television microscope (QTM) ata
magnification of X360 to determine average inclusion area, highest inclusion
area (worst field), and the length factor.?

Because proeutectoid ferrite forms preferentially on the austenite grain
boundaries in decarburized layers near the rail surface during cooling after
hot rolling, prior austenite grain size was measured on an etched longi-
tudinal section of a specimen taken just below the surface of the lower side of
the head of each rail sample (Fig. 2). It should be noted that it was not
possible to clearly distinguish prior austenite grain size by any other method.
Grain size was determined in accordance with the ASTM Method for
Estimating Average Grain Size of Metals (E 112-74).

The pearlite colony size and interlamellar pearlite spacing were obtained
by using the scanning electron microscope (SEM) on an etched longitudinal
section (Fig. 3). The circular intercept method of Hilliard in ASTM Method

JLength factor is the summation of lengths of inclusions over 125 um long per 100 fields,
divided by 125 um.
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TABLE 2— Rail sample background.

Rail
Sample AAR Weight, Track Service Defect?
No. No. lb/yd Cut Source Producer Location MGT Years Type
1 1 133 C A A tangent 538 16 D
2 2 133 C A A tangent 574 17 D
3 3 133 C A A tangent 574 17 D
4 4 133 C A A tangent 304 8 S
5 5 133 D A A tangent 547 16 D
6 9 133 D A A tangent 574 17 D
7 21 133 D A A tangent 574 17 D
8 24 133 B A A tangent 304 8 S
9 28 119 F B A high rail—1°38"" 48] 15 D
10 29 119 C B A transposed—!1°¢ 48] 15 S
11 30 119 B B A tangent 481 15 D
12 31 119 E B A tangent 481 15 D
13 38 133 C A A tangent 538 16 D
14 43 133 B A A tangent 381 10 D
15 45 133 E A A tangent 520 17 D
16 46 133 B A A tangent 557 18 D
17 50 133 C A A tangent 520 17 S
18 55 133 E A A tangent 519 17 D
19 60 133 D A A high rail—1° 519 17 D
20 61 133 B A A tangent 557 18 D
21 65 133 C A A high rail—1° 519 17 D
22 67 133 B A A tangent 471 18 D
23 69 133 D A A tangent 755 22 D
24 73 133 B A A tangent 519 17 D
25 75 127 C B tangent 655 19 D
26 77 119 D B A high rail—1°16" 496 16 D
27 78 115 D B tangent 236 19 HSH
28 32 119 E B A tangent 481 15 D
29 83 119 B A tangent 481 15 none
30 84 133 A A tangent 519 17 none
31 85 140 C C C low rail—1 ° 420 13 CF
32 86 140 B C C low rail—1 ° 420 13 CF
33 87 140 C C C tangent 420 13 CF

Conversion factors—
11b/yd = 0.5kg/m
! MGT = 0.91 MMT

1 deg = 0.07 rad
“HSH =

D =

S = shelling.

CF = compound fissure.
bRail location on curve and degree of curvature.

horizontally split head.
detail fracture from shelling.

“Transposed from high to low side of curve during service.

E 112-74 was used to determine average pearlite colony size at a magnifica-
tion of X1500. To determine interlamellar pearlite spacing, 20 fields were
examined at a magnification of X3000, and the smallest observed interla-
mellar pearlite spacing in each field was then measured at a magnification of
X24 000 by counting intercepts in a 10-cm line.
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MICROCLEANLINESS

OXYGEN /
ANALYSIS

CHEMICAL
GRAIN-SIZE ANALYSIS
DETERMINATION

FIG. 1—Location of test specimens in rail samples.

Complete transverse sections of each rail were macroetched in hot 50
percent hydrochloric acid (HCl) in water in accordance with the ASTM
Method for Macroetching Metals and Alloys (E 340-68). These samples
were examined visually for porosity and inclusions. Sulfur prints were also
made on complete transverse sections of each rail, and these were examined
visually for the amount and distribution of sulfides.

Fractography—The fracture surface and polished cross sections adjacent
to the fracture initiation sites of nine rail samples (No. 1, 2, 6, 8, 23, 27, 31,
32, 33) that were suitable for examination were examined by using the SEM,
the energy dispersive spectra (EDS) X-ray analyzer, and the optical micro-

FI1G. 2—Prior austenite grain boundaries outlined by proeutectoid ferrite in decarburized
zone near rail surface. Etched in 2 percent nital. Sample No. 33. (Scale mark indicates 100 um.)
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FIG. 3—Typical pearlite colonies and pearlite lamellae. Etched in 2 percent nital-picral
(50:50) mixture. Sample No. 11. (Scale mark indicates 10 um.)

scope to characterize details of the fracture surface and to analyze any
particles at the origin of the fracture.

Hardness—Rockwell C hardness tests were made on transverse sections of
the head of each rail sample. Tests were made at 0.32 cm (1/8-in.) intervals
along a trasverse to the center of the railhead starting 0.16 cm (1/16 in.)
from the gage corner surface.

Wear—Profile tracings of the head of each rail sample were made from
the macroetch specimens. The profiles were compared with the profile of
standard hot-rolled rail sections, and a planimeter was used to determine the
decrease in area of the railhead caused by wear in service.

Results
Composition

The chemical compositions of the 33 rail samples and the mean and
standard deviation of each element are shown in Table 3. The high and low
check-analyses values for each element (underlined in Table 3) covered
approximately the entire AREA specified ranges for ladle analysis, with only
a few values slightly outside the ladle analysis specification. Generally,
carbon and manganese were on the high side of the ladle specifications.
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TABLE 3— Chemical composition of rails, percent (check analyses).

Sample
No. C Mn P S Si Cu Ni Cr Mo Al N o

0.79 0.89 0.021 0.023 0.17 0.073 0.067 0.032 <0.003 0.008 0.004 57
0.80 0.96 0018 0.025 0.20 0.096 0.072 0.022 <0.003 0.008 0.003 59
0.82 095 0.018 0.023 0.18 0.101 0.068 0.029 <0.003 0.009 0.003 54
0.74 0.83 0.019 0.028 0.18 0.066 0.076 0.028 0.007 0.013 0.004 67
0.80 0.97 0014 0.033 0.19 0.078 0.068 0.024 <0.003 0.010 0.003 45
0.78 0.92 0.024 0.026 0.18 0.100 0.069 0.025 <0.003 0.006 0.003 75
0.79 096 0.019 0.026 0.19 0.087 0.068 0.021 <0.003 0.007 0.003 58
0.74 0.85 0.045 0.039 0.19 0.096 0.070 0.039 0.003 0.013 0.004 61
0.68 0.79 0.016 0.043 0.15 0.101 0.066 0.033 0.003 0.012 0.003 66
10 0.72 0.89 0.018.0.044 0.16 0.076 0.059 0.031 <0.003 0.010 0.003 80
11 077 106 0.025 0.027 0.20 0.079 0.065 0.038 <0.003 0.009 0.004 60
12 079 0.91 0.021 0.030 0.14 0.090 0.073 0.031 <0.003 0.011 0.003 87
13 078 0.76 0.019 0.023 0.16 0.071 0.069 0.034 <0.003 0.004 0.004 60
14 073 082 0.011 0022 0.18 0.099 0.062 0.039 <0.003 0.009 0.004 65
15 077 0.87 0.015 0.026 0.13 0.051 0.072 0.034 <0.003 0.006 0.005 68
16 078 0.86 0011 0.030 0.18 0.060 0.067 0.024 <0.003 0.006 0.003 60
17 083 0.97 0.025 0.024 0.16 0.064 0.058 0.023 <0.003 0.005 0.004 62
18 0.69 094 0008 0028 0.20 0.052 0.069 0.021 <0.003 0.008 0.004 67
19 077 1.00 0.023 0,032 0.19 0.089 0.072 0.027 <0.003 0.011 0.004 53
20 0.75 0.83 0.013 0.017 0.21 0.052 0.074 0.026 <0.003 0.006 0.004 80
21 079 0.88 0.027 0.032 0.14 0.052 0.069 0.023 <0.003 0.008 0.003 62
22 074 0.87 0.010 0.030 0.22 0.073 0.069 0.023 <0.003 0.007 0.003 71
23 0.76 0.84 0.016 0.032 0.12 0.129 0.099 0.037 0.005 0.010 0.003 6l
24 0.81 085 0.011 0.033 0.16 0.053 0.064 0.023 <0.003 0.009 0.004 54
25 0.66 0.92 0012 0.032 0.18 0.041 0.015 0.033 <0.003 0.005 0.003 59
26 0.78 0.70 0.012 0.036 0.12 0.150 0.076 0.024 <0.003 0.011 0.003 70
27 072 0.79 0.017 0.028 0.15 0.011 0.006 0.013 <0.003 0.006 0.004 67
28 0.75 0.86 0.014 0.033 0.15 0.060 0.065 0.027 <0.003 0.010 0.003 67
29 0.81 083 0.011 0026 0.13 0.126 0.076 0.028 <0.003 0.010 0.003 62
30 0.78 0.89 0.010 0.033 0.16 0.152 0.093 0.031 0.011 0.007 0.004 61
31 082 0.81 0013 0.037 0.17 0.137 0.049 0.055 0.005 0.007 0.006 63
32 083 081 0.013 0.037 0.16 0.142 0.046 0.056 0.005 0.007 0.004 60
33 0.84 0.81 0.015 0.036 0.18 0.149 0.052 0.057 0.006 0.007 0.007 65
Mean  0.77 0.875 0.017 0.030 0.17 0.087 0.065 0.031 -4 0.008 0.003763.8
Standard 0.044 0.075 0.007 0.006 0.026 0.035 0.017 0.010 -6 0.002 0.0009 8.3
deviation

AREA SPECIFICATION FOR LADLE ANALYSES

0.67/ 0.70/ 0.04 0.05 0.10/ (for 91/120 1b/ yd rail)
0.80 1.00 max max 0.25

0.69/ 0.70/ 0.04 0.05 0.10/ (for 121 and over 1b/ yd rail)
0.82 1.00 max max 0.25

Conversion factor—
11b/yd-0.5kg/m
Nore—Highest and lowest values underlined.
appm
ppm.
bNot determined.
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Mechanical Properties

The rail samples contained a service-induced, work-hardened region
generally within 0.32 to 0.96 cm (1/8 to 3/8 in.) from the gage corner surface
of the railheads, as shown in the typical hardness profiles of Fig. 4. Thus, the
railheads had been subjected to stresses sufficient to cause yielding at 0.96
cm below the gage corner. The maximum hardness reading near the gage
corner surface and the minimum hardness reading near the center of the
railhead are shown in Table 4 for all 33 samples, along with the longitudinal
tensile properties and the wear rate of the railhead. The highest and lowest
values of these properties (underlined values) show that the sampling
provided a large range of mechanical properties that are representative of
control-cooled, carbon-steel rail. Typical contour profiles of the rail sam-
ples, which were used to determine rail wear rates (Fig. 5), illustrate the
range of flow and wear observed on the railheads of the samples.

Metallography

The prior austenite grain size, the pearlite colony size, the pearlite
interlamellar spacing, and the microcleanliness of the 33 samples are shown
in Table 5. The microcleanliness of the rail samples was rated by determining
the average inclusion area, worst field, and inclusion length factor. These
metallographic values are representative of the range of values expected for
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FIG. 4—Typical hardness profiles of railheads.
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TABLE 4— Mechanical properties of the rails.?

0.2% Offset Tensile  Elonga- Reduc- Rail Wear

Sample Hardness, Rc¢ Yield Strength,  tion in tion of Rate,
No. Center Surface Strength, ksi ksi lin., % Area, % in. ' /MGT
1 23 33.5 73.2 139 12.5 9.0 4x10™
2 23 34 66.7 135 13.8 10.5 3
3 24 34.5 69.6 139 12.5 9.5 3
4 20 30 65.6 129 10.2 14.3 4
5 225 35 67.6 134 10.4 15.5 4
6 21 34 73.0 135 139 9.8 3
7 235 35 70.5 135 10.7 13.9 1
8 21 29 62.1 130 11.3 16.1 4
9 125 35 60.5 121 12.3 17.3 9
10 21 35.5 87.0 140 10.2 134 13
11 24 36 7.7 137 9.7 16.4 5
12 2 36.5 68.3 133 9.0 14.1 6
13 21 31.5 64.3 131 10.9 14.5 4
14 19 345 65.5 127 10.8 14.9 4
15 22 33 67.5 130 10.5 15.6 4
16 20.5 31 71.1 131 10.2 13.9 4
17 24 35 7.7 141 8.4 11.7 5
18 17.5 33.5 58.3 119 14.3 20.2 5
19 22.5 32 76.6 134 10.3 14.0 5
20 21 30.5 63.9 128 11.0 15.4 2
21 23 36 72.2 132 10.6 14.8 5
2 21 33.5 62.2 127 15.8 11.3 5
23 21.5 315 71.6 132 13.8 11.0 4
24 22 32 76.5 132 10.7 14.1 5
25 19.5 30.5 69.7 123 12.6 ‘2_1_0 5
26 20.5 345 68.3 132 9.5 13.3 10
27 18 30.5 62.5 118 12.9 20.9 4
28 20 33 76.8 132 13.7 9.5 8
29 22 35.5 75.6 137 8.8 14.4 7
30 22 36 76.5 134 2.5 11.5 2
31 235 32 72.4 139 8.7 14.6 5
32 23 33 70.2 137 8.8 14.3 5
33 24 345 73.2 141 8.8 14.2 5
Mean 21.5 334 70.1 132.2 11.1 14.1 4.9
Standard 1.8 2.0 6.1 6.0 2.0 3.0 2.3
deviation

Conversion factors—
| ksi = 6.895 MPa
1in. = 2.54 cm
IMGT = 0.91 MMT
Nore—The highest and lowest values are underlined.
?The tensile properties were determined at the AAR Technical Center.

control-cooled, carbon-steel rail. Most of the inclusions rated were sulfides,
although aluminates and silicates were also observed.

Fractography

Fractographic examination of each type of service-developed defect
investigated (Table 6) indicated that they were all fatigue cracks that
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SAMPLE NO. 10 - 119 Ib/yd RAIL. SAMPLE NO. 12 - 119 Ib/yd RAIL.
TRANSPOSED -1°. TANGENT.

SAMPLE NO. 5 - 133 Ib/yd RAIL. SAMPLE NO. 32 - 140 Ib/yd RAIL.
TANGENT. LOW RAIL ~-1°

FIG. 5— Rail wear profiles. Dotted line represents the original section profile. G denotes gage
corner.

initiated at discontinuous clusters of calcium-aluminate inclusions that
formed long stringers which were as small as 1 mil wide and had length-to-
width ratios much greater than 10. Several fatigue cracks also initiated at
what appeared to be microvoids. The cracks propagated in a horizontal
plane to form shelling or horizontally split head defects. In the case of detail
fractures from shelling and compound fissures, these horizontal cracks then
turned into a transverse plane and continued to grow in this direction. In
some instances, it appeared that the crack initiated and then propagated in
both of these planes simultaneously.

SEM examination of all the fractures showed that mashing and rubbing of
the horizontal surfaces under cyclic wheel loadings caused considerable
mechanical damage to the surface details (Fig. 6a). This was even found near
the edge of the fatigue fracture surface, adjacent to the laboratory-produced
cleavage fracture, where the fatigue crack growth was most recent (Fig. 6b).

The transverse fracture surface contained details that appeared to be
striations. However, the orientation and spacing of these were directly
related to the orientation and spacing of the pearlite lamella, as shown on the
polished and etched cross section perpendicular to the fracture surface
(Fig. 7). This relationship was seen in all service-exposed specimens and was
also seen in fatigue tests of rail steel in the laboratory. These apparent stria-
tions are not related to crack growth direction or rate and cannot be used to



SONON ET AL ON METALLURGICAL EXAMINATION 109

TABLE 5—Metallographic data?

Prior Pearlite .
Austenite Colony  Interlamellar Inclusion

Sample Grain Size, Size, Spacing, Worst Length

No. ASTM No. cm A Area, % Field, % Factor
1 45 7.9 X107 2100 0.30 1.20 58
2 5.5 12.1 1860 0.37 2.25 80
3 5 10.4 1860 0.24 2.50 26
4 4.5 12.4 2400 0.36 1.05 46
5 4.5 7.3 1880 0.36 1.05 47
6 45 9.0 1980 0.30 1.25 40
7 4 7.4 1930 0.27 1.00 42
8 6 7.2 2230 0.47 2.10 97
9 AN 7.7 2410 050 420 84
10 35 8.0 2070 0.43 1.00 48
11 4.5 7.9 2020 0.29 0.90 41
12 4 7.7 2040 0.35 3.10 88
13 6 12.8 1940 0.25 0.77 44
14 6.5 7.3 2380 0.20 0.60 18
15 4 11.1 1690 0.30 1.25 67
16 4 9.1 2070 0.29 0.93 59
17 3.5 8.4 1850 0.26 0.90 60
18 3.5 10.1 2020 0.24 0.91 38
19 3.5 10.0 1830 0.32 1.00 43
20 3.5 12.1 1780 0.18 0.57 20
21 6 10.6 1960 0.30 0.81 33
22 5 7.8 2120 0.28 0.74 54
23 4.5 10.1 2060 0.36 2.65 45
24 5 9.3 2130 0.30 1.00 29
25 3.5 11.5 2020 0.28 0.77 35
26 5 14.5 1930 0.26 0.74 24
27 5.5 11.3 2250 0.26 3.60 56
28 4.5 9.5 2300 0.23 1.00 28
29 4 10.8 2040 0.24 0.57 28
30 5.5 6.3 2090 0.22 0.58 14
31 5 11.5 1990 0.28 1.25 22
32 4.5 15.2 1930 0.31 0.97 47
33 4.5 9.5 1840 0.35 1.30 56
Mean 4.6 9.8 2030 0.30 1.35 46

Standard 0.9 2.1 178 0.07 0.91 20.5

deviation

“The highest and lowest values are underlined.

locate the origin of the crack. Accordingly, macroscopic features such as
beach marks* were used to locate the fracture origins.

An examination of shelling in Sample No. 8 (Fig. 8a) revealed particles
containing calcium and aluminum at the origin (Figs. 8b, c). Because of the
presence of atmospheric corrosion products on the fracture surface, a

4Beach marks represent successive positions of the crack front where arrests of the crack
occur as it propagates through the steel. These arrests can be caused by variations in cyclic
loading or plastic flow. The marks are composed of slight steps in the fracture surface that are
concentric to the initiation site.
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TABLE 6— Results of fractographic examination.

Sample

No. Defect Type Initiation Feature Growth Direction
1 detail fracture from shelling calcium aluminates horizontal and transverse
2 detail fracture from shelling caicium aluminates horizontal and transverse
6  detail fracture from shelling calcium aluminates horizontal and transverse
8  shelling calcium aluminates horizontal only

23 detail fracture from shelling calcium aluminates horizontal and transverse

27  horizontally split head calcium aluminates horizontal only

31 compound fissure microvoids horizontal and transverse

32 compound fissure microvoids horizontal and transverse

33 compound fissure microvoids horizontal and transverse

polished cross section of the origin was prepared (Fig. 8d). Discontinuous
calcium aluminate inclusion stringers were found on and adjacent to the
fracture surface. Similarly, discontinuous calcium aluminate inclusion
stringers were also found at the origin of a typical detail fracture from
shelling in Sample No. 23 (Fig. 9).

Massive discontinuous calcium aluminate inclusion stringers that were
enveloped in iron oxide were found at the origin of a horizontally split head
in Sample No. 27 (Fig. 10). The iron oxide resulted from atmospheric
corrosion that contaminated the exposed fracture surface.

A typical example of a compound fissure (Sample No. 33) is shown in Fig.
11. The initiation site had smooth featureless surfaces (Fig. 11¢) and what
appeared to be microvoids (Fig. 11d). The source of these initiation sites is
not known.

In the samples studied, sulfides were not responsible for fatigue crack
initiation. Studies [/-4]° on bearing steels fatigue tested under rolling
contact loading have also shown that sulfides do not cause fatigue crack
initiation. Inclusions and porosity have previously been associated with rail
failures and have been reported by the AREA Committee on Rails in
numerous AREA Bulletins as early as 1947 [5,6].

Linear Muiltiple Regression Analyses

Linear multiple regression analyses were made to determine any relation-
ships between composition, metallurgical properties, wear, defect formation,
and service life of the rail samples. Meaningful relationships were only
obtained between composition and hardness, tensile strength, and pearlite
interlamellar spacing. As shown in Table 7, both hardness and tensile
strength increased as carbon, manganese, and chromium contents increased.
These effects have been reported previously in the literature [7,8]. In
addition, pearlite interlamellar spacing decreased as carbon and manganese

5The italic numbers in brackets refer to the list of references appended to this paper.
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(a) Scanning electron fractograph of fracture surface showing mechanical damage due to wheel
loadings. (Scale mark indicates 10 um.)

(b) Scanning electron fractograph of fracture surface showing mechanical damage (left)
adjacent to laboratory brittle fracture (right). (Scale mark indicates 10 pm.)

FIG. 6—Typical horizontal plane fracture surfaces.
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FIG. 7—Scanning electron fractograph of vertical fracture surface of service failure showing
striation-pearlite lamella relation. (Scale mark indicates 10 um.) Top arrow indicates direction
of crack propagation. Arrow on right indicates fracture surface edge.

contents increased, and increased as the aluminum content increased.
Carbon, manganese, and chromium additions increase the hardenability of
steel and allow the steel to cool to lower temperatures before the trans-
formation of austenite to pearlite begins [9]. At these lower temperatures,
finer pearlite forms, and, according to prior work [7, 10, 11] this increases
the hardness and tensile strength of the rail. Aluminum has an opposite
effect [12].

Conclusions
The following conclusions can be made, based on the results of this study:

1. All the service-developed defects in the rail samples examined were
fatigue cracks.

2. All of these fatigue cracks initiated at sharp internal notches such as
inclusions.

3. A correlation between the metallurgical properties of the rail samples
and defect formation could not be made.

Overall, it is reasonable to conclude that the service lives of the rails
investigated would have been longer if the inclusions responsible for crack
initiation had not been present. However, it should be noted that most of
these rails had service lives lasting 16 years—454 MMT (500 MGT), with one
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(a) Rail showing shelling. (Scale’ mark indicates 1 ¢cm.)

(b) Scanning electron fractograph of defect origin. (Scale mark indicates 1 mm.)

(¢) Scanning electron fractograph of fracture surface showing calcium aluminate particles on
fracture surface. (Scale mark indicates 10 um.)

(d) Scanning electron micrograph of transverse cross section showing calcium aluminate
inclusions at origin. (Scale mark indicates 10 um.)

FIG. 8—Shelling in Rail Sample No. 8.

sample lasting 22 years—685 MMT (755 MGT). Furthermore, the service
stresses, although unknown, were apparently severe as evidenced in the
deformation of the railheads.

It appears that of greater importance and interest with respect to the effect
of steel quality and properties on defect formation in rails would be a study
of defects that form early in the rail life. It is recommended that such studies
be conducted.

It is understood that the material in this paper is intended for general
information only and should not be used in relation to any specific
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(a) Rail showing detail fracture from Shelling, (Scale mark indicates | cm.)

(b) Scanning electron fractograph of defect origin. (Scale mark indicates 1 mm.)

(&) Scanning electron fractograph of defect origin. (Scale mark indicates 10 um.)

(d) Scanning electron fractograph of calcium aluminate inclusions at origin. (Scale mark
indicates 10 um.)

FIG. 9—Detail fracture from shelling in Rail Sample No. 23.

application without independent examination and verification of its appli-
cability and suitability by professionally qualified personnel. Those making
use thereof or relying thereon assume all risk and liability arising from such
use or reliance.
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R,

(a) Rail showing horizontally split head. (Scale mark indicates 1 cm.)

(b) Photomacrograph of fracture surface showing defect origin. (Scale mark indicates 1 cm.)

(c) Scanning electron micrograph of transverse cross section showing calcium aluminate
inclusions in matrix of iron oxide at origin. (Scale mark indicates 50 um.) Top of figure is
fracture surface edge.

(d) Light micrograph of horizontal section parallel to fracture surface through origin showing
calcium aluminate inclusions. (Scale mark indicates 100 um.) Arrow indicates rolling
direction.

FI1G. 10—Horizontally split head in Sample No. 27.

TABLE 7— Linear multiple regression equations.

1. Center hardness, Rc - —12.7 + 31.8 (%C) +9.8 (9%Mn) + 38.2 (%Cr)
where (R? = (.86, standard error = 0.71 Ro)

2. Tensile strength, ksi = 33.7 + 97.4 (%C) +21.6 (%Mn) +152 (%Cr)
where (R? = 0.74, standard error = 3.2 ksi)

3. Pearlite interlamellar spacing, A - 3715 —1788 (%C) —630 (%Mn) +29240. (%Al)
where (R? = (.49, standard error = 133.6 A)

R? X 100 - percent of variance explained by equation.
Standard error = mean square deviation of sample points from the estimated regression line.
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(a) Rail showing compound fissure. (Scale mark indicates 1 c¢cm.)

(b) Scanning electron fractograph of defect origin. (Scale mark indicates ] mm.)

(¢) Scanning electron fractograph of fissures at defect origin. (Scale mark indicates 50 um.)
(d) Light micrograph of transverse cross section showing microvoids at defect origin. (Scale

mark indicates 100 um.)

FIG. 11—Compound fissure in Rail Sample No. 33.
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pressure, and arc welding. Process and procedural descriptions, weldment properties,
service performance in track, fabrication costs, and production rates are reviewed.
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The performance of railroad track structures depends on many factors,
one of the most important of which is the integrity of the rail joints. A large
proportion of rail failures occurs at the connections between rail sections,
particularly at conventional bolted rail joints. The cost of these failures, and
the inspection and maintenance performed to reduce their incidence of
occurrence, is high. For example, during the decade of 1963 to 1973, 1522
train accidents resulted from rail failures in the joint area or joint failures
[7].* The cost of these accidents due to damage of equipment, track, and
roadbed only was $36.5 million. The total cost was much higher. In terms of
inspection and repair, nearly 172 000 service and detected rail failures
accompanying the inspection of 238 000 miles of track in 1970 were reported,
of which over 89 000 occurred in the web-in-joint region [2]. Seventy-two
percent of these joint failures were detected by visual or instrument
inspection.

A significant reduction of bolted joint failures has been achieved by the
adoption of continuous welded rail. Because of the importance of rail
welding to the improvement of track performance, the practices used for rail
welding are reviewed in this article. The processes surveyed are thermite

*The majority of original experimental data were measured in U. S. customary units.

IResearch metallurgist, Fabrication and Quality Assurance Section, Battelle-Columbus
Laboratories, Columbus, Ohio 43201,

2The italic numbers in brackets refer to the list of references appended to this paper.
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welding, electric flash butt welding, gas pressure welding, and arc welding.
Other methods for joining of rails such as mechanical fastening and adhesive
bonding have been reviewed in detail elsewhere [3].

Rail Joints and Adoption of Continuous Welded Rail

Rail joints are connections between continuous sections of rail designed to
support vertical and lateral forces imposed under traffic and prevent vertical
and lateral movement of the rail ends relative to each other. In conven-
tionally bolted track, joints are designed to permit longitudinal rail
movement in order to accommodate thermal expansion and contraction of
the rails. Other types of joints must be capable of supporting longitudinal
forces. The wear resistance, strength, toughness, and resistance to deflection
of the joint should approach that of the rails being connected. For train
control using signal block construction, some joints also must provide
electrical insulation between the rail lengths.

The service performance of rail connections depends on many interacting
factors including the following: (@) the type and quality of the specific
connection, (b) speeds, wheel loads, gross tonnage, and nature of traffic,
(¢) track curvature, superelevation, gage, line, and surface, (d) rail section
and rail steel properties, (e) design, quality, and maintenance of the track
structure, and (f) range and frequency of ambient temperature changes.

The development and adoption of continuous-welded rail (CWR) has
been motivated almost entirely by the reductions of maintenance costs and
rail failures and an increase in rail life in comparison with standard bolted
joints. The major improvement accompanying the installation of CWR is
increased stiffness at the rail joints. The principal advantages of CWR are
the following:

1. Elimination of bolted joint maintenance that includes bolt tightening,
joint oiling, joint bar and bolt replacement, rail end hardening, rail end
buildup or rail grinding to remove end batter, rail end straightening to
remove droop; and rail end cropping, redrilling, and relaying [4-8].

2. Reduction of damage to ties, fasteners, ballast, subgrade, rolling stock,
and freight [4-10].

3. Elimination of signal bond installation and maintenance and improve-
ment of track circuit conductivity [6-8].

4. An increase of rail life for 255 km of 637 to 660 N/m rail (158.5 miles of
131 to 136 1b/yd) from 19 to 26 years for 6 railroads on track carrying an
average of 164 GN (18.4 X 10° tons) annually [/7]. Recent estimates of the
increase of life of flash-welded rail in comparison with bolted rail have
ranged from 15 to S0 percent.

Because CWR costs more to install than bolted rail, it may not be
economical for track that carries low tonnage and low wheel loads or for
track that has such very sharp curves that railhead wear determines the need
for replacement. On the other hand, CWR has been installed on some lines
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that experience many joint failures due to high individual car weights of 890
kN (100 tons) or more even though they carry less than 8.9 GN (1 million
gross tons) per year.

Although the savings accrued with the use of CWR in comparison with
bolted joints are dependent on many factors, the following figures have been
reported:

1. Track maintenance costs are reduced by $198 to $1200 per mile per
year [6].

2. Thirty to forty percent of bolted track maintenance is at the rail joints,
and 45 percent of bolted rail renewal is required because of rail end batter
and rail end drooping [6].

3. Surfacing costs were reduced by 40 percent and overall track main-
tenance costs by 20 percent on the French railway system (SNCF) in 1961
[12].

The reduction of rail joint failures accompanying the installation of CWR
is indicated by the reported failure statistics [2]. During 1970, for all rail
sections and ages, there were 75.6 rail failures of all types per 161 track km
(100 track miles) inspected, of which 37.5 failures per 161 track km (100
track miles) were web-in-joint failures. Of a total of 180 074 service and
detected failures covering 383 track Mm (238 078 track miles), 89 396
failures (50 percent) were attributed to the web-in-joint region. It is
significant that 64 273 joint failures (72 percent) were detected defects. These
figures compare closely with the 46 bolt-hole cracks detected per 161 km
(100 miles) of track tested by Sperry Rail Service in 1970 [13]. A total of
119 509 defects were detected in 244 Mm (151 741 miles) of track of which
70 542 were joint defects that represented removal of over 650 km (400 miles)
of track. During 1973, Sperry Rail Service detected 126 000 rail defects in
300 Mm (185 000 miles) of track, of which 60 percent (75 000) were joint
defects [/4]. This is equivalent to 41 joint defects detected per 161 km (100
miles) of track tested.

In comparison to these figures, the accumulative failure rate for flash-
welded joints through 1970 was 5.8 per 161 track km (100 miles) and for gas
pressure welds was 22.9 failures per 161 km (100 miles) as shown in Table 1.
With the available data, a comparison with thermite welds was made on the
basis of failures per 100 weld years, which includes the ages of the welds.
Compared with flash welds, gas pressure welds failed three times as
frequently, and thermite welds failed 85 times as frequently.

During 1971, 54 percent of main line rail defects that developed during
service in Japan were at bolt-holes [15]. The portion of the defects that was
detected is not known. During the period of 1961 to 1963 on British
Railways, there were three rail failures (excluding switch and crossing rails)
per 161 track km (100 miles) per year of which 61 percent occurred at rail
ends and 30 percent were through bolt-holes [/6]. Failure statistics for bolted
and welded rail on British Railways during the period of 1968 to 1972 are
presented in Table 2 [/7]. The weld failure data include both flash and
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TABLE 1—Accumulated service and detected rail weld failures to 31 Dec. 1970 {2].

Gas

Flash- Pressure- Thermite-

Welded Welded Welded

Joints« Joints? Joints?
Track kilometers 22 7014 10 200% RN
Track kilometer years 111 690% 64 480° ce
Failures 817 1 449 358
Failures per 100 track km 3.6 14.26 RN
Failures per 100 track km-yeass 0.73» 2.256 RN
Number of welds, millions 3.82 1.72 0.035
Average weld age, years 4.92 6.32 2.78
Weld years, millions 18.8 10.8 0.097
Failures per 100 weld years 0.00435 0.0134 0.368

“Includes new and relay rail.
bDerived from data assuming all joints were between 12-m-long (39-foot-long) rails.
‘Unknown.

thermite welds, so that the failure rates of these two processes cannot be
compared. The authors noted that the increasing failure rates accompanied
the introduction of higher wheel loads and train speeds in 1967.

During the period of 1933 to 1971, about 58 000 track km (36 000 track
miles) of CWR were laid [18]. Although flash welding has been used to
produce most CWR, oxyacetylene gas pressure welding was used to
manufacture increasing amounts of CWR through 1970.

Although there were approximately 81 000 km (50 000 miles) of CWR in
track at the end of 1974 [19], which would require 13.5 million bolted joints,
this accounts for only about 25 percent of the 332 300 km (206 400 miles) of
line-haul [7] and 15 percent of the 553 000 km (343 000 miles) of track in the
United States [20]. The remaining 472 500 km (293 470 miles) of bolted track
represent about 79 million bolted joints between 12-m-long (39-ft-long) rail
sections. The 14 railroads that have the greatest amounts of CWR (1840 to
8770 track km as of 31 Dec. 1975) account for 71 450 km (44 378 miles) of
the 79 740 total km (49 527 miles) [27]. Assuming that all CWR is in line-haul
track, there remain some 42.5 million bolted joints in this track category.
The largest amounts of CWR installed to date were 9950 km (6179 miles) in
1970 and 7140 km (4434 miles) in 1972. During 1975, 4173 km (2592 miles)
of CWR were installed and during 1976, 4192 km (2604 miles) of CWR
installation were planned.

In summary, CWR has given excellent service performance, and con-
tinued installation, particularly in heavily traveled track, will improve the
economics of railroad operation. Additional details on the fabrication,
installation, performance, and costs of CWR are given in subsequent
sections of this article.
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Current Rail Welding Processes

In the sections that follow, welding processes currently used for joining
rails are described and discussed. For each method, procedures, properties,
service experience, principal failure modes, process variability, personnel
skills, costs, and adaptability to shop and field fabrication are included,
depending on the available information. Table 3 summarizes several impor-
tant characteristics of rail joining processes.

Thermite Welding

Thermite welding is a process that produces coalescence “by heating with
a superheated liquid metal and slag resulting from a chemical reaction
between a metal oxide and aluminum, with or without the application of
pressure. Filler metal, when used, is obtained from the liquid metal” [22].
The most common exothermic chemical reactions used for thermite welding
are

Fe;03 + 2A1==2Fe + ALO; + 181.5 kcal o)

3Fe;0s + 8A1==9Fe + 4AL,0; + 719.3 kcal 2

The first reaction is used in the Goldschmidt® process (Orgotherm) [23] and
the Calorite® and Boutet® (Delachaux) [24] processes. The second reaction

is the basis of the Thermit® welding process that was developed in the United
States [22].

TABLE 3—A summary of several characteristics of rail joining processes.

Gas
Flash- Pressure- Thermite-
Welded Welded Welded Bolted
Joints Joints Joints Joints
Number of joints
in service,
millions 3.82 1.72 0.035 42.5
Rail joining rate,
joints per hour 17 5to 15 1.5 6
Cost per joint,
dollars 20 40 65 25
Common joint
defects electrode burns, lack of porosity, voids, bolt-hole cracks,
hot tears, fusion inclusion, lack  loose bolts,
misalignment of fusion rail end batter,
Inspection
methods visual, magnetic visual, magnetic visual, ultrasonic, visual, ultrasonic
particle particle gamma radi-

ography
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The temperature of the molten metal is about 1925°C (3500°F), which is
less than the theoretical temperature of about 2760°C (5000°F). The re-
duction of temperature results from various heat losses and the addition of
other materials to the mixture. These other materials include carbon,
manganese, pieces of high-carbon steel, and other allying elements to
increase abrasion resistance and provide weld-metal grain refinement. The
alloying elements are added so that the solid weld metal will have mechanical
properties similar to those of the rail steel being joined.

Thermite welding is used extensively in the United States and West
Germany. This welding process is used almost exclusively for joining rails at
the track site. It is attractive for in-track joining because of its portability,
low capital investment requirement, and relatively short time for weld
completion. Because the mechanical properties of thermite welds usually are
inferior to those of welds made by other processes, usage in Japan is largely
restricted at present to emergency repairs of CWR, although an effort is
being made to improve the weld properties, particularly fatigue resistance.

Thermite Welding Procedures—Although certain procedures used in
thermite welding are recommended for specific processes, general pro-
cedures for successfully making rail welds can be given. The procedures
outlined in the following paragraphs are considered to be the minimal
practices needed to provide acceptable weld quality [22-35]:

1. Cut the rail ends perpendicular to the rail axis using a torch, saw, or
abrasive disk. Torch cuts should be relatively smooth, and, to prevent rail
cracks from initiating at the torch-cut, heat-affected zone, thermite welding
should be performed within 1 h of cutting.

2. Clean the rails within about 127 mm (5 in.) of the joint by filing, wire
brushing, and solvent wiping to remove dirt, grease, moisture, loose oxide,
and slag. Remove burrs and deformed head metal.

3. Separate the rail ends by a gap of 13 to 32 mm (!4 to 1Y in.) depen-
ding on the rail section and welding process.

4. Align the rails using a straight edge along the gage side of the railhead.

5. Raise the rails at the joint to compensate for the greater thermal
contraction that occurs in the railhead during cooling relative to the web and
base regions.

6. Attach the molds to the rail, centered over the joint, and seal the molds
to the rail with luting material, according to the equipment supplier’s
instructions.

7. Insure that the crucible or reaction chamber is clean and dry.

8. Preheat the rail ends sufficiently to provide good fusion with the weld
metal. Uniform heating of the rail ends is important and can be judged by
visual observation of the rails.

9. Ignite the reaction mixture in the crucible. If the crucible is tapped
manually, it is essential that sufficient time be allowed for completion of the
reaction and to permit the slag to float to the surface of the molten metal. A
stopwatch and observation of slag formation in the crucible are two methods
used to time the manual taping operation. This operation is shown in Fig. 1.
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FIG. 1—Reaction of thermite mixture in crucible before pouring into mold.

10. Remove the molds after allowing the weld metal to completely
solidify, which requires about 5 min.

11. Chisel and grind off excess weld metal to the rail profile, at least on
the top and sides of the head. Final grinding should be performed when the
weld and rail have cooled nearly to ambient temperature.

12. Inspect the weld by visual, dye penetrant, and ultrasonic nonde-
structive methods. Some urban track fabricators have radiographically
inspected thermite welds using the Co® isotope for a gamma ray source.

Although detailed procedural descriptions accompany each thermite
welding process, railroads have had widely varying degrees of success with
the process. This variability is considered to be due to the inherently large
amount of human judgement that is required during thermite welding,
especially for the rail preparation, torch preheating, and manual tapping
steps.

Three approaches have been used to overcome the problem of variable
weld quality. The first method is to define the welding procedures in great
detail and to supervise closely the welding operation using adequately
trained supervisory personnel [34,36].

The second approach to decreasing the variability of thermite welds has
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been to modify the process to reduce the amount of human judgement
needed. One such judgement associated with external preheating can be
eliminated by using a larger and possibly hotter thermite mixture, which
preheats the rail ends and melts off a small amount of rail steel as the molten
steel washes over the rail ends. This process modification is incorporated
into the Thermex Metallurgical Thermit process, the Boutet process, and the
Orgotherm “SoV” Quick Welding method. The latter process is used for
about 98 percent of field welds for the West German Federal Railroad. The
Thermex, Orgotherm, and Boutet processes are used successfully by several
U.S. railroads.

A second process modification that partly automates thermite welding
permits self tapping of the molten charge. To accomplish this, the Thermex
Metallurgical Thermit process includes five metal disks that are placed at the
bottom of the crucible and the Boutet process includes a solid plug that is
placed in a tapping thimble below the thermite mixture. Both of these
tapping devices are designed to prevent the molten steel from entering the
rail joint until the reaction is complete and the alumina slag has sep-
arated from the melt by flotation in the reaction crucible.

Both of these process modifications appear to improve the service
performance of thermite welds significantly. Additional service time in track
and accumulation of failure statistics are needed to make adequately
supported conclusions.

The third approach to overcoming the problem of uncertain thermite weld
quality, which is used successfully by several railroads, has been to reinforce
the welds with bolted joint bars. If excess weld metal is not removed from the
rail web and base, specially shaped joint bars can be used. If the rail ends are
misaligned, grinding may be needed to obtain proper joint bar fit to the rails.
Although this method has higher installation and maintenance costs than a
joint that is welded only, the uncertainties of weld reliability can be reduced.

The Cost of Thermite Welds—The direct cost of making thermite welds in
the fields is estimated to be $65 based on observations of an eight-man
welding gang working on a closed track section. During the 8-h shift, twelve
welds were completed and no inspections were performed. The estimated
cost is calculated as follows:

Direct labor; 8 men X 8 h X $6/h $384
Welding kits; $30 each X 12 welds 360
Other consumables and equipment; $3 X 12 welds 36
Total cost $780
Direct cost per weld $65

Including indirect costs, the total cost of welding is expected to be much
greater than this. The direct cost is in reasonable agreement with a value of
$55 for thermite welding on the West German Federal Railroad in 1972 [37].

Mechanical Properties of Thermite-Welded Rails—The results of slow
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bend tests have been published in Refs 23,38-42 and the results of rolling
load tests have been published in Refs 38,39,43-44. These have been
collected and summarized in Ref 3.

In general, thermite welds have lower strength and ductility than flash and
gas pressure welds which is attributed mainly to the cast, dendritic structure
that is typical of thermite welds. Weld defects, such as inclusions and pores,
also reduce the mechanical properties of thermite welds.

Service Performance of Thermite-Welded Rail—Because of their lower
mechanical properties and greater variability in quality, thermite welds
generally do not perform in track as well as flash butt and oxyacetylene gas
pressure welds, where performance is considered to be time in track without
failure. One measure of this is the accumulation of weld failure statistics
published by the American Railway Engineering Association (AREA)
[2,45]. These figures, which were collected from the railroads on a voluntary
basis beginning in 1962, are incomplete since not all railroads have
submitted reports. Although “absolute comparisons and total failure rates
cannot be derived from the data,” “trends can be examined” [45]. These
trends indicate that thermite welds have a much higher failure rate than flash
welds and gas pressure welds.

The most common causes of in-service, thermite weld failures are [46-49]:
(a) porosity, voids, and inclusions (mold material or alumina from the
thermite mixture) in the weld metal, and (b) gouges and local regions trans-
formed to brittle martensite produced during grinding of the weld and
adjacent rail.

In spite of the poorer service performance experienced by many railroads,
thermite welding is widely used, and, on at least one railroad, the failure
rate is reported to be as low as that for shop-fabricated, flash butt welds.
This has been accomplished by developing detailed procedure specifications,
closely supervising the welding operation, and carefully inspecting the
welded joints. About 3 percent of the welds are rejected and cut out, and the
rails are rewelded.

Flash Welding

Flash welding produces coalescence “simultaneously over the entire area
of abutting surfaces, by the heat obtained from resistance to electric current
between two surfaces and by the application of pressure after heating is
substantially completed. Flashing and upsetting are accompanied by expul-
sion of metal from the joint” [50,51].

Although flash butt welding was first used in 1937, the gas pressure
welding process was favored, and it was not until 1955 that any significant
number of flash-welded rails were placed in service [9, 18]. The flash welding
process is used predominantly for plant welding of rails although an in-track
welding unit has been developed and evaluated.

Flash-Welding Procedures [6,9,10,15,41,50-60}—1In rail plant flash weld-
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ing, the rail ends to be welded are cleaned and then polished at the locations
of contact with the current-conducting electrodes on the railhead and base.
The rails are positioned in the welding machine and held by both vertically
and horizontally acting hydraulic clamps in each platen. The rail ends are
inclined so that about 1.6 mm (1/16 in.) separates the top of the railhead and
each end of the bottom surface of a 914 mm long (36 in. long) straight edge
that is centered on the joint. This camber is provided to compensate for the
greater thermal contraction that occurs in the railhead relative to the web
and base during cooling. Electrode clamps in each platen complete the
electrical circuit and are separate from the positioning clamps. The rails are
aligned by horizontal or vertical movement of the stationary platen that does
not provide longitudinal motion. Some newer machines automatically
correct for rail twist to provide accurate alignment of the railhead, web, and
base.

During the first step of the welding cycle, which sequences automatically,
the movable platen brings the rail ends into contact to permit high current
flow; for example, 20 000 to 100 000 A at about 5 to 10 V, which preheats the
rail ends. The rails are brought together and separated up to 20 times during
the preheating stage, which raises the rail ends to a temperature of 950 to
1100°C (1750 to 2000°F) and flashes off rough points on the rail ends. After
the rail reaches the proper temperature, flashing is initiated again by
‘bringing the movable platen and rail forward at a controlled and increasing
speed. During the flashing period, which removes from 6 to 25 mm (! to
about 1 in.) from the end of each rail, high spots on the rail ends contact, are
rapidly melted, and the molten globules are expelled from the joint.
Atmospheric oxygen is virtually excluded from the joint by molten metal
expulsion.

Upon completion of flashing, the movable platen is accelerated so that the
rail ends are upset to refusal either with constant platen speed or under
impact loading of 530 to 580 kN (60 to 65 tons). A minimum upset of 12.7
mm (0.5 in.) is recommended. The welding current is turned off and the
electrodes are released from the rail; but the rail clamping and upsetting
forces are maintained at least 10 s while the weld cools sufficiently for safe
handling. Monitoring of the welding current, rail movement, and upsetting
provide basic quality control.

Depending on the specific flash welding process used, the hot, upset metal
can be removed by a shear either at the welding station or at a separate
station, 12 m (39 ft) or one rail length beyond the welding station. In some
new plants, the shear that is beyond the welding station is positioned by
sensing the heat in the weld region. The weld then is finish ground either
manually or semiautomatically to produce a smooth profile on the top and
sides of the railhead and on the underside of the rail base. In some
installations, the rail web also is finish ground. Additional stations at rail
length spacings can have facilities for rail straightening and magnetic particle
inspection of the completed welds. Flash welds normally are not heat
treated. A plant flash weld being made is shown in Fig. 2.
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FIG. 2~ Plant flash weld showing sheared upset metal pushed off of the hot weld.

Rail end straightness is a significant problem in plant flash welding
because, although the central portion of a rail can be straightened by gagging
or rolling, these methods are less effective at the rail ends [7,58]. A procedure
used by some railroads to avoid the problem of bent rails at the welding
plant is to inspect rails for straightness at the steel mill prior to shipment to
the welding plant. Variations of rail height and head width also are a
problem if final rail grinding is not to consume excessive time. Rail end
straightness also is a problem in gas pressure and in-track thermite welding,
but this has not been widely reported for these two processes.

Relay rail also is welded at flash welding plants using welding procedures
that are essentially the same as for new rail with the addition of dismantling,
inspection, and rail end cropping operations. If the rails have been inspected
for internal defects in track, this is not required at the welding plant.
Cropping of the rail sections, usually 460 mm (18 in.) from each end, can be
done automatically.

In some instances, it is not economical to weld relay rail. For secondary
lines having low loadings, up to about 71.2 GN (8 million gross tons) per
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year, bolted relay rail strings can be transferred directly from main lines. It
has been estimated that this method can save $1500 per mile in comparison
with sending the bolted strings through a plant for flash welding [67].

The reported time required for flash welding is in the range of 1 to 215 min
and the welding rate is from about 100 to 160 welds per 8-h shift [54,58-60].
One railroad, using a contractor at a fixed plant and operating two flash
welders each 130 h per week produces 2000 acceptable welds per week, 7.7
welds per hour, at a total welding cost of about $16 per weld. This cost does
not include the costs of transporting rail from the steel mill to the welding
plant and the costs of transporting welded rail strings to the track site. The
cost of the fixed rail welding plant recently built by the Santa Fe Railroad at
Amarillo, Texas, was reported to be $7.9 million, including $2.7 million for
rail loading and unloading units and 4 new rail trains [54]. A contractor’s
charge for welding rails on a rail train portable plant is $10 to $30 per weld
depending on the size of the contractor’s crew.

In-Track Flash Welding—Flash welding in track has been used in recent
years in the United States, Europe, Japan, Italy, Hungary, and the Soviet
Union, where the equipment was developed. This unit, which has been used
by several railroads in the United States to make about 33 000 welds since
1972, clamps the rails at the rail webs to achieve electrode contact and to
transmit the upsetting force to the rails [6,41,62-69]. In some of the work,
where bolted rail was converted to CWR, the rail ends were cropped to
eliminate batter, bent down ends, and wear from the joint bars. The rails
then were aligned both vertically and laterally. The rail ends were elevated to
clear the tie plates and to provide camber so that the rail surface would be
flat when the weld cooled. The in-track machine flashes continuously during
a 3-min automatic welding cycle that is completed by upsetting 13 mm
(!4 in.), but not to refusal, under a 445 kN (50 ton) force. The weld is held in
the upset position while it partially cools. If the rail ends do not butt
together closely, they can be manually flashed until arcing reaches the full
height of the rail end before the automatic cycle is begun. Upset metal
currently is removed from the top and sides of the railhead and from the
sides of the rail base. In comparison with plant flash welders, higher
operator skill is required, better surface preparation is desirable in order to
obtain flashing over the entire joint surface, and the welding time is longer.
The in-track welder is shown in Fig. 3.

This unit costs approximately $500 000 and reportedly is capable of
making 8 to 10 welds per hour and 50 to 60 welds in an 8-h shift. In main line
track, with about 614 h actual welding time, the rate has averaged 53 welds; a
maximum of 86 welds was recently made in 7 h working time in an 8-h shift.
The total cost per weld would be about $30 for a job requiring 4000 welds.
This cost does not include the cost of unspiking, shifting, cropping, and
respiking of the rails.

The Soviet in-track flash welder has been used to join long rail strings and
to convert conventional bolted rail to continuous-welded rail in track. In the
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FIG. 3—In-track flash welder during welding cycle.

latter application, additional rail sections are added as the gap between the
rails, due to cropping and upsetting losses, reaches a convenient length. This
unit also has been used to repair sections of continuous-welded rail by
removing a short piece and welding in a replacement segment.

The technique used for this in the Soviet Union first involves cutting out a
3-m-long (10-ft-long) piece of rail. A 3.7-m-long (12-ft-long) piece then. is
welded to the CWR on one end. The CWR on the other side of the short rail
is cut so that it overlaps the short rail by 25 mm (1 in.), unspiked for 61 m
(200 ft) and bowed laterally so that it contacts the gage side of the opposite
rail. During flash welding, ten men lean against the bowed CWR, tending to
straighten it, and force the rail to its final position during the forging stage at
the end of the welding operation.

Assuming that 460 mm (18 in.) are cropped from each end of a 12-m-long
(39-ft-long) bolted rail segment and that each weld is made with 51-mm
(2-in.) upset, conversion of each track mile from bolted to welded rail
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requires nearly 300 welds and 24 additional pieces of cropped rail. Welding
would require three to six 8-h shifts depending on the amount of on-track
time available.

Mechanical Properties of Flash-Welded Rails—The results of slow bend
tests are given in Refs 41, 42, 70-73 and results of rolling load tests are in
Refs 38, 44, 70, and 74. These have been collected and summarized in Ref 3.

Service Performance of Flash-Welded Rail—On the basis of discussions
with railroad personnel as well as weld failure statistics given earlier in
Table 1, the service performance of flash welds is excellent. The failure rate
of 0.0038 service and detected failures per 100 weld years is equivalent to
about one failure per 161 km (100 miles) of welded track per year [2]. This
failure rate compares favorably with 75.6 rail failures of all types per 161
track km (100 track miles) inspected during 1970, of which 37.5 failures per
161 track km (100 track miles) were web-in-joint failures.

The most common causes cited for flash-weld failures that are associated
with the welding process itself, and not the rail steel quality, are electrode
burns on the rail base that form brittle martensite on the rail surface and
entrapment of oxidized flash particles in the joint. Weld failures occur less
frequently due to insufficient grinding that leaves a stress concentration at
the upset, hot tearing by straining the weld before it has cooled sufficiently,
and formation of surface martensite by excessive grinding. The most
common cause for weld rejection at the welding plant is the formation of
surface cracks during weld upsetting in rails containing pipe defects,
numerous or large inclusions, and segregation [42,46-49,71,75-77). A
second common cause for flash-weld rejection is misalignment, which was
discussed previously. Both of these problems can be eliminated by inspecting
the rails at the steel mill prior to shipment to the welding plant. Ultrasonic
inspection for pipe defects and large inclusions has been found to be very
effective in identifying rejectable “A” rails. Defects have been found to
extend into “B,” “C,” and even “D” rails.

Although failure statistics have not been obtained, the service per-
formance of the in-track flash welds reportedly has been excellent also. The
failures that have occurred have initiated most frequently at the upset, stress
concentration on the underside of the rail base.

Gas Pressure Welding

Gas pressure welding is defined [78] as a welding process in which
“coalescence is produced simultaneously over the entire area of abutting
surfaces, by heating with gas flames obtained from the combustion of a fuel
gas with oxygen and by the application of pressure, without the use of filler
metal.” Welding occurs in the solid state by grain growth, grain coalescence,
and diffusion across the joint interface.

This process for rail welding was first used in the United States in 1939
and was developed to the extent that welds could be made at a lower cost
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than that of bolted joints in new rail [4,9]. Because of the longer time
required for welding and greater incidence of weld defects, gas pressure
welding largely has been replaced by flash butt welding in recent years
although gas pressure welding units are still in service [/8].

In Japan, where 150 and 200-m long (492 and 656-ft long) rails are pro-
duced from 25 and 50-m-long (82 and 164-ft-long) individual rails, both
plant gas pressure and flash welding are used. An on-rail, gas pressure
welding car was built in Japan but was not considered useful due to its low
rate of welding. To overcome a shortage of in-track welding capacity,
however, this process was reevaluated, and a welding machine weighing
4450 N (1000 1b) was successfully developed for welding 200-m-long rails in
track [15,41]. Details on the operation of this equipment and the perform-
ance of the welds were not obtained.

An in-track oxyacetylene gas pressure welder also has been developed in
the United States [79,80], but detailed information on its operation and the
performance of welded rails has not been obtained.

Gas Pressure Welding Procedures [4,5,10,15,41,78-87]—Although the
welding procedures used by railroads differ in some details, the following
general procedures have been reported.

Rail ends are prepared by butting the rails together, with the joint slightly
elevated, clamping them, and sawing the two ends simultaneously to
produce smooth and flat joint surfaces. If welding is not performed shortly
after rail end preparation, the surfaces are coated with oil to prevent
oxidation. Before welding, the rail ends are cleaned with a suitable solvent,
such as carbon tetrachloride. The rails are clamped in the welding machine
and an upsetting pressure of 20.7 MPa (3000 psi) over the rail cross-sectional
area is applied. Oxyacetylene torches are ignited and oscillated over a
51 mm (2 in.) length to produce uniform heating. Upsetting begins when the
rails ends reach about 1100°C (2000° F). When they reach 1230° C (2250°F),
the rail steel has softened enough for each rail to move about 9.5 mm
(3/8 in.) and produce an upset region. The upset on the railhead is removed
by a hydraulic shear on some welders and upset on the web and base are
partially removed by cutting torches. At another station, when the rail weld
temperature is about 480°C (900°F), it is reheated over about 150 mm
(6 in.) to about 840°C (1550°F) with oscillating oxyacetylene torches to
normalize the weld. The torches above the rail are directed vertically down-
ward and at 45 deg to the rail length direction so that the softest zones at
the ends of the normalized length are gradually contacted by wheel treads.
When cool, the rail is ground manually and magnetic particle inspected.

The welding portion of the operation requires 5 to 10 min, depending on
the rail size [4,5,87], and normalizing, which is not performed at all facilities,
takes an additional 5 min [84]. The welding and normalizing operations can
be performed simultancously at separate stations. In a large welding
program, an experienced welding crew can make 40 to 50 welds in an 8-h
shift with a welding plant set up at the track site [84]. At a fixed plant using
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dual welding and normalizing machines and associated equipment, a rate of
15 finished welds per hour or 120 welds in an 8-h shift has been achieved [4].

For a group of 4078 gas pressure welds made at the track site in 1952 [88],
44.7 man-hours were required per weld including (a) equipping flat cars with
rollers, etc. (0.04 man-hours), (b) setting up and dismantling welding
equipment (0.08 man-hours), (c) unloading rail (0.24 man-hours), (d) sawing
and welding operations (3.53 man-hours), (e) loading welded rail (0.30 man-
hours), and (f) employing a watchman (0.28 man-hours). Materials for the
sawing and welding operations ($3.38 per weld) and equipment rental ($1.01
per weld) would cost about three times as much at the present time as in 1952
or $13.20 [1I]. Assuming an average direct labor rate of $6 per man-hour,
the cost per weld would be about $40. This does not include indirect costs or
the cost of shipping the rail to the welding site.

Mechanical Properties of Gas Pressure- Welded Rails—The results of slow
bend and rolling load tests conducted at the Association of American
Railroads (AAR) Research Center are given in Refs 38, 39, 71, 74, and 89
and summarized in Ref 3. In comparison with flash welds, the bend test
results are somewhat poorer but the rolling load test results are about the
same. These gas pressure weld properties generally are better than thermite
weld properties.

Service Performance of Gas Pressure- Welded Rails—The service per-
formance of gas pressure welds in rails has been good, as indicated earlier in
Table 1. The reported failure rate of welds in new rails during 1970 was close
to that of flash welds and about one third of that of gas pressure welds in
relay rails.

The most common causes of weld failure appear to be lack of fusion due
to insufficient cleaning of the rail ends, lack of parallelism of the joint
surfaces, inclusion of mill scale from the rail surface into the interface,
insufficient upsetting, and pop out (extinguishing) of the oxyacetylene flame
which carburizes the joint surfaces by exposure to excess acetylene
[9.42,46,49,76-77]. Using an oxidizing flame rather than a neutral oxyacety-
lene flame, in order to increase the heating rate and reduce the welding time,
also can cause lack of fusion by oxidizing the joint surfaces. As with other
welding processes, rail defects, hot tearing, and excessive grinding (which
overheats the rails and causes brittle martensite formation) also have been
causes of failures. In one instance, a ball of oxidized metal from torch
cutting the upset metal adhered to the rail base and provided a stress
concentration that was the origin of a failure [49].

Arc Welding

In addition to those processes described previously that are widely used
for welding rails, there are several arc welding processes that have been used
to a much lesser extent. They include electroslag welding, submerged arc
welding, and “enclosed” welding (a shielded metal arc welding technique).
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The arc welding processes used for rail welding are reviewed in the following
sections.

Electroslag Welding—Electroslag welding is a process in which the elec-
trical resistance of a molten slag held in the joint area furnishes the heat
necessary for welding [50,51]. The heat generated melts both the filler metal
and the adjacent joint walls. When welding rails, a ceramic or water-cooled
copper mold, having essentially the same configuration as the rail, is re-
quired to hold the molten slag and filler metal in the joint. The weld is
accomplished as the filler metal fills the joint volume from the bottom. The
process is used mainly for joining heavy sections. Electroslag welding in its
standard form has been used most widely in the Soviet Union for the welding
of continuous crane rails [90-92].

In practice, electroslag welding of rails is complicated by the irregular
shape of the rail, which makes it difficult to obtain uniform heating without
overheating some part of the joint. Also, assembly and dismantling of the
mold can be difficult. In spite of these deterrents, successful welds have been
made in several sizes of rails. The joints are made without preheating or
postheating and require about one man-hour per joint including setup,
welding, and finishing.

Electroslag welded crane rails made in the Soviet Union have been shown
to have tensile and impact properties equal to or better than those of the
unwelded rail. Low-strength, ductile welds with a hardened head area are
made by using low-carbon electrode wire for the base and web sections and
then adding ferromanganese to the molten metal in the head section. Slightly
alloyed welds are made by using different electrode wire compositions and
consumable wire guides. There has been no indication that electroslag-
welded rails are used anywhere except on crane rails in the Soviet Union.

Combined Submerged Arc and Electroslag Welding—A hybrid process
involving the use of both electroslag and submerged arc welding to join rails
has evolved from studies of arc welding processes during recent years in
Japan. The dual process technique is now referred to as submerged slag
welding [15,41,93-95]. This process was developed with the goals of reducing
the time required for rail welding and automating the welding process to
reduce weld property variability.

In submerged arc welding, the heat for welding is provided by an arc
between a bare, consumable metal electrode and the workpiece [50-51]. A
layer of granular, fusible flux shields the arc and protects the molten weld
metal from atmospheric contamination. The flux also can contain alloying
and deoxidizing elements.

This process is applied first to weld the rail base and is followed by the
electroslag process to weld the rail web and head. Welding of the entire rail
base up to the start of the web requires three passes. Between welding passes,
unfused flux and solidified slag are removed from the joint by chipping and
wire brushing. When the submerged arc welding is finished, the remainder of
the joint is welded using the electroslag welding process. It takes about 30
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min to complete a weld by the submerged slag process. No preheat or
postweld heat treatments are used.

The ranges of properties of submerged slag rail welds are given in Table 4
along with properties of other types of welds made in Japan with Type 50
rails (102 to 107 Ib per yard) [15,47]. The composition of the rail steel is 0.60
to 0.75 percent carbon, 0.70 to 1.10 percent manganese, .10 to 0.30 percent
silicon, 0.035 maximum percent phosphorus, and 0.040 maximum percent
sulfur. Because these results were collected from several sources representing
tests performed at different times and places, they show ranges of values and
give a rough comparison of the welding processes.

The bending fatigue and static bending properties of submerged slag welds
generally are less than those of flash and gas pressure welds but greater than
those of thermite welds.

Japan National Railways has constructed a car to make field welds by the
submerged slag procedure. This car was used to produce welded rail for two
test sites in 1971. Up to the present, only favorable results, based on railhead
hardness and profile, have been reported. Refinements of the welding car are
being continued by Japan National Railways.

Enclosed-Arc Welding—The enclosed arc welding procedure was devel-
oped to adapt shielded metal arc welding to butt joints having large cross-
sectional areas [15,41,96,97). The rails are prepared by cleaning and squaring
and then are set with about a 18-mm (0.7-in.) gap. After blocks to retain
molten metal are placed around the rail base, the base of the rail is welded by
the shielded metal arc process after suitable preheating. Japanese practice
involves preheating to about 500° C (930°F), and it is presumed that others
also preheat if the particular application and material require it. After the
base has been welded, additional blocks are quickly positioned above the rail
base and welding is continued. Actual welding time varies with rail size but
usually takes less than 1 h. In Japan, postweld tempering at about 700°C
(1300°F) for 10 min follows welding.

Enclosed arc rail welding has been practiced widely in Europe, England,
and Japan. There are many variations of the same general practice. The
success of the procedure depends greatly upon the skill of the welder. The
properties of the welds produced are comparable with welds produced in
rails by other processes. The Japanese make the comparisons shown in Table
3 for fatigue and bend properties.

During the past eight years, the Swedish Railways have developed
shielded metal arc electrodes and enclosed arc welding procedures that result
in welds meeting the requirements given below for 490 N/m (10! 1b/yd) rails
having a nominal ultimate strength of either 786 or 883 MPa (114 or 128 ksi)
[98,99]: (a) a fatigue life of 2 X 10° cycles with a load range of 14.7 to 222 kN
(3300 to 50 000 1b) with the load applied at the weld, centered in a 1-m span;
(b) a minimum bend deflection of 20 mm (0.79 in.) for rails with 883 MPa
tensile strength and 24 mm (0.94 in. for rails with 786 MPa tensile strength
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with the weld centered in a 1-m span; (c) the same hardness in the upper part
of the weld as in the parent rail; (d) high notch toughness.

In the development of welding procedures, which were approved also by
the Danish and Norwegian Railways, a fiberglass-covered, baked sand
briquette backing was developed to provide a notch-free transition between
the weld and the underside of the rail base. In order to improve fatigue
properties by reducing residual stresses, the weld is heat treated for about 10
min or at least until the head, web, and base are at a uniform temperature of
590 to 650°C (1100 to 1200°F) over 100 mm (4 in.) on each side of the joint.
After this, pads of mineral wool are pressed against the rail web to produce
uniform cooling rates. The railhead and sides of the base then are ground to
remove any stress concentrations. Although the total time required to
complete a rail weld was not given, it is estimated to be about 1.5 h.
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ABSTRACT: Previous studies on eutectoid steel have demonstrated that strengthand
toughness are essentially independently varying parameters, with the former primarily
controlled by the pearlite interlamellar spacing and the latter primarily controlled by
the prior austenite grain size. The work has now been extended to study the effect of
modest compositional variations on strength and toughness of 17 experimental rail
alloys. Carbon, manganese, and silicon levels were varied over ranges to yield
eutectoid or hypoeutectoid microstructures. Vanadium was added to some of these
compositions, primarily as a grain refiner. These steels were heat treated to produce
varying austenite grain sizes and a reasonably constant, fine pearlite spacing. Instru-
mented impact tests on precracked Charpy bars were performed to determine both the
dynamic fracture toughness (Kid), and the Charpy transition temperature. Tensile
tests were used to monitor strength and ductility. Mechanical test data were correlated
with observed microstructural variations, particularly the austenite grain size and
pearlite spacing as well as fractographic studies of the variation of fracture facet size
with austenite grain size. These studies led to a general description of the fracture
process in such steels.

KEY WORDS: steels, railroad tracks, eutectics, pearlite, lamellar structure, austenite,
grain size, fracture properties, crack propagation, impact tests, dynamic tests,
toughness, mechanical properties

Within the last 15 years there has been a dramatic change in the
transportation practices of American railroads, including higher gross ton
miles over prior lighter tonnage lines, and higher average train speeds.
Specifically, in the last ten years, the average freight carload has been
increased 20 percent. Presently, the railroads are spending more than $300
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million annually to correct damages and to maintain existing rail lines.4
Such losses have prompted the Association of American Railroads (AAR)
to investigate present and future rail material, so that a stronger and tougher
rail may be produced at reasonable cost. Since 1972, three programs have
been initiated at Carnegie-Mellon University under the auspices of the AAR:
structure-property relationships in commercial rail; basic fracture processes
in eutectoid (0.8 percent by weight carbon) steel; and structure-property
relationships in potential future rail material. The first topic has recently
been completed [1],% and the second is currently under active study [2]. This
paper deals with the third topic, the evaluation of future rail material.

The first of the studies was performed on U.S. commercial rail which is
primarily of a eutectoid composition with a fully pearlitic microstructure.
This study successfully identified the thermomechanical processes that affect
the strength and toughness of present day commercial rail. The austen-
itization temperature during hot rolling, the parameter that primarily
establishes the prior austenite grain size, controls the Charpy transition
temperature, and the cooling rate after austenitization which dictates the
pearlite spacing, controls the yield strength. It was thus found that, for
commercial rail steel, strength and toughness are essentially independent of
one another, and therefore both can be maximized if a low austenitization
temperature and fast cooling rate can be employed in rail production.

In the present study, experimental rail steels of a hypoeutectoid com-
position, containing varying amounts of proeutectoid ferritic were char-
acterized for strength and toughness properties and response to heat
treatment. Typical microstructures of one of the experimental alloys are
shown in Fig. 1. Such compositions and microstructures are currently being
used for rail applications in Europe and Japan, but the more demanding
service conditions expected for a U.S. product necessitated an examination
of processing schedules to maximize strength and toughness.

Experimental Procedure

Materials

Material for this study came from laboratory heats of 56.7 kg (125 1b),
forged and rolled into 32-mm (1.25-in.) -thick plates. The plates were
produced in such a manner as to duplicate the deformation in the head of a
commercial rail, with rolling reductions on the order of 50 percent. Chemical
analyses of these heats are shown in Table 1. To ensure similar levels of the
normal residual elements, the procedure known as the split heat technique
was used in producing these laboratory heats. More exact details of this
study are documented elsewhere [3].

Test specimens were machined from oversized Charpy and tensile blanks,

“Association of American Railroads Technical Center, private communication, 1976.
5The italic numbers in brackets refer to the list of references appended to this paper.
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TABLE 1—Compositions of experimental rail steel (weight percent of additions)

Alloy
Designation Carbon Manganese Silicon Vanadium
B 0.56 1.48 0.27
G 0.41 0.90 0.39 e
I 0.46 0.84 0.64 0.07
J 0.45 0.95 0.60 C.
L 0.44 1.31 0.40 0.08
N 0.66 1.27 0.59 e
0 0.44 1.29 0.62 0.08
P 0.44 1.32 0.63
AREA 133
16/yd 0.81 0.87 0.17 0.013S

0.018P

NOTE—Other typical elements analyzed include: 0.005 percent phosphorus, 0.023 to 0.032 percent
sulfur, 0.05 percent nickel, 0.05 percent chromium.

with the long axis parallel to the rolling direction; the Charpy notch was
machined parallel to the plate surface. In all cases, the fracture is expected to
propagate in the plane transverse to the rolling direction, a behavior typical
of most service failures.

Heat Treatments

Following the results of Hyzak and Bernstein [7], it was decided to vary
the toughness systematically, while maintaining an adequate, fairly constant
strength level. This procedure was achieved by the use of four heat
treatments designed to vary the prior austenite grain size and to hold the
pearlite to a nearly constant, fine interlamellar spacing (Table 2). Some
variation in pearlite spacing did occur, and the resulting strength changes
were monitored. The as-received condition represents the typical American
Railway Engineering Association {AREA) control-cooled rail. After a
minimum finishing temperature of approximately 1050°C, the commercial

TABLE 2-—Heat treatments.

Austenitization Isothermal Transformation
Condition Time and Temperature Time and Temperature
Fine grain size 900°C, 20 min, 550°C, 15 min
(dual cycle) oil quench,
800°C, 15 min
As-received 1230°C, 2% h finishing temperature

1010 to 1050°C,

control cooled
Austenitize 1000°C 1000°C, 45 min 580°C, 15 min
Austenitize 1200°C 1200°C, 60 min 590°C, 15 min
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rails are slowly cooled through the transition range (to allow for hydrogen
outgassing) to approximately 150°C in no less than 7 h. This results in an
austenite grain diameter of approximately 130 um and a pearlite inter-
lamellar spacing of approximately 1600 A. To approximate AREA cooling
conditions, the experimental alloy plates were buried in vermiculite after
rolling and allowed to cool to room temperature. The resulting micro-
structure exhibited an austenite grain diameter of approximately 65 um and
a pearlite spacing of approximately 2500 A.

The finest grain size was produced by a thermal cycle treatment similar to
that used by Grange [4]. After austenitization, the specimens were iso-
thermally transformed in salt pots; the procedure yielded a grain size of ~10
pm and a pearlite spacing of ~1800 A. Two other heat treatments were
adopted to extend the data over the grain size range expected in actual
commercial rail production. These consisted of austenitization at either 1000
or 1200°C, followed by an isothermal transformation at either 580 or
590°C. The resulting microstructures were characterized by prior austenite
grain sizes of ~60 and ~100 pm, respectively, and interlamellar pearlite
spacings of ~2000 and ~2100 A, respectively.

Mechanical Testing

Detailed tensile and instrumented precracked Charpy tests were per-
formed on the most promising of the experimental steels. Duplicate room
temperature tensile tests were performed on specimens from each heat
treatment, using standard ASTM samples with a 6.4 mm (0.252 in.) diameter
and a 25.4 mm (1 in.) gage length, and an initial strain rate of 0.01 per
minute. The 0.2 percent offset yield strength, ultimate tensile strength, and
reduction in area were then determined (Table 3).

For impact tests, standard Charpy V-notch specimens with a fatigue
precrack at the root of the notch were tested between temperatures of —46° C
and 232°C, using a standard impact machine equipped with an instru-
mented impact system (Dynatup). Specimens were precracked on a constant
deflection precracker (Dynatup); approximately 6 to 8 min was required to
create a total crack length of 3.5 to 5.5. mm (0.138 to 0.217 in). The
information obtained in these tests, namely the precracked Charpy tran-
sition temperature and the dynamic fracture toughness Kz, is also given in
Table 3.

The transition temperature is taken as the value corresponding to a ratio
of impact energy to fast fracture area (W/A) of 3.11 X 10° N/m’ (142
ft-1b/in.?). This represents a value approximately one half the distance
betweeen the upper and lower shelf energy, a frequently used measure of the
transition temperature [5].

Dynamic fracture toughness values were obtained for tests at —18°C,
using a stress intensity rate, K, of 3.0 to 5.5 X 10° N/my2 s). These tests, as
shall be discussed, have been found to be very sensitive indicators of the role
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TABLE 3— Mechanical properties of experimental rail alloys.

Charpy
Transition
Tempera-
Reduction ture, Kid
Alloy  Condition oy (ksi)  ous (ksi) in area, % °C (ksi v/1n.)

B fine grain size 95.5 143.7 58.8 52 38
as-received 56.1 115.7 20.7 130 23

G fine grain size 73.5 109.2 62.2 -19 63
as received 42.6 87.8 39.0 46 31
austenitize 1000°C 69.2 113.7 53.2 43 35
austenitize 1200°C 57.8 107.0 45.6 50 29

1 fine grain size 85.7 120.4 59.6 -25 63
as received 60.4 108.8 354 106 31
austenitize 1000°C 87.5 137.5 45.8 103 29
austenitize 1200°C 85.1 134.9 349 108 28

J  fine grain size 80.9 121.5 58.2 12 55
as received 54.3 112.0 35.7 92 30
austenitize 1000°C 76.1 121.2 56.9 28 50
austenitize 1200°C 58.4 114.2 40.3 64 28

L fine grain size 87.7 122.9 60.8 9 44
as-received 63.4 113.1 30.6 148 31
austenitize 1000°C 94.5 1394 48.7 110 28
austenitize 1200°C 85.6 133.6 32.8 121 28

N fine grain size 100.9 153.9 53.1 108 i3
as-received 60.7 126.8 17.1 200 25

O fine grain size 99.5 132.9 58.2 10 45
as-received 72.0 121.6 36.8 145 28
austenitize 1000°C 98.2 140.6 49.0 106 30
austenitize 1200°C 89.2 133.3 375 122 25

P fine grain size 87.4 127.8 62.4 7 62
as-received 55.6 110.0 36.7 100 28
austenitize 1000°C 80.6 129.8 44.0 70 30
austenitize 1200°C 69.4 120.6 29.7 100 30

Conversion factors— !
1 ksi = 6.89 MN/m’ = 6.89 MPa
1 ksi Vin. = 1.1 MN/m*

of microstructure on fracture toughness, providing a quantitative measure of
both the toughness and the crack sensitivity of a specific steel.

Quantitative Metallographic Techniques

Microstructural parameters measured in this study included the austenite
grain diameter, the fracture facet diameter, the pearlite interlamellar spac-
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ing, and the pearlite colony diameter (Table 4). The latter two quantities
were measured on two-stage carbon replicas, while optical microscopy was
used to obtain the rest of the parameters. For quantitative metallography,
the specimens were etched in 4 percent picral, although other etching
techniques [4,6] were used to obtain the austenite grain size. Four samples of
each condition were used, and the large number of readings were statistically
weight averaged; the results have a standard deviation of about +5 percent.

Measurement of the pearlite interlamellar spacing was performed using a
technique similar to Brown and Ridley [7]. Secants were drawn perpen-
dicular to the finest spacing observed, being careful to avoid areas near the
proeutectoid ferrite where carbon concentration gradients can influence
spacing measurements. This method is most likely to project the true
interlamellar spacing [/]. Measurement of the austenite grain diameter and
pearlite colony diameter was achieved using standard linear intercept
techniques (ASTM Method for Estimating the Average Grain Size of Metals
(E 112-74)). It should be noted that, due to the uncertainty on how to
precisely convert the intercept value to the true grain diameter (ASTM
Method E 112-74, [8]), all correlations between mechanical properties and
microstructural parameters are based on the linear intercept distance and

TABLE 4— Microstructural parameters of experimental rail alloys.

Pearlite? Pearlite? Austenite? Facetb

Spacing Colony Dia. Grain Dia. Size

Alloy  Condition (A) (um) (um) (um)
I fine grain size 1846 44 9.4 N
as-received 2277 7.8 67.1 86.9
austenitize 1000 2092 6.0 61.4 51.2
austenitize 1200 2185 8.3 132.8 94.3

J fine grain size 1876 5.0 12.9 7.5
as-received 2588 11.1 79.2 96.0
austenitize 1000 2219 5.3 23.6 46.0
austenitize 1200 2671 7.0 135.5 95.8

O fine grain size 1791 34 8.9 9.4
as-received 2729 8.7 65.9 78.7
austenitize 1000 1852 5.1 71.9 101.0
austenitize 1200 2163 6.6 122.2 129.0

P fine grain size 1180 2.5 10.9 8.0
as-received 2063 8.6 70.8 119.3
austenitize 1000 1679 6.3 53.4 57.4
austenitize 1200 1945 7.2 108.4 96.3

B fine grain size 1608 6.4 21.7 31.4
as-received 2649 13.2 68.2 137.1

“Minimum pearlite spacing.
bMean linear intercept distance.
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not the true grain diameter. This does not affect the results, since com-
parisons were only made between parameters obtained in the same way.

The fracture facet size was measured on nickel-plated cross sections of
fracture surfaces, fractured at —46°C. The length of each uninterrupted
cleavage plane was measured and averaged to provide the fracture facet
diameter. Measured by this method, the fracture facet diameter is also
represented by the linear intercept distance.

Experimental Results

Initially, 17 heats in the as-received condition were evaluated using limited
tensile and instrumented impact tests. These results were used to select the
nine most promising alloys to receive more intense investigation. Based on
their response to heat treatment, five alloys were further selected for detailed
microstructural characterization. These five alloys are the only ones that will
be discussed in depth.

Microstructural Effects on Mechanical Properties

Results from the investigation on rail steel [/], as well as other studies of
structure-property relationships in pearlitic steel [9,/0], suggest that the
pearlite interlamellar spacing and the prior austenite grain size are the main
parameters controlling yield strength and toughness, respectively.

The results of this study lend further support to this conclusion. However,
because of compositional variations between alloys and the fact that most of
these steels are ferrite-pearlite aggregates with the ferrite normally present in
envelopes surrounding the prior austenite grains, scatterbands rather than
single-value relationships characterize the supporting data. The following
sections will examine the role of pearlite interlamellar spacing, pearlite
colony diameter, austenite grain diameter, and fracture facet size on the
average mechanical properties of the five alloys.

Pearlite Interlamellar Spacing—With regard to pearlite spacing (S), for
the limited range obtained in this study, decreasing the spacing increases the
yield strength and does so as a function of S/ (Fig. 2). In general, the data
follow the Hall-Petch relationship

— -1/2
Oyiceld strength — O + k;S

where
oi = friction stress required for dislocations to move through the lattice,
and
ky = Hall-Petch slope.
Values of o and k. obtained in this study for nonvanadium steels are —342
MN/m’ and 0.381 MN/m*?, respectively, and for the vanadium steels
—313 MN/m’ and 0.436 MN/m"?, respectively. Karlsson and Linden [11]
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FIG. 2.—Yield strength as a_function of the pearlite interlamellar spacing for eutectoid and
hypoeutectoid steels.

have summarized existing data for eutectoid steels and suggest a best mean
value for &, at the yield stress of 0.25 MN/ m*>. Apparently, additions of
manganese, silicon, and vanadium all help to increase the Hall-Petch slope
of the primarily pearlite microstructure. Although negative values for o: are
inconsistent with definitions of the friction stress, they have been reported
elsewhere [/,/12-14] and are presented here for comparison purposes only.

As the carbon content decreases, the alloy microstructure becomes a
ferritic-pearlitic mixture, and the pearlite can become contained in isolated
grains often surrounded by ferrite grains. When this occurs, the dependence
of strength on the pearlite spacing drops rapidly.

In the regression analysis of Gladman et al {9] on a variety of carbon
steels, the effects of ferrite and pearlite fraction, manganese, silicon, and
nitrogen content, and the grain size were examined; a similar &, value to that
found here was obtained, although they found a positive value of the friction
stress. The more limited range of microstructure and composition in this
study may explain why our results differ in detail from that of Gladman et al
[9]. In any event, one of the major conclusions of this study, that when the
structure is predominantly pearlite, the strength is dependent almost entirely
on the pearlite spacing, is not in question.

Pearlite Colony Size-—The results of both this study and that of Hyzak
and Bernstein [/] support the conclusion that the effect of colony size on the
fracture process is small. The majority of colonies present are contained
within a prior austenite grain boundary, although this is not generally the
case, as we and others {/5] have observed. As first observed by Turkalo [16],
while the fracture path can change direction at a colony boundary, it often
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continues as a single cleavage facet across a number of pearlite colonies
extending over part or, in many cases, one or more prior austenite grain
boundaries. Since large changes in grain size accompanied by only modest
changes in colony size nevertheless promote large changes in fracture
toughness, as discussed later, the colony boundaries in general cannot act as
primary barriers to crack growth. Hyzak and Bernstein [/] did find,
however, that the statistical fit of regression equations describing the
dependence of the Charpy transition temperature on austenite grain size
increased at the 10 percent significance level by retaining the term for the
pearlite colony size. It is thus suggested that, while the pearlite colony can
affect, it does not control the fracture process. A possible reason for its
contribution will be considered in a later section. )

Prior Austenite Grain Size—Refining the grain size is beneficial in low-
carbon steel by promoting an increasing yield strength and a reduction in the
Charpy transition temperature [/0,/7]. For low-carbon steels, the ferrite
grain size controls the strength and toughness. In the hypoeutectoid alloys of
this study, however, the ferrite is confined to a grain boundary network and,
in this condition, has been found to be a minor factor in the control of
strength or toughness. Instead, the prior austenite grain size, d, the
controlling parameter of the fracture facet unit size (see following) (Fig. 3),
has been found to exercise primary control over the toughness of these rail
steels. To illustrate, Fig. 4 shows a well-obeyed relationship between the
austenite grain size (expressed as d ) and the Charpy transition temp-
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FIG. 3—The fracture facet size as a function of the prior austenite grain size for eutectoid
and hypoeutectoid steels.
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erature, with the scatter due to omission of the minor roles of pearlite colony
size and to slight composition variations.

When compared to the existing rail steel, all of the experimental materials
evaluated have superior toughness; in general, the nonvanadium steels have
the best toughness of all. Equally important, these improvements in
toughness have been achieved with either no loss or an actual increase in
strength (Table 3, Fig. 2).

Fracture Facet Size—Another and perhaps more direct way to demonstrate
which microstructural parameter controls toughness is to measure thefracture
facet size and relate it to the microstructure. This type of quantitative
metallography is not often reported, the earliest significant work being done
by Low [18], and later by Turkalo [/6], and most recently by Bernstein et al
[19]. In our hypoeutectoid rail alloys, it was found that the fracture facet size
was controlled by and was approximately 12 percent larger than the prior
austenite grain size (Fig. 3). On the other hand, Bernstein et al [/9] found
that the facet size in fully eutectoid carbon steel was approximately 21
percent smaller than the prior austenite grain size. Such differences may be
due to either the presence of proeutectoid ferrite in the microstructure or to
differences in composition. Further work is needed, however, before a
conclusion on the slope difference can be made. In any event, in both cases,
the austenite grain size controls the facet size, which in turn controls fracture
toughness. As discussed elsewhere [1,19], the facet unit has been identified as
a region of constant ferrite orientation, whose size changes with the austenite
grain size and, to a much smaller extent, with the pearlite colony size.

Compositional Effects on Mechanical Properties

In these experimental rail steels, the total alloy content was kept to a low
level; the carbon equivalent (CE) rarely exceeded 0.75 [CE = C + Mn/6
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+ (Cr + Mo + V)/5+ (Ni+ Cu)/15]. In order to regain the strength lost by
the reduction of carbon content, traditional solid solution strengtheners,
such as manganese and silicon, were added. Vanadium was also added in a
few instances to provide strength and grain refinement either from solid
solution strengthening or from the precipitation of vanadium carbide and
vanadium nitride [20]. In the following sections, we examine the indepen-
dent role of each of these solutes.

Vanadium—An addition of about (.08 percent by weight vanadium
increased the yield strength about 20 percent over nonvanadium alloys of the
same composition, making 85 to 100 ksi a very realistic goal for the yield
strength of future rail steels. It is believed that vanadium contributed to the
strength in these alloys primarily by solid solution strengthening, since thin
foil electron microscopy of Alloy “I” (0.46 percent carbon-0.84 percent
manganese-0.64 percent silicon-0.07 percent vanadium) showed that the only
precipitates observed were randomly spaced, 50 to 250 A in diameter, and
this only for the as-received, slow-cooled condition. No precipitate row
formations were vilsible in this structure, as is often the case in vanadium-
bearing steels [2/-23] where these provide the major strength contribution.
Their absence in our alloys suggests that, for these high-carbon steels, the
nose of the 7-7-T (time-temperature-transformation) curve for the start of
the precipitation reaction was missed even for isothermally transformed
specimens.

The addition of vanadium also produces the undesirable effect of in-
creasing the Charpy transition temperature. This, we believe, is due to an
undesirable rolling texture. Upon observing the fracture facets, it was noted
that there was minimal angular difference between the cleavage facets of
neighboring grains. This would allow the crack to propagate more easily,
since it would not have to expend considerable extra energy to change
direction, as with untextured material. Comparing the texture between
Alloys “I” and “J” (0.45 percent carbon-0.95 percent manganese-0.60 percent
silicon) obtained by X-ray diffractometry, it was found that the vanadium
Alloy “I” contained an approximately 25 percent greater texture in the [110]
direction than did “J”. The remaining alloys were not examined for texture,
although Alloys “L” and “O” behaved similarly in impact testing. Further
experiments are needed to examine if or why a strong [110] texture degrades
toughness.

Silicon and Manganese—Both silicon and manganese are well-known solid
solution strengtheners of ferrite [24]. Additionally, manganese can also
reduce both the interlamellar spacing of pearlite and the austenite grain size
[9]), both of which can be beneficial to strength and toughness.

Comparing Alloys “J* (0.45 percent Carbon-0.95 percent manganese-0.60
percent silicon) and “G” (0.41 percent carbon-0.90 percent manganese-0.39
percent silicon), the silicon addition of ~0.20 percent increased the yield
strength from approximately 61 to 67 ksi, or about 10 percent. Silicon had a
slight detrimental effect on the toughness, increasing the precracked Charpy
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transition temperature about 1°C per 0.01 percent by weight silicon
addition. When toughness was measured by dynamic fracture toughness,
silicon had no obvious effect.

Comparing Alloys “J” and “P” (0.44 percent carbon-1.32 percent man-
ganese-0.63 percent silicon), the manganese addition of ~0.35 increased
strength from approximately 67 to 73 ksi, or about 67 percent. Our data show
that manganese slightly reduces the prior austenite grain size. However, due to the
deleterious effect of an increasing volume percent pearlite on toughness [9],
the precracked Charpy transition temperature increased about 0.6°C per
0.01 percent by weight. As with silicon, manganese had virtually no effect on
Kia.

Effect of Fracture Toughness on Alloy Design

In fatigue-precracked Charpy specimens, the measured energy absorbed is
due mainly to the propagation of a preexisting crack to fracture. As we have
discussed, this propagation energy is very sensitive to the microstructure. As
shown in Table 3 and Fig. 4, W/ A values are difficult to use directly for the
calculation of critical flaw sizes in design applications. A more meaningful
parameter is the dynamic fracture toughness, Ki«. Because Ko is a plane-
strain material condition, only values on the lower energy shelf of the W/ A
curves were considered valid, although the entire transition curve was
determined [3]. The reported value of Kis was taken at —18°C, at a stress
intensity rate (K) of 3.0 to 5.5 X 10° N/m**s (3.0 to 4.0 X 10° ksi

n.s).

For standard Charpy dimensions and the type of loading used in this
study [25]

Kia = 38.7 Y(Pr)a'" n

where
Y = function of a/ W,
Pr = load at fracture before general yield (Ib),
a = total crack length (in.), and
W = specimen width (in.).
Once Kis and the axle loads to be encountered on rail lines are known,
calculations of the critical flaw size for failures at given temperatures can
be found by

KI:IZ l 2
(Gservice) ) ™ -8 ( )

Acritical =
where g is a complex size/geometry factor, dependent on the exact state of
stress at the crack tip. This is not known to any great precision for the
varying loading conditions on rails. However, on a comparative basis, an
apparent increase in allowable flaw size can be used as a predictive tool,
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particularly in the area of nondestructive testing. For example, for the best
experimental steels “G” and “I” at 69 MN/m™* (63 ksi \/i—n.) (—18°C) witha
realistic service load of 138 MPa (20 ksi), an elliptical surface flaw of 79.8
mm (3.16 in.) can be tolerated. This represents a tenfold increase in the
critical flaw size from those in existing rail whose Ki« is approximately 22
MN/ m*? (20 ksi \/in.) (—18°C). While this of course is only an estimate based
on a surface crack in an infinite plate, it clearly describes a product better
able to tolerate flaws and thus one more likely to retain its integrity between
inspection periods.

It should be mentioned that controversy exists over the calculation of K«
from data obtained on specimens fractured after general yielding (not the
case at —18°C). The lower bound equivalent energy approach can be used,
however, to obtain quite reliable Kz curves as a function of temperature, as
we have done elsewhere [3]. In this technique, if fracture occurs after general
yielding, the maximum load, Pr, is converted to new Pr obtained by
extrapolation of the elastic region of the load time plot to the time at
maximum loading. The operating assumption is that, if the specimen were of
valid size for plane strain, a linear elastic type fracture would have occurred
[26]. This new lower bound Pr corrected for machine compliance is the value
used in Eq 1.

Discussion

The study on standard rail material indicated that higher strength and
toughness could be achieved by modifying existing rolling and cooling
schedules. However, in practice, existing equipment and constraints on
cooling rates make it difficult to only use changes in mill practice to improve
rail microstructure, particularly if the improvements are not dramatic. In
contrast, the experimental steels having the optimum structure described in
this study may not require large changes in finishing procedures. With
regard to increased toughness, reducing the grain size or the carbon content
or both are two preferred methods. This can be achieved by a lowering of the
-finishing temperature to at least 1000°C or by a reduction of the carbon
content to 0.45 percent.

Considering the latter approach, carbon is the main strengthening element
in rail steel, and any reduction would lower the yield strength and perhaps
affect wearability. Solid solution or precipitate strengthening would then have
to be used to offset this loss in strength. Ideally, such elements should have
both a minimal effect on toughness and on the capacity to refine the grain
size during hot rolling.

Manganese and silicon were chosen as the two main elements to regain
this lost strength. Neither element is seriously detrimental to toughness. If,
for example, a high manganese (1.35 percent by weight) and high silicon
(0.65 percent by weight) content was used in a 0.45C steel, this material
would have an average Charpy transition temperature of 70° C, compared to
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30°C for low-manganese (0.90 percent by weight) and low-silicon (0.39
percent by weight) grades. Since the Charpy transition temperature for
standard eutectoid rail is ~160° C, a substantial benefit in toughness can be
achieved, while maintaining an average yield strength of either 79 ksi (high
manganese, silicon) or 66.8 ksi (low manganese, silicon) in the heat-treated
condition. Whether such grades would have adequate wearability is not yet
known.

Vanadium was added because of its potential to refine the grain size
during hot rolling and to increase strength. While the strengthening effect
has been achieved, vanadium additions did not lead to a refinement of the
austenite grain size, probably due to the fact that vanadium precipitates were
not formed in sufficient numbers. Studies of precipitation kinetics are
needed in medium- to high-carbon steels before the usefulness of vanadium
as an alloying addition can be assessed.

In summary, it has been shown that benefits in both yield strength and
fracture toughness can be achieved by alloying and microstructural control.
For strengthening, specific solute changes in conjuction with an increased
cooling rate produced yield strengths near 100 ksi. For toughness, reducing
the carbon content and hot rolling at a lower finishing temperature reduced
the Charpy transition temperature to as low as —25°C. The most significant
aspect of these results, as with the fully eutectoid steels [/], is that strength
and toughness are nearly independent of one another, and therefore both
can be maximized.

Conclusions

1. Because the steels examined in this study are hypoeutectoid in nature,
two factors control the strength: the pearlite spacing and the amount of
proeutectoid ferrite. Upon initial yielding, the proeutectoid ferrite, having a
lower yield strength and work hardening rate [12], will deform first. Since
the small amount of this phase present in most of the alloys studied cannot
support the imposed strain, the strength rapidly becomes fully dependent
upon the interlamellar spacing. The strength of such steels can thus be
increased in at least three ways: solid solution strengthening of the ferrite,
the formation of fine precipitates in the proeutectoid ferrite, and refining the
pearlite interlamellar spacing. The latter effect dominates in the current
steels examined because of their relatively low percentage of free ferrite.

2. Toughness of these steels is controlled by the carbon content and the
prior austenite grain size. As the carbon content is reduced, toughness is
increased but with a loss in strength. For a given composition, additional
toughness can be gained by refining the austenite grain size. Maximum
toughriess is achieved when the austenite grain size is small and the
proeutectoid ferrite has formed a continuous grain boundary network, in
which form it is an effective crack blunter.

3. Manganese and silicon strengthen by solid solution hardening. Their
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effect on toughness is minimal in the composition ranges studied. Next to
vanadium, silicon is the most effective strengthener.

4. Vanadium additions show great potential for improving strength, both
in solid solution and as a precipitate. As a grain refiner, its potential has not
been realized in this study, since, for the compositions examined, grain
growth was not restricted. Further, vanadium appears to lead to an
undesirable retained texture. Based on the limited results of this study,
vanadium cannot be recommended as an alloy addition.

5. Fracture toughness studies on heat-treated alloys have shown that the
critical crack size can be increased by approximately an order of magnitude
over existing rail steel, while maintaining or exceeding current strength
levels.

6. The effective fracture unit in these hypoeutectoid rail steels is con-
trolled by the prior austenite grain size. It is suggested that a small
percentage of preferentially oriented pearlite colonies, perhaps associated
with proeutectoid ferrite, near austenite grain boundaries can slightly
increase the fracture facet size over that of the grain size. Although a sharp
texture may not affect the size of the fracture unit, it does promote closer
crystallographic alignment of adjoining cleavage planes leading to crack
propagation with less absorption of energy and a corresponding increase in
Charpy transition temperature.

Recommendations and Future Research

This study has shown that superior rail properties can be achieved through
thermomechanical processing and composition control. The recommended
thermomechanical processing is a finishing hot-rolling temperature no
higher than 1000°C and a low temperature transformation near 550°C.
Thus, in actual mill practice, any lowering of the finishing temperature or
increase of the cooling rate will prove beneficial.

The optimum composition for rail steel is still not yet known. Lowering
the carbon content to 0.45 percent by weight is desirable from a toughness
standpoint. Manganese at 1.35 percent by weight and silicon at 0.60 percent
by weight can be tolerated in terms of toughness; when combined, they
should give the necessary strength and hardenability required for heavy duty
rail service. Wearability effects must be established.

Vanadium, in combination with the heat treatment and alloy contents
studieéd, does not perform to the expected standards, although it has the
capability to both increase strength and toughness.
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DISCUSSION

Wilhelm Heller'(written discussion)—Since 1972, the Federal Department
of Research and Technology of West Germany has sponsored investigations
related to a rapid transit system based on a wheel/rail technique. The
investigations have been carried out by a partnership of German industry
and universities, and the Gergnan Federal Railway. In the course of this
research, first the limits of the wheel/rail system had to be investigated; from
this newly won knowledge, simulation models were to be developed, and
they finally should be translated into the design of test vehicles and track. In
the scope of this research project, Fried. Krupp Hiittenwerke Aktienges-
selschaft has investigated new high-strength rail steels.

Rail steels for a high-volume rapid transit system should meet the
following requirements:

High wear resistance.

High yield strength.

High fatigue strength.

Resistance to corrugation and formation of roaring rails.
Sufficient toughness.

6. Good weldability.

Lk W -

Altogether, four types of steel have been investigated with respect to their
development potential:

I. Pearlitic steels with a guide analysis of about 0.7 percent carbon, |
percent manganese, and 1 percent chromium, deviations in the carbon,
manganese, and chromium content, and additions of at most 0.2
percent titanium, vanadium, and columbium, respectively.

2. Bainitic steels with around 0.3 percent carbon, 3 percent chromium,
and 0.5 percent molybdenum.

3. Low-carbon bainitic steels with around 0.1 percent carbon, 4.5 percent
manganese, and 0.1 percent columbium.

4. Austenitic steels with around 0.7 percent carbon and 13 percent
manganese.

Figure 5 shows the microstructure of the four types of steel. The pearlitic
steel exhibits a fine-grained pearlite structure with small interlamellar
spacing; the bainitic steel, a bainite structure with finely dispersed carbide
precipitations; the low-carbon steel, a coarse acicular bainite structure; and
the austenitic steel, an austenite structure with twinning.

For pearlitic steels, the relationships between the structural parameters
and the different mechanical properties have been investigated in detail.
Accordingly, the 0.2 percent proof stress of pearlitic steels is solely depen-

'Duisburg, West Germany.
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FIG. 5—Microstructure of four types of steel (pearlitic, bainitic, low carbon, and austenitic).

dent on interlamellar spacing (Fig. 6). Above their effect on interlamellar
spacing, the alloying elements do not influence the 0.2 percent proof stress.
Likewise, tensile strength is mainly dependent on interlamellar spacing. As is
illustrated by the mounting of the elastic ratio with increasing tensile
strength (Fig. 7), the effect of interlamellar spacing on the 0.2 percent proof
stress is somewhat larger than on the tensile strength.

Reduction of area and toughness of pearlitic steels can be plotted as a
function of austenite grain size and thickness of cementite lamellae. Both
properties improve with decreasing values of austenite grain size and
thickness of cementite lamellae, as Fig. 8 shows on the example of the
reduction of area.

Pearlitic steel rails obtain a tensile strength of 1150 to 1300 N/mm’ and a
0.2 percent proof stress of 650 to 830 N/mm’ (Fig. 9). Bainitic steel rails
exhibit a tensile strength of 1300 to 1500 N/mm’ and a 0.2 percent proof
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FIG. 6— Relationship between 0.2 percent proof stress and interlamellar spacing.
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stress of 1100 to 1300 N/mm?2, low-carbon steel rails a tensile strength
of about 1100 N/mm?2 and a 0.2 percent proof stress of about 1000 N/mm2.
Austenitic steel rails having a strong work hardening potential
show a tensile strength of about 1000 N/mm® and a 0.2 percent proof stress
of about 400 N/mm’. The elongation As of the pearlitic steels is of the order
of 12 percent, of the bainitic and low-carbon steels of about 16 percent, and of
the austenitic steels of about 75 percent.

Bending fatigue strength of pearlitic rail steels amounts to about 400
N/mmz, of bainitic rail steels to about 550 N/mm?, and of low-carbon rail
steels to about 450 N/mmz.

Notched bar impact strength of the new pearlitic rail steels is of the same
order of magnitude as that of wear-resistant rail steels according to Union
Internationale des Chemins de Fer (UIC). For bainitic and low-carbon
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FIG. 9—Tensile strength and 0.2 percent proof stress of rail steels.

steels, three to four times higher values are obtained. As would be expected,
austenitic steels proved to be extremely tough. With respect to the impact
test, all rails come up to the requirements according to UIC. The fracture
toughness of the different rail steels amounts to between 1060 and 1370
N/mm? 2, independent of the type of steel.

The new rail steels are suited to be welded by flash butt and thermite
welding. Naturally, welding terms have to be adapted to the respective type
of steel

To test the service behavior of the new rail steels, the rails have been laid in
test tracks with significantly different service conditions (Table 5). The
tracks mainly differ in the radius of the curves and the axle load. The results,
so far, are positive. But, the duration of the tests are still too short to permit
a final judgment.

According to our knowledge, the special grade chromium-manganese steel
represents the most advantageous development in rail steels. Beyond it, with
pearlitic steels, it is only possible to obtain a relatively small increase in
strength. No doubt the other new rail steels could offer some advantages in
comparison to the special grade chromium-manganese steel; but, hecause of
their vastly higher manufacturing costs, these steels don’t seem to be
promising.

G. K. Bouse, I. M. Bernstein, and D. H. Stone (authors’ closure)—The
authors are pleased to learn of the agreement of Dr. Heller’s findings of the
effects of prior austenite grain size and pearlite spacing with our work.
Further, we wish to congratulate him on showing the effect of cementite
thickness which we did not study.
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S. Marich' and P. Curcio’

Development of High-Strength
Alloyed Rail Steels Suitable for
Heavy Duty Applications

REFERENCE: Marich, S..and Curcio, P., “Development of High-Strength Alloyed
Rail Steels Suitable for Heavy Duty Applications,” Rail Steels—Developments,
Processing, and Use, ASTM STP 644, D. H. Stone and G. G. Knupp, Eds., American
Society for Testing and Materials, 1978, pp 167-211.

ABSTRACT: In the first section of the paper, a summary will be given of the various
defects which can develop in rails subjected to high axle loads, such as corrugations.
gross plastic deformation and abrasive wear of the railhead. checking and spalling,
shelling and transverse defects.

The second section of the paper will cover in detail the developmental work on high-
strength alloyed rail steels conducted at Broken Hill Proprietary Co. Ltd. Melbourne
Research Laboratories. An essential part of the work has been the development of
techniques for laboratory simulation of industrial rail production and on-site welding
procedures. Various other material properties have also been used in assessing
material types.

The major emphasis of the work has been directed to optimizing the mechanical
properties of three rail steel types. namely: chromium-columbium-vanadium steels,
chromium-vanadium steels. and chromium-molybdenum steels. Fully pearlitic steels
exhibiting yield strengths greater than 900 MPa have been developed without
adversely influencing other mechanical properties. The steels can be flash butt welded
using modified procedures.

KEY WORDS: steels, railroad tracks, deformation, mechanical properties, micro-
structure, welding, assessments

The rails used for the transportation of iron ore at Mt. Newman Mining
Co. Proprietary Ltd. (and also Hamersley Iron Proprietary Ltd.) in Western
Australia are subjected to service conditions which are among the most
severe in the world. The action of nine to ten loaded unit trains per day, each
consisting of 140 cars with mean axle loads of 300 kN but with peak loads of
about 400 kN and each travelling along the single tracks at speeds of up to 60
km/h, has been found to cause rapid deterioration of standard American
Railway Engineering Association (AREA) carbon rails of 66 and 68 kg/m
sections.

'Senior research officer and experimental officer, respectively, Broken Hill Proprietary Co.
Ltd. Melbourne Research Laboratories, Clayton, Victoria, Australia.
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The deterioration of standard rails, which has necessitated very costly
inspection, maintenance and rerailing programs, has manifested itself
through the development of various problems. The two primary objectives
of the rail development program were thus set as follows:

1. To study the metallurgical characteristics of the problems which were
occurring in the rails and therefore determine the guidelines to be followed in
the alloy development work [1].2

2. To develop new steel alloys suitable for the industrial manufacture of
rails and capable of increasing rail life by eliminating or at least minimizing
the occurrence of such defects [/].*

The major emphasis of the following text will be on the second of these
topics.

Rail Defects

At the Mt. Newman Mining Co. Proprietary Ltd., rail life has been
affected adversely by the following defects.

Gross Plastic Deformation and Abrasive Wear of the Railhead

Figure 1 shows the profiles of a new rail and two high rails from a 2-deg
curve (837 m radius) which have been subjected to traffics of 100 and 200
million gross tonnes (MGT), respectively. It is evident that the used rails
have suffered extensive loss of material, mainly from the gage corner, by
both abrasive wear and plastic flow of metal. The deformation and metal
loss which occur in low rails of curves and in tangent track are generally
much less severe.

NEW PROFILE

FIG. |—Srandard rail profiles in 2-deg curve (873 m radius).

*The italic numbers in brackets refer to the list of references appended to this paper.
*Defect as used in this paper is the railroad industry's historical usage of the word to
characterize service-induced fatigue separations of the metal in rails.
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Together with increasing the rate of head loss, deformation of high rails
also leads to:

Gage Corner Checking and Flaking—These are surface cracks which
initiate at or near the gage corner surface, grow into the railhead to a depth
of up to 2 mm below the running surface, and eventually cause thin sections
of material to spall off.

Accelerated Wear of Wheels—This occurs from the contact established
between rail and whee] flanges.

Subsurface Deformation

The deformation of rails is not confined to the contact surfaces. Thus, as
shown in Fig. 2, on taking hardness measurements along the indicated
directions, it is found that work hardening of the material occurs up to depth
of 8 mm from the running surface in both high and low rails (Traverses 1)
and up to a depth of 10 mm from the gage corner in high rails (Traverse 2).

As a result of the subsurface deformation, the inclusions present in the
steel (commonly sulfides and silicates) nucleate cracks which may subse-
quently grow in both longitudinal and transverse directions. These cracks in
turn give rise to three further defect types:

Running Surface Checking and Flaking—These are surface cracks which
nucleate at silicate inclusions at a depth of 0.3 to 0.8 mm below the running
surface of the rails. The cracks grow parallel to the running surface and
eventually cause thin sections of material to spall off.

Transverse Defects (Or Detail Fractures)—These nucleate at large in-
clusions of the silicate type at a depth of 5 to 7 mm below the gage corner of
rails. Subsequent crack growth may occur in both longitudinal and trans-
verse directions. Growth in the transverse direction continues until the crack
reaches critical size (approximately 80 percent of the railhead), at which time
sudden failure of the rail section occurs.

Shelling—Shelly cracks also nucleate at a depth of 5 to 7 mm below the
gage corner of rails from both sulfide and silicate inclusions. The cracks
grow longitudinally, at an angle of 30 to 40 deg with the running surface, and
may run within the railhead for a distance of up to 1 m before breaking out.

Corrugations

As shown in Fig. 3, corrugations are wavelike patterns which develop
primarily on the running surface of high rails in curves. If not controlled,
they can be up to 1 mm in depth (amplitude). Their formation has been
related to the initiation of wheel/ rail resonance which gives rise to dynamic
loads sufficiently high to cause plastic deformation of the rail steel [2].

In summary, the development of all the rail defects studied could be
associated with the occurrence of plastic deformation in the standard rail
steel. For this reason, the major empbhasis in the alloy development program
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FIG. 2—Microhardness distributions in (a) high and (b) low rails from a 2-deg curve.

was placed on the improvement in yield or proof strength which could be
practically achieved in steels suitable for the manufacture of rails. Concur-
rently, however, a number of other material properties were measured and
used to assess the various material types studied.
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FI1G. 3—Corrugations.

Alloy Steel Development
Production and Testing of Equipment Rail Steels

The value of any laboratory investigation is wholly dependent on being
able to simulate actual production processes. At the start of the alloy
development program, a considerable amount of time was therefore spent
altering experimental conditions such that a close agreement would be
obtained between the mechanical properties exhibited by the steels produced
in the laboratory and those produced at Broken Hill Proprietary Co. Ltd.’s
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(BHP) rail manufacturing plant (Australian Iron & Steel Pty. Ltd., Port
Kembla).

The first step in the preliminary study was to measure the cooling rate of
rails subsequent to hot rolling and then to duplicate this rate in the material
hot rolled into plate form under laboratory conditions.

The cooling rate measured by optical pyrometry on the surface of rails of
68 kg/ m section was found to be 60° C/min, in the temperature range 900 to
740°C. To determine the difference in cooling rate between the surface and
the center of the head, chromel/alumel thermocouples were inserted into
two rail sections both 750 mm in length, to a depth of 2 to 12 mm below the
running surface. The sections were soaked at 950°C for I h. One section was
then cooled in still air, while the other was cooled in a breeze generated by a
fan to simulate windy conditions. The cooling rates obtained in the range
900 to 740° C were as follows: (a) in still air—43°C/min at a depth of 2 mm
and 39°C/min at a depth of 12 mm, and (b) in wind—60° C/ min at a depth
of 2 mm and 49°C/min at a depth of 12 mm. It was therefore assumed that,
under industrial conditions, the cooling rate in the center of the railhead
would be about 4 to 11°C/min lower than that measured at the surface, that
is, it would be in the range 49 to 56°C/min.

It was then found that a similar cooling rate could be obtained in a plate
32 mm thick on cooling in still air (cooling rate measured in plate was 52 to
58°C/min). The following procedure was therefore applied to all alloys
manufactured in the laboratory:

Ingot weight 37 kg
Ingot dimensions 95 by 165 by 240 mm
Soaking temperature 1300°C
Soaking time 2h
Finishing temperature 1000 to 1050°C
No. of passes from ingot to
finished plate 7
Reduction per pass 20 percent
Rolled plate dimensions 32 by 190 by 560 mm

Subsequent to rolling, the plates were allowed to cool to 430°C and were
then placed into a furnace programmed to cool at a rate of 0.5°C/min, that
is, in the middle of the range specified by AREA for controlled cooling of
rails.

It was also found that a much closer agreement between the properties and
particularly the strength of laboratory and plant products (produced without
addition of aluminium) could be obtained by adding to the laboratory melts
a quantity of aluminium, in the range 0.02 to 0.05 percent. The aluminium
additions led to a reduction in strength, presumably by refining the austenite
grain size and therefore increasing the transformation temperature. The
experimental steels were subjected to the following routine tests:
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Tensile—Longitudinal tensile blanks were cut from the center of each
plate and machined to round specimens with diameters of 7.3 mm and 5 mm
parallel lengths. The tests were conducted at room temperature on an Instron
machine using a calibrated extensometer and a crosshead speed of 5
mm/min. Each test was duplicated.

Hardness—Vickers hardness measurements were carried out on the
mounted heads of the tensile specimens using a 10 kg load (VHN 10). In each
alloy type, ten hardness measurements were taken.

Charpy— At least three full sized longitudinal Charpy specimens, both V-
notched and unnotched, were machined from the center of each plate and
tested at 200°C (CV200) and 20°C (C20), respectively. At these temp-
eratures, the fracture mode was generally fully ductile. The Charpy data were
used only as an indication of the relative impact characteristics of the alloys.

Transformation—The transformation behavior on continuous cooling
was determined in each alloy by means of dilatometer specimens machined
as hollow cylinders (12.7 mm long, 7.3 mm outside diameter, | mm wall
thickness). Chromel/alumel thermocouples were spot welded on the surface
of each specimen for temperature measurement and control. Further details
of the transformation work will be given in a later section.

A number of alloys of widely different composition were manufactured in
the laboratory in the manner just described, and their mean tensile, Charpy
and hardness properties were compared with the mean properties measured
in the head of rails of similar composition. The results obtained are
presented in Table 1. In the table, the heat numbers of the experimental
alloys are preceded by the letter V.

From the table, it is evident that the mechanical properties of the
laboratory and industrial steels are in reasonable agreement. Thus, taking
proof stress as an example, and excluding the rail produced at Colorado
Fuel and Iron (CF&I), the largest difference was 17 MPa observed in the
standard steel, this being due to the lower carbon content of the experi-
mental material.

Heat V1215 was the only experimental steel which did not contain
aluminium. It has been included in the table to illustrate the point made
previously that aluminium additions lead to a lowering in strength (compare
Heat V1226) and properties which are in closer agreement with those of
industrial steels. The effect of aluminium also explains the difference
observed between Heat V1127 and the rails produced at CF&I. In the latter,
aluminium additions were made during steelmaking which led to an
aluminium content in the steel of 0.01 percent.- Without such additions, it
seems likely that the strength would have been higher and therefore much
closer to the predicted value.

Weldability of Experimental Rail Steels

At the Mt. Newman Mining Co., rails are flash butt welded into strings of
ten rail lengths which are then transported to particular sites on track, laid,



174 RAIL STEELS—DEVELOPMENTS, PROCESSING, AND USE

1% 4D e paonpoad 12y,

"D00T e payoiouun Adieyd—0z7D
0,007 12 paydtou-A Adieyd—00TAD
‘Peoj 3 0] S1YOIA ssaupseH—O0IAH
‘sIoquinu Jeay Lofje [eyusmwizadxs sapadaid—A—ILON

092 0T IsE (%4 " L1TI $08 910 " T 9L0 €00 100 0T0 680 LL'O LLbSTI
(3.74 vT  LLE (4 1t Lyl €98 LI'0 T tt I80 €000 T00 LI 980 TLO  LTIIA
oyl 1 oo 61 o1 6621 L68 120 " T pL'0 €00 T00 8T0 €80 €L0 €EIL8NT
144! Il 86¢ £l S8 06Z1 S06 TTO T " SL0 €00 TO0 LIO 880 SL'O  LSOIA ON-3D
(4| Ll *88¢ St o1 %41 et T TI0 T80 TO0 TOO 9E0 61 9L  TIL8NT
S| Sl bLE St I vz oL " 0 T 080 v00 T00 810 O£1 TLO  OLOIA A
8T TE  STE €€ St 7801 voL """ S00 Y00 860 100 100 110 S8Cl $50 05859
8T LT LiE S'€E €1 0601 OlL ~ " L0'0 900 190 T00 00 00 ¥l S0  9TTIA
087 S$9T  Of€ 67 S0l So11 OEL """ L00 SO0 790 €00 T00 OTO0 S8ET1 €50 SITIA A-9D-1D
ovi 8T b 91 £l 026 8 " ottt $00 TO0 vI0 T8O 080 snolea
0st 67 ST ssl S€l 688 9 - ottt 700 00 SI0 080 IL0  090IA  piepumi§
f f OIAH % % edIN edIN oW A PO 1D S d IS up D oNeeH adA) Loy
020  00TAD ‘aiy Ul ‘uon  ‘Yduang§ ‘ssang
uon  -e3uolg IISUd]  Jooid uonisodwor)
-onpay ajews %BTO o
-n

satadoid [esweyoop

'S]221S [104 [DLUISHPUL pUD [D1UIWLIAAXS O sasadoad [potupyraw pup uonisodwo)—| FIAVL



MARICH AND CURCIO ON HIGH-STRENGTH RAIL STEELS 175

and finally joined by means of thermite welding. In any rail alloy develop-
ment program, therefore, a knowledge of the welding characteristics of new
rail steels is of major importance and particularly their behavior under flash
butt welding conditions because of: (a) the higher proportions of such welds
in track and (b) the higher cooling rates which are obtained in the heat-
affected zone (HAZ). The tendency to form metallurgically deleterious
microstructures, such as martensite, is therefore much greater in flash butt
welds than in thermite welds. This problem is of course enhanced in those
rail materials in which an improvement in properties is achieved by the
addition of alloying elements which increase the hardenability of the steel.

As part of the rail alloy development program, a technique has been
developed which allows laboratory simulation of flash butt welding con-
ditions in heavy duty rails. The technique has been used to assess the
weldability of new rail steels, processed on laboratory scale, in terms of the
amount of martensite which forms in the HAZ of welds and the maximum
hardness obtained.

The assessment technique has been described in a previous publication
[3]- The main aspects can be summarized as follows:

1. The cooling rate, in the temperature range 700 to 400°C, measured
near the HAZ center line of rails welded using standard flash butt welding
procedures is 0.67°C/s. By applying a postweld current cycle, however, the
cooling rate may be decreased to a minimum of 0.41°C/s.

2. The dilatometer specimens machined from the experimental steels are
austenitized in a vacuum dilatometer at 1050°C for 10 min and then cooled
at linear rates in the range 1.0 to 0.4°C/s. The dilatometer specimens are
polished, and the amount of martensite which they contain (if any) is
measured together with the associated hardness. The flash butt welding of
any alloy steel which forms more than about 5 percent martensite at a
cooling rate of 0.4°C/s requires a tempering treatment subsequent to the
welding operation.

Alloy Rail Steels Studied

The alloy development program involved a study of three main groups of
steel alloys, namely: chromium-columbium-vanadium steels, chromium-
vanadium steels, and chromium-molybdenum steels.’ For sake of clarity, the
results which will be presented in the following text make up only a small
fraction of the total number of alloys which were produced in the laboratory.
A large number of alloys were rejected on the basis of their production or
welding characteristics or both.

A summary of compositions and tensile, hardness, Charpy, and trans-

*The development program on the chromium-molybdenum steels was initially suggested by
the Climax Molybdenum Company of Michigan. A detailed discussion of the work done at the
Climax Research Laboratories has recently been published in Ref 4.
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formation properties of the various alloys is given in Tables 2—-4. In each
table, the properties of the standard rail steel produced in the laboratory
have also been included for comparison.

Chromium-Columbium-Vanadium Alloys (Table 2)—The general dif-
ferences in composition between this group of alloys and standard rail steels
are as follows: a higher manganese level, additions of chromium, a lower
carbon level, and additions of columbium or vanadium or both.

In the as-rolled condition, the microstructure in most of the alloys
containing more than 0.5 percent carbon consists of pearlite with a few
isolated pools of ferrite.

The results obtained can be summarized as follows:

1. The two alloys containing either columbium (V1245) or vanadium
(V1218) exhibit higher strengths than the standard material (V1060). The
increase in strength was due to: (@) a refinement of interlamellar spacings,
which resulted from the influence of manganese and chromium on the
transformation temperature and (b) the precipitation of columbium carbide
(CbC) or vanadium carbide (V4Cs) in both the ferrite lamellae and the ferrite
pools. For example: the mean interlamellar spacing’ measured in V1060 was
0.26 pm compared to 0.16 um in V1245 and 0.21 um in V1218. Figures 4a, b
illustrate the pinning action which the precipitates have on dislocations in
both of the steels, while Fig. 4c shows the V4C; precipitates detected under
dark-field illumination. The increase in strength and hardness obtained in
the alloys was also accompanied by an increase in tensile ductility and
Charpy values. This was due to the refinement in the pearlite colony size
which was observed in all the lower carbon alloys.

2. A further increase in strength was obtained by adding both columbium
and vanadium (V1226). As shown in Fig. 4d, evidence of a precipitate was
also found in this alloy. The precipitate was shown to be V4C;, indicating the
greater stability of this carbide compared to CbC. The mean interlamellar
spacing in V1226 was 0.16 um. The higher strength of V1226 compared to
V1218 can thus be related to the decrease in interlamellar spacings which
have resulted from the columbium addition. On the other hand, the
interlamellar spacings in both V1226 and V1245 are the same, and the only
difference between these alloys is the type of precipitate which they contain.
It would thus appear that V,Cs is the more effective strengthener. Although
the increase in strength in V1226 has been accompanied by a slight decrease in
both ductility and Charpy values, these still compare favorably with the
values measured in the standard steel. From the transformation charac-
teristics of V1226, it can also be seen that the alloy is not expected to form
any martensite using standard flash butt welding procedures, that is, at a
cooling rate (CR) of 0.7°C/s.

*Mean interlamellar spacings were obtained by taking measurements on at least 50 pearlite
colonies, photographed at a magnification of X5000, in which the pearlite lamellae were
approximately normal to the plane of polish.
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{b) (c)

(d)

(a) Alloy V1245 (scale mark indicates 0.5 um).

(b) Alloy V1218 (scale mark indicates 0.5 um).

() Alloy V1218 dark field (scale mark indicates 0.5 um).
(d) Alloy 1226 (scale mark indicates 0.5 um).

FIG. 4— Microstructures in chromium-columbium-vanadium alloys (thin foils).

3. The hot rolling finishing temperature of V1235 was 930° C compared to
1020°C in V1226. From Table 2, it can be seen that the lowering of the
finishing temperature has led to a considerable decrease in strength which
was due to an increase in the amount of grain boundary ferrite present.
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4. A similar decrease in strength was obtained on lowering the carbon
level to 0.49 percent (V1262). Again, this was due to an increase in the
amount of ferrite.

5. On the other hand, increasing the carbon level to 0.71 percent (V1114)
led to a considerable increase in strength due to the absence of grain
boundary ferrite and probably to the increase in the proportion of cementite
within the pearlite. This alloy, however, also exhibited a considerable
reduction in ductility and Charpy values. Furthermore, the hardenability of
the alloy was such as to necessitate special cooling precautions on welding.

6. An increase in strength was also obtained by increasing the manganese
level to 1.76 percent (V1063) without adversely affecting ductility or Charpy
values. However, the manganese has also increased the hardenability of this
alloy to such an extent that the microstructure of the steel in the as-rolled
condition is fully bainitic. This would lead to production difficulties in
meeting AREA specifications for controlled cooling since the bainite

transformation takes place in the temperature range 490 to 330°C. Me-
~ chanical rather than magnetic cranes would thus have to be used in the
transfer of the rails to the cooling pits.

In summary, the “optimum” composition of the chromium-columbium-
vanadium alloys is as follows: 0.53 to 0.63 percent carbon, 1.35 to 1.45
percent manganese, 0.10 to 0.20 percent silicon, 0.04 maximum percent
phosphorous, 0.03 maximum percent sulfur, 0.55 to 0.65 percent chromium,
0.05 to 0.08 percent columbium, and 0.06 to 0.09 percent vanadium. Rails
manufactured in the semikilled condition according to this specification and
rolled with a finishing temperature above 1000°C should have a mean 0.2
percent proof stress value of 710 MPa with a minimum value of about 690
MPa, ductilities and Charpy values better than AREA standard rails, and
transformation characteristics which would allow the rails to be flash butt
welded without the need for special cooling precautions.

Chromium-Vanadium Alloys (Table 3)—These alloys have the same
carbon level as the standard steel but have a higher manganese content and
contain chromium and vanadium. In the as-rolled condition, they are all
fully pearlitic. Relatively little developmental work has been done on this
group since, as will become apparent, the hardenability of the steels, and
therefore their weldability, has a considerable restricting influence on the
scope of the work.

The results in Table 3 may be summarized as follows:

1. The additions of manganese and chromium made to Alloy V1367 have
led to an increase in strength due to a decrease in transformation temp-
erature and therefore interlamellar spacings. However, a reduction in
ductility and Charpy values has occurred.

2. By increasing the manganese and adding vanadium (V1070), a further
increase in strength has been obtained due to further reduction in the
transformation temperature and precipitation of V4Cs. Both ductility and
Charpy values, however, are still below those of the standard steel.
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Furthermore, to avoid the formation of martensite during flash butt welding
of this alloy, it is necessary to apply a postweld current cycle to reduce the
cooling rate in the HAZ to about 0.5°C/s.

3. Strength, ductility, and Charpy values can i be increased further by
increasing the manganese level (V1068 and V1082). Both of these alloys,
however, form a considerable amount of martensite at the slowest cooling
rate which can be achieved on flash butt welding, that is, 0.4°C/s, and would
therefore require a postweld tempering treatment. )

4. Further additions of chromium have no effect on strength (V1116
compared to V1070) but increase hardenability.

In summary, the “optimum” composition of the chromium-vanadium
alloys is as follows: 0.70 to 0.80 percent carbon, 1.25 to 1.35 percent
manganese, 0.20 to 0.40 percent silicon, 0.04 maximum percent phosphorus,
0.03 maximum percent sulfur, 0.75 to 0.85 percent chromium, and 0.10 to
0.13 percent vanadium. Rails manufactured in the fully killed condition
to this specification should have a mean 0.2 percent proof stress of 740
MPa with a minimum value of 710 MPa. The ductility and Charpy
values of the alloy steel would be less than those of standard rails, and the
rails would require special cooling precautions on flash butt welding to avoid
the formation of martensite.

Chromium-Molybdenum Alloys (Table 4)—The base composition of
these alloys, that is, the carbon and manganese levels, is the same as those of
standard rail steels. However, they also contain chromium and moly-
bdenum, and some contain vanadium.

The general trend shown by the series of alloys in Table 4 can be
summarized as follows:

1. As was noted in the chromium-vanadium alloys, additions of chro-
mium (V1366) increase the strength by lowering the transformation temp-
erature and therefore refining the interlamellar spacings (0.16 um in V1366
compared to 0.26 um in V1060) but also decrease ductility and Charpy
values.

2. Increasing levels of molybdenum up to 0.17 percent (V1366, V1453,
and V1127) lead to a considerable increase in strength. For example, the
proof stress exhibited by Alloy V1127 is about 120 MPa higher than that of
the “optimum” chromium-vanadium alloy. This again is due to a progressive
decrease in the transformation temperature and a refinement in interlamellar
spacings. Thus, the mean spacing in V1371 is 0.15 um in V1453 compared to
0.09 um in V1127. At the same time, however, the elongation and notched
Charpy values increase and the reduction of area and unnotched Charpy
values become considerably higher than in the standard rail steel. The reason
for these “unexpected” trends may be associated with the effect of molyb-
denum on the growth characteristics of pearlite. The differences in growth
behavior can be observed by quenching partly transformed samples. Thus,
as shown in Fig. 5, the pearlite in a steel of standard composition grows with
a very smooth, almost circular growth front. In contrast, the pearlite in a
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(b)

(@) V1060 (scale mark indicates 100 um).
(b)Y V1127 (scale mark indicates 100 pm).

FIG. 5—Growth morphology of pearlite.



184 RAIL STEELS—DEVELOPMENTS, PROCESSING, AND USE

steel containing molybdenum grows with a very irregular growth front
because of the frequent branching which occurs. The branching leads to a
reduction in the pearlite colony size which, in turn, could explain the
observed increase in ductility. From Table 4, it is also seen that the
transformation characteristics of Alloy V1127 necessitate the use of a
postweld cycle to reduce the cooling rate to 0.4 t0 0.5°C/s and thus avoid the
formation of martensite.

3. A further increase in strength is obtained by increasing the molyb-
denum content to 0.22 percent (V1057). Such an increase, however, is
accompanied by a marked reduction in ductility and Charpy values.
Furthermore at this level of molybdenum, traces of a bainitic microstructure
were observed in the as-rolled alloy. In rails produced commercially,
therefore, a proportion of bainite would be expected to form near the surface
of the rails, that is, in regions which cool at a faster rate than the plates
produced in the laboratory.

4. Increasing the molybdenum content up to 0.27 percent (V1049) led to a
reduction in strength. This was due to the presence of about 40 percent in the
as-rolled alloy.

5. The last two alloys in Table 4 (V1448 and V1657) have very similar
compositions to V1127. However, they also contain vanadium. It is evident
that, in both of these alloys, a considerable increase in strength has been
achieved without adversely influencing ductility and Charpy values. Indeed,
the reduction of area and Charpy values are much higher than those of the
standard rail steel. The higher strength of these alloys could not be explained
in terms of smaller interlameliar spacings. Thus, the mean spacing measured
in V1657 was 0.09 um, that is, the same as in V1127. However, as discussed
in the section on chromium-columbium-vanadium alloys, the presence of
vanadium leads to the formation of a carbide precipitate. To simplify
examination procedures by increasing the width of the ferrite lamellae, Alloy
V1657 was cooled in a vacuum dilatometer at a rate of 0.1°C/s. Asshown in
Figs. 6 a, b, the dislocation patterns in the ferrite were indicative of a pinning
action by a precipitate. Electron diffraction patterns taken on the thin foils
showed the precipitate to be V,Ci. Figures 6c¢, d illustrate the diffraction
patterns obtained from (100) and (110) orientated ferrite grains, respectively.
The reflections from both ferrite and V4C; have been indexed. The patterns
also contain numerous reflections from the cementite. The orientation
relationship between ferrite and V,C; was found to correspond to that
originally proposed by Baker and Nutting [5]

(100)a | (100)y4c5
[ollje || [001]y,c;

From Table 4, it is also seen that the chromium-molybdenum-vanadium
alloys may form up to 10 percent martensite in the HAZ of flash butt welds,
even on applying a postweld cycle to reduce the cooling rate to 0.4°C/s. As
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(a) (b)

(c) (d)

(@) V1657 (scale mark indicates 0.1 um).

(b) V1657 (scale mark indicates 0.1 um).
(¢) 100y ferrite electron diffraction pattern.
(d) 100¢ ferrite electron diffraction pattern.

FIG. 6—M icrostructure and diffraction patterns of chromium-molybdenum-vanadium alloy
(thin foils).

yet, there has not been sufficient work done to assess whther such a quantity
of martensite can be tolerated in welds. The problem, however, may be
solved by one of the following procedures: (a) tempering of the HAZ after
welding, or (b) adding to the steel a quantity of aluminium to obtain
austenite grain refinement, that is, 0.01 to 0.05 percent, which would lead to
a lower hardenability, but, as pointed up in a previous section, it would also
result in a decrease in strength.

In summary, the work on the chromium-molybdenum alloys has indicated
two steel chemistries which appear most suitable for the production of heavy
duty rails: (@) 0.70 to 0.80 percent carbon, 0.8 to 0.9 percent manganese, 0.10
to 0.30 percent silicon, 0.04 maximum percent phosphorus, 0.03 maximum
percent sulfur, 0.75 to 0.85 percent chromium, and 0.16 to 0.20 percent
molybdenum, and (b) 0.65 to 0.75 percent carbon, 0.8 to 0.9 percent
manganese, 0.10 to 0.30 percent silicon, 0.04 maximum percent phosphorus,
0.03 maximum percent sulfur, 0.75 to 0.85 percent chromium, 0.16 to 0.20
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percent molybdenum, 0.05 to 0.08 percent vanadium, and possibly 0.01 to
0.04 percent aluminium,

Rails manufactured in the fully killed condition according to the first
specification should have a mean 0.2 percent proof stress of about 860 MPa,
ductilities and Charpy values generally better than AREA standard rails,
and transformation characteristics which necessitate the use of a postweld
cycle after flash butt welding to avoid the formation of martensite.

An increase in mean proof stress up to about 980 MPa may be obtained in
rails of the second chemistry. Rails of this strength, however, may require a
tempering treatment after flash butt welding or additions of 0.01 to 0.04
percent aluminium, in which case, they will exhibit a reduction in strength.

Further Tests

In the alloy development program described in the previous section, the
assessment of the alloys was made primarily on the basis of tensile, Charpy,
and transformation characteristics. It is felt, however, that the reliability of
such an assessment can be improved considerably by the simultaneous use of
various other testing procedures. Some of the procedures which have been
used at BHP MRL for this purpose are described briefly in this section. It
should be noted that most of the data which will be presented have been
obtained from specimens of rails produced commercially. For details of the
various steels, reference should be made to Table 1.

Hot Working Characteristics—The assessment of hot working charac-
teristics of experimental steel grades is an important phase of any alloy
development program since the data obtained can be used to predict the
necessary roll separating forces, roll torques, and drive motor loadings
necessary to roll an experimental alloy in a commercial rolling mill, that is,
whether the alloy is capable of being rolled in a particular mill. The
technique used to obtain such data under laboratory conditions has been
described in a previous report [6].

The range of rail rolling conditions at Australian Iron and Steel Pty. Ltd.
is as follows: bloom temperatures are 1025 to 1100°C, finishing tempera-
tures 960 to 1015°C, reduction per pass 5 to 30 percent and strain rate 2.5
to 8.5 s'. The laboratory rolling trials were thus carried out over a range
of similar conditions, namely, temperatures from 950 to 1150°C, at 20 and
30 percent reduction per pass and at a strain rate of 5s™. The hot strength
of each alloy steel is expressed in terms of a mean yield stress value. This
value is calculated from the measured roll separating force and represents
the resistance to deformation of a steel to any pass through the rolling mill.

The mean yield stress results obtained are shown in Fig. 7 plotted as a
function of rolling temperature for the two percentage reductions used. It
can be seen that each of the experimental steels is stronger than the standard
steel. The actual percentage increases in strength were as follows:
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250
20% REDUCTION
200 =
150 -
1 STANDARD
100 L 2 Cr-Nb-V
= 3.Cr-Mo
Q
= 4. Cr-Mo-V 1
g 50 s CIIV | 1 1 1 1 1
> 900 1000 1100
[}
o
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0
30% REDUCTION
200 ~
s
%0 -]
1. STANDARD
2.Cr=Nb-V
100 - 3. Cr- Mo p
4, Cr- Mo-V
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900 1000 100 1200

ROLLNG  TEMPERATURE °C

FIG. 7—Hou strength characteristics.

Chromium-columbium-vanadium (Heat 265850)
Chromium-Molybdenum (Heat 11406)
Chromium-Molybdenum-Vanadium (Heat V1657)
Chromium-Vanadium (Heat 2K8711)

22 to 25 percent
22 to 26 percent
23 to 27 percent
24 to 28 percent

The rolling mill at Australian Iron and Steel Pty. Ltd. was therefore capable

of hot rolling all of these alloys.

Effect of Rail Type on Wheel Wear—There has been a general belief
among track personnel that the use of high-strength rail steels will have a
detrimental influence on the abrasive wear rates of wheels.
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A laboratory test has been developed at British Steel Corporation (BSC)
[7, 8] which greatly exaggerates differences in abrasive wear rates that result
from different wheel type/rail type combinations under rolling load con-
ditions. Contrary to the traditional belief, the experiments at BSC have
shown that increasing the hardness of either component reduces both its own
wear rate and that of the mating component.

A similar test has been used at BHP MRL to determine the effect of the
experimental alloy rail steels on the wear of wheels and vice versa. The
various alloy rail steels were tested against specimens machined from near
the running surface of wrought BS Class C wheels.

‘The amounts of wear measured in the rail and wheel specimens have been
plotted in Figs. 8a, b, respectively, as a function of revolutions of the wheel
specimens. The data show that the abrasive wear of the rail steels is
considerably reduced in the high-strength alloys, particularly those of the
chromium-molybdenum type. It is also apparent that the high-strength steels
have all led to a reduction in the wear rate of the wheel specimens, with the
chromium-molybdenum steel again exhibiting the best characteristics.

Figures 9 and 10 show the running surfaces of the wheels and the mating
rail types, respectively. It is evident that the mating surfaces are very similar
in appearance. It has therefore been suggested that the reduction in wheel
wear observed with the higher strength rails may be associated with the
reduction in surface deformation obtained on both wheel and rail sample.
Indeed, one may expect that the contact between two surfaces such as shown
in Figs. 9¢ and 104 would enhance the wear process.

Work Hardening—It is evident that the work hardening characteristics of
rail steels play a major role in determining their in-track behavior. Lab-
oratory procedures were thus devised to determine such characteristics.

Specimens from various rail steels were subjected to varying amounts of
prestrain by means of cold rolling (up to 80 percent reduction). Each
specimen was then deformed further under controlled uniaxial plane strain
compression conditions. The testing procedure adopted thus eliminated the
considerable Bauschinger effect which is exhibited by high-carbon steels on
testing under reversed loading conditions (for details of tests, see Ref 9).

The following relationships were established: true stress versus true strain
(Fig. 11a) and hardness versus true strain (Fig. 11b). From Fig. Ila, it is
evident that, at true strains of less than 0.2, the steels can be listed in order of
increasing strength and work hardening rate as follows: standard, chro-
mium-columbium-vanadium (Heat 265850), chromium-vanadium (Heat
2K8711), and chromium-molybdenum (Heat 12547).

Hardness profiles were then taken along the Traverse 1 shown in Fig. 2 on
worn standard high and low rails, from a 2-deg curve which had beensubjected
to traffics of 90, 150, and 210 MGT. The results from the 90 and 150 MGT
conditions are shown in Fig. 12, with the omission of the various hardness
plateaux which were observed.

The three sets of data have been combined to predict the hardness
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(a)

(b)

{c)

(a) Standard (scale mark indicates 50 um).
(b) Chromium-columbium-vanadium alloy (scale mark indicates 50 um).
(¢) Chromium-molybdenum alloy (scale mark indicates 50 um).

FI1G. 9— Running surfaces of rail disks.
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(a)

(b)

(c)

(a) Standard (scale mark indicates 50 um).
(h) Chromium-columbium-vanadium alloy (scale mark indicates 50 um).
(¢) Chromium-molybdenum alloy (scale mark indicates 50 um).

FI1G. 10— Running surfaces of wheel disks.
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FIG. 11— Work hardening characieristics.

distribution, the depth of hardening, and the depth of microstructural
deformation which will develop in the experimental steels when these are
placed in 2-deg curves and are subjected to a traffic within the range covered,
that is, 90 to 210 MGT. The procedure is best illustrated by using the known
behavior of a standard steel to predict the behavior of a chromium-
columbium-vanadium steel as a high rail after 90 MGT.
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FIG. 12—Hardness profiles in worn standard rails.

The mean base hardness of the alloy steel studied was 307 VHN. The
dotted horizontal reference line shown in Fig. 13 can thus be drawn. At
approximately 2 mm below the surface, the hardness of the standard rail (Fig.
12) is 350 VHN. To obtain this hardness, a true strain of 0.33 is required
(Fig. 11b). In turn, such a strain is obtained at a true stress of 1240 MPa

400

w

@®

o
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o PREDICTED VALUES -
R x ACTUAL VALUES.

HARDNESS (5kg.LOAD)
w
S
I

340 |-
& 5
g 320
g B
-
300 1 | I SR N S | 1 1 PR |
0 2 4 6 8 LY 12

DISTANCE FROM  SURFACE (mm)

FIG. 13— Predicted and actual hardness profiles in chromium-columbium-vanadium rail.



194 RAIL STEELS—DEVELOPMENTS, PROCESSING, AND USE

(Fig. 11a). At the same depth below the surface, a similar stress level should
exist in a chromium-columbium-vanadium rail ( or indeed in a rail of any
composition). In this alloy, a stress of 1240 MPa will lead to a strain of 0.22
which in turn will give a hardness of 370 VHN (from Fig. 11b). This value
has been plotted as Point A in Fig. 13. By repeating this procedure, a
prediction has been made of the total hardness distribution. Figure 13 also
shows the actual hardness distribution observed in a chromium-columbium-
vanadium high rail from a 2-deg curve after a traffic or 90 MGT. It is evident
that the two sets of values are in excellent agreement.

The procedure has been applied to all the alloy rail types for a traffic of
150 MGT and for high rails. The results are presented in Fig. 14 together
with actual data obtained in a standard rail . In terms of increasing depth of
hardening, the steels can be listed as follows:

Chromium-molybdenum 3.5 to 4 mm
Chromium-vanadium 4.5 to 5 mm
Chromium-columbium-vanadium 7 to 7.5 mm
Standard 9 mm
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FIG. 14— Predicted hardness profiles in alloy rails after 150 MGT.
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As mentioned in a previous section, the depth of microstructural defor-
mation would be even less than these figures.

The major beneficial effect which is expected from such decreases in depth
of deformation is the reduction in the number of inclusions which, because
of the subsurface deformation, become cracked or give rise to cracks and
consequently become potential nucleation sites for shells and transverse
defects. Indeed, it may be speculated that the expected decrease in the
occurrence of such defects, particularly in the chromium-molybdenum and
chromium-vanadium alloys, would be further enhanced by the fact that, at
the depth at which a maximum shear stress occurs (5 to 7 mm), there would
be no nucleation sites for such defects.

Fracture Toughness and Fatigue Crack Growth—Both the rate at which
fatigue cracks grow and the critical crack size are important material
characteristics when assessing experimental rail steels. In the current alloy
development program, some preliminary work was conducted on the
determination of both of these properties, which was then used simply as a
means of rating the various rail alloys. The work is continuing with the
objective of relating these properties to actual in-track performance.

The static plane strain fracture toughness (K1) of standard and alloy rail
steels was determined using standard compact tension specimens, 25 mm in
thickness and with all other dimensions as given in ASTM Test for Plane-
Strain Fracture Toughness of Metallic Materials (E 399-74). The specimens
were machined from the head of rails with the plane of the fatigue crack
normal to the rolling direction, that is, similar to the growth which occurs in
a transverse defect.

The Kic values of the various steels are shown in Table 5 together with the
respective critical crack diameters (d;) which have been calculated as
follows: for a crack of the transverse defect type, d. is given by

_2 K 2
de =% (‘a‘)

Assuming that, in standard rails, d. is 40 mm, that is, about 80 percent of the
railhead, then d- for the alloy rails is given by

Ki’(alloy) X 40
K1 (standard)

d. (alloy) =

TABLE 5— Fracture toughness of standard and alloy rail steels.

Kie de,

Alloy Type Heat No. MPa Vm mm
Standard e 49.4 40
Cr-Mo 12547 52.5 45
Cr-Cb-V 265850 44.1 32

Cr-v 2K8711 38.5 24
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Ki. type specimens were also used for fatigue crack growth determinations.
The specimens were subjected to minimum and maximum tensile loads of
1000 and 19 500 N, respectively.

The results obtained are shown in Fig. 15. Thus, in order of increasing
crack growth rate, the rails could be listed as follows: chromium-molyb-
denum, standard and chromium-columbium-vanadium, and chromium-
vanadium. Furthermore, it is more evident that the chromium-vanadium
steel failed at a crack length which was considerably smaller than in the other
rail steels.

The work on fatigue crack growth rate will be continued under stress
conditions which simulate more closely those which develop in track.

Summary and Conclusions

A detailed study of the various defect types which develop in standard
rails subjected to high axle loads has shown that all of the defects are
associated with yielding and plastic deformation of the rail materials. A
reduction in the occurrence of such defects would thus require primarily the
use of materials exhibiting higher yield strengths.

Techniques have been developed which allow industrial rail production
and on-site flash butt welding procedures to be simulated in the laboratory.
Using these techniques, an alloy development program has been conducted
on three rail steel types, namely, chromium-columbium-vanadium steels,
chromium-vanadium steels, and chromium-molybdenum steels. All of these
alloys exhibit strengths higher than standard rails.

The alloys have been assessed in terms of the following material properties
and characteristics:

Tensile strength and ductility

Hardness

Weldability

Hot strength

Impact resistance

Work hardening

Influence on wheel wear

Fracture toughness and fatigue crack growth

Fully pearlitic steels exhibiting a range of yield strengths up to 1000 MPa
have been developed without adversely influencing, and frequently im-
proving, other mechanical properties.

The welding of rails has been the major restricting influence on further
developments. This restriction, however, may be relaxed to some extent by
modifying flash butt welding procedures. A further relaxation may be
obtained by including in the welding procedure a tempering process.

A number of the alloys have been produced commercially and are
currently undergoing in-track assessment at both the Mt. Newman Mining
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Co. and Hamersley Iron. The primary objective of the in-track program is to
carry out a cost/benefit analysis which will include increase in rail life versus
increase in production and welding costs of the new materials.
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DISCUSSION

E. Koerfer' (written discussion)-—In a few sentences, I would like to report
on the experiences and results achieved by the Klockner mill with regard to
this topic.

Since 1900 until approximately ten years ago, alloyed steels were used in

‘Klockner-Werke AG, West Germany.
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tee rails and grooved rails as a compound material. Therefore, to resist wear
in the railhead, steels containing approximately 1 percent chromium were
used. Rail web and base were built up through a soft ductile steel as shown in
Fig. 16. This patented process was achieved by pouring both steels in a ratio
of 1:2 into an ingot mold. The rolling into rails followed the commonly
accepted practice.

The chemical composition of the compound casted rails was as follows:

Carbon. 9 Silicon. % Manganese, % Phosphorus. 9% Sulfur. % Chromium, %

Hard

railhead 0.55 <0.35 0.50 <0.05 <0.05 1.0
Soft web

and base 0.35 <0.35 0.50 <0.05 <0.05

The railhead had a tensile strength of 160.000 psi (1100 N/mm?) and an
elongation exceeding 8 percent. The microstructure was fully perlitic with
small interlamellar spacings.

" These compound-casted rails under unusually heavy service showed a
fivefold life span as opposed to normal rail steel. This was also proven true
in the United States. The expenditures involved in finishing the rails at the
mill and certain welding problems was an inducement to justify production

hard steel

-

-
- e

soft steel

¥

K,

BL A
?v ‘q

BN
soft 2% Nital 500

FIG. 16— Klockner compound rail.
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of high tensile type rails economically. Thereby, improvements in steel
metallurgy—deoxidation, vacuum degassing, ingot mold geometry, and
casting aid agents—could be utilized.

The highly wear resistant alloy rail with an appropriate chemical analysis
and inherent mechanical properties follows the natural sequence of further
development of the compound material. This is shown by the following data:

Chemistry

Carbon, % Silicon, %  Manganese, % Phosphorus, %  Sulfur, %  Chromium, % Molybdenum, Vanadium, %2
%ﬂ

0.7 0.5 0.8 0.03 0.03 1.0 0.1 0.1
Tensile strength 1.00 N.mm? (160.000 psi min)
Yield point 650  N/mm?® ( 95.000 psi min)
Elongation 10 percent

“Molybdenum and vanadium mill's option.

The microstructure consists of sorbite/troostite and is free of ferrite as
shown in Fig. 17.

Rails of this type can be produced with current steelmaking and rolling
procedures which are less complex than those required in the production of

Oberhoffer

Fig. convenience of

I RO MR {8 Climax Molybdenum
4% Picra 5000x Comp. of Michigan

+ 2% Nital

FIG. 17— Macro- and microstructures of steel for rails in Special Qualin KVS 610,
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compound-casted rails. Delivery terms can therefore be met without limi-
tations if the chemical analysis and mechanical properties are adjusted
accordingly. The question of weldability has also been resolved. The welding
parameters need to be adjusted according to the chemical composition.

The thermal cycle must be adjusted such that cooling after the welding will
not lead to transformation to hard bainitic or martensitic microstructures or
both in the heat-affected zones. This will be achieved when more than 7 min
are allowed for cooling of the heated area from 800 to 500°C (1472 t0 932°F).
To achieve this, the course of action would be a series of preheating prior to
welding or a delay in cooling insulation against loss of heat such as
reheating.

A service time of more than ten years, not only in Germany, but
throughout the world, is evidence that this type of rail is generally accepted.

For heat-treated rails similar in their composition to compound-casted
rails—wear resistant hard steel in the railhead and soft steel in the web and
base—it may be beneficial to merely use C steel. Additional work procedure
must surely be used for handling heat-treated materials. One must expect
reductions in the ordered lengths. Even though this type of carbon steel
welds well, annealing effects in the weld area can occur which would then
have an irregular effect on the track surface with unpleasant consequences.

With alloyed rail steel, one will notice that the tensile strength in the area
of the edge of the rail base will sometimes be a little higher than in the
railhead, but, because of the refinement in the grain structure, which results
from the several rolling operations, sufficient ductility is maintained.
Exceptions to this have not been made known.

Since 1965, continuous cast rails, rolled by Klockner, have been tested by
the German Federal Railroad. Prior to rolling, the blooms’ dimensions were
280 by 280 mm, and they were shaped into rails in nine passes using the
commonly accepted practice. The end result was a section S54 with an area
of 6948 mm’. The forming ratio was 11.2 fold. The 30 m lengths were then
welded into 120 m lengths utilizing flash welding. In the field, thermite
procedure was followed when welding the lengths to the existing track.

All chemical and mechanical conditions according to UIC 860 for wear
resistant quality rail steel were met. Also all criteria for testing were met.
During macrotesting, one could notice the original material as being
continuous cast, that is, segregation of the original core zone.

These continuous cast rails are still in use today on the main line of the
German Federal Railroad. In the ten years that these rails have been in use,
mixed passenger and freight traffic consisting of 300 million metric tons have
rolled over them. The passenger trains roll over this section at 160 kph.

No difference in behavior was noticeable in the test section from the
adjoining rail sections produced in the commonly accepted manner.

S. Marich (author’s closure)—As pointed out in a recent publication,?
I am in complete agreement that the microstructure of a steel plays a major

IMarich, S., AREA Bulletin 663, Vol. 78, June/July 1977, pp. 594-610.
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role, together with hardness and tensile strength, in determining the wear
resistance.

I also agree that modern rail steel metallurgies, steelmaking, and rail
rolling techniques can at least minimize the occurrence of fatigue defects
associated with flakes, inclusions, and segregation. However, the ability to
do so is also a function of the loads applied to the rails. Thus, as axle loads
increase, the critical crack size of defects in the steel will decrease, and,
therefore, further improvements in material properties and processing
practices will become necessary.

It is my opinion that the formation of shells in rails depends on both steel
cleanliness and material properties such as yield and tensile strengths, fatigue
resistance, and work hardening characteristics. The effect of inclusions
would be primarily associated with the nucleation stage of the fatigue crack
while material properties would have a major influence on the growth stage.
Unfortunately, although numerous general studies on this phonomenon
have been reported in the literature, the number of studies that have included
detailed microscopic examination of the nucleation of shells has been
negligible.

The “hollow cavities” shown in Fig. 3 are due to the formation of a
martensitic type phase on the surfaces of the shelly crack. This phase forms
because of friction effects between the surfaces and is very brittle. On
sectioning of samples, spalling of this phase occurs, giving the impression of
large cavities associated with the shelly crack.

E. Koerfer (written discussion)—Please allow me to make a few comments
on the strength and safeguarding against breakage of rail steels and fatigue
in rail steels from the German point of view. The requirements on steel for
rail in service with regard to the head, web, and base of rail are quite distinct.
For the rail producer, it is therefore important to find the optimum
compromise.

The governing factor for the wear resistance of rail steel is the tensile
strength and hardness. Yet, it must be pointed up that it is not enough to
have tensile strength and hardness; a specific microstructure is also neces-
sary. Experience has shown that, at the same tensile strength and hardness
level, a microstructure of pearlite/sorbite gives less wear than a micro-
structure of bainite or tempered martensite achieved by hardening or quench
and tempering.

Internal defects in the head of the rail, such as flakes, macroinclusions,
and segregation, enhance the formation of fatigue cracks as a result of the
stresses developed by the wheel/rail interaction which sooner or later create
rail breaks. Due to modern improvements in steel metallurgy, steelmaking,
and rail rolling practice, the rail will be able to avoid the aforementioned
failure.

Shelling is of a peculiar nature. Numerous examinations have proved that
often shelling is not the result of internal defects in the material, but the
result of the inability of the material to withstand the applied loads. In Fig.
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18 on the higher rail in a curve, noticeable dark spots are evident in more or
less regular intervals on the rail surface which are typical for the beginning of
shelling. They show a local narrow lowering of the running edge where the
wheels no longer made full contact. This lowering of the running edge can be
as much as 0.5 mm. The running edge is reduced to something resembling a
garland. As shown in Fig. 19, sectioned damaged areas indicate a crack
oriented at an angle to the running surface of the rail and at a depth of 6 to
10 mm under the running edge. Figure 19 also shows a noticeable deform-
ation of the material which has led to a limited amount of work hardening
underneath the running edge of the rail. Cracking occurs once the strength of
the steel is exhausted. In several instances, due to service conditions, hollow
cavities were created as illustrated in Fig. 20. The process of deformation of
the material can be observed from the dendritic structure.

The question of consistency in rail quality and the load application with
regard to the formation of shelling was proved in an experiment. In a curve
with a radius of 1800 m, on which both high-speed trains and heavy freight
traffic travelled, the outside rail was replaced with a section S54 which had a
tensile strength of only 520 N/mm? (75 000 psi), whereas the remaining rail
had a tensile strength of 880 N/mm?2 (127 000 psi). After a short period of
service, a noticeable difference in the surface condition of the two rail types
could be observed. The lower strength rails showed severe damage on the
running surface as can be seen in Fig. 21, while the adjacent rails showed
normal wear. Most noticeable was the periodicity of the damage.

The height of the profile, the width of the running surface, and the
hardness of the running surface are depicted in Fig. 22. Likewise, the crack
zones are noted. Clearly evident is the periodicity of the deformation and the
relationship between deformation hardening and crack formation. Figure 23
shows a transverse rail section cut through a damaged area illustrating the
crack and structural damage observed under the running edge.

The conclusions can be drawn that shelling is greatly influenced by a rail’s
tensile strength. Therefore, rail failure can occur without material defects
such as large slag inclusions, clinker, or poor material purity of steels if the
service conditions are greater than the rail quality.

Generally speaking, insufficient rail web behavior can be traced back to
piping, lamination, and large inclusions. Simple metallurgical preventive
measures or, in exceptional cases, an ultrasonic examination of the rail web
can bring about the best results. For an undisturbed stress transfer from
railhead to web to the rail base, rails should show a great transition radius.
An acceptable surface finish is a matter of course.

For the transmission of dynamic stresses, the area of the rail base should
be as smooth as possible. Through suitable roll design, cracks on the
underside of the rail base can surely be eliminated.

Statistics indicate that the proportion of rail breaks increases as service
time is extended. Often, brittle vertical breaks have occurred in which the
origin cannot be determined with the bare eye. On more detailed exami-
nation, it is often found that many fatigue cracks have nucleated and grown
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FI1G. 23— Crushing, shelling.
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from the underside of the rail base prior to the catastrophic failure of the
rail. Figure 24 shows a vertical rail failure which resulted from numerous
corrosion fatigue cracks nucleated on the underside of the rail base. A
further improvement in rail life could thus be realized by minimizing the
corrosion susceptibility of the rail steel.

S. Marich (author’s closure)—It is recognized that the formation of a hard
and brittle microstructure in the heat-affected zone of welds could be
deleterious to the in-track performance of welds. The formation of marten-
site should therefore be prevented as Dr. Koerfer suggests by reducing the
cooling rate in the heat-affected zone subsequent to welding. However, it is
felt that the same does not apply to a bainitic microstructure which, in these
alloy types, is considerably softer and more ductile than martensite.

Dr. Koerfer appears to suggest the use of “standard” carbon steel for the
production of heat-treated rails. This has indeed been the practice for many
years in countries producing rails of this type, such as the United States,
Japan, and Russia. The production of heat-treated rails does require special
production facilities, However, heat treatment procedures do not influence
the “ordered” rail length. For example: in both Japan and Russia, rails of 25
m length are produced in the heat-treated condition. Under high axle load
conditions, welds in heat-treated rails do have a tendency to form “soft
spots.” This behavior is more prevalent in heat-treated rails consisting of
bainitic or quenched and tempered martensitic microstructures.
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Y. E. Smith! and F. B. Fletcher!

Alloy Steels for High-Strength,
As-Rolled Rails*

REFERENCE: Smith, Y. E. and Fletcher, F. B., “Alloy Steels for High-Strength,
As-Rolled Rails,” Rail Steels— Developments, Processing, and Use, ASTM STP 644,
D. H. Stone and G. G. Knupp, Eds., American Society for Testing and Materials, 1978,
pp. 212-232.

ABSTRACT: A laboratory study was conducted on a broad range of compositional
variations of chromium-molybdenum steels for application as high-strength, as-rolled
rails. A series of experimental heats was prepared and processed to simulate
commercial production of as-rolied 65-kg/m (132-1b/yd) rail, with regard to cooling
rate and transformation characteristics. Test specimens were evaluated in terms of
hardness, tensile properties, and microstructure. The mechanical properties are related
to the observed microstructures. Increasing the molybdenum content of the steel is
highly effective in increasing yield strength by refining the pearlite; the appearance of
coarse bainite reduces the yield strength. Vanadium contributes additional strength-
ening, but only under certain conditions where the pearlite is refined. Lowering carbon
and adding columbium produces microstructural changes that are not beneficial to the
mechanical properties. These results make possibie some tentative conchisions
regardmg the optimization of composmon for the commercial production of as-rolled
rails in the 760 to 1170 N/mm’ (110 to 170 ksi) yield strength range.

KEY WORDS: steels, railroad tracks, high strength steels, mechanical properties,
microstructure, pearlite, molybdenum alloys

A recent publication described the laboratory and commercial-scale
development of high-strength, chromium-molybdenum, as-rolled 65-kg/m
(132-1b/yd) rails for main line and mineral railways.” This development
arose from a growing demand for higher strength rails, as well as a need fora
means of producing such a product without heat treatment because of the
limited worldwide capacity of existing equipment. The previous paper
briefly described some of the observed relationships among the critical
parameters, namely, steel composition, cooling rate, transformation prod-
ucts and microstructures, and hardness and tensile properties. Further
laboratory studies have been directed at a more complete understanding

*QOriginal experimental data were measured in U.S. customary units.
'Research supervisor and senior research associate, respectively, Climax Molybdenum
Company, Ann Arbor, Mich. 48106.
ISmith, Y. E., Sawhill, J. M., Jr., Cias, W. W., and Eldis, G. T., American Railway
Engineering Association Bulletin, June/July 1976.
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of the physical metallurgy of prospective high-strength, as-rolled steels
for rail applications. This paper summarizes the results of the work to date
in an investigation that is continuing,

Experimental Methods

Steelmaking

Steels were produced by induction melting in 25 to 57-kg (55 to 125-1b)
heats that were aluminum killed. Common commercial impurity contents of
sulfur and phosphorus were added to each heat. Since the research described
in this paper spans a three-year period, there has been some evolution in
procedure over the period. Initially, the heats were melted under either argon
or vacuum, as designated by either a prefix P or V in the heat number (Table
1). However, air melting was adopted relatively early, so most of the steels in
the composition list of Table 1 do not carry this prefix. The variation in
melting practice is not considered to be significant with respect to the
comparisons that will be made in this study. Two to four ingots per heat
were chill cast in tubular steel molds.

Specimen Preparation and Testing

The ingots were forged into billets which were subsequently hot rolled into
approximately 22-mm (7/8-in.) round bars that were cut into tensile
specimen blanks. Since this study was directed toward developing higher
hardness in the heads of 65-kg/m (132-1b/yd) rail, the processing of all test
specimens incorporated a final cooling cycle that simulated the cooling of
the heads of as-rolled 65-kg/m (132-1b/yd) rail. Common commercial
practice in North America involves air cooling the rail on cooling beds to
below 540° C (1000° F), after which the rail is placed in an insulated box to
reduce the cooling rate and thus ensure against hydrogen-induced cracking.
The rails then take over 10 h to cool below 175° C (350° F). With respect to
the laboratory tests, only the cooling rate to the temperature at which
transformation is complete is of significance.

Information from several (unpublished) sources indicates that the com-
mercial finish rolling temperature is around 1010°C (1850° F) and the time
required for 65-kg/ m (132-1b/yd) railheads to cool from 925 to 705°C (1700
to 1300°F) is between 5 and 6 min. For most of the steels, this natural
cooling rate was attained by making bundles of seven 22-mm (7/8-in.) bars
and using the center bar as the specimen. The temperature of the specimen
bar was monitored with a thermocouple attached to the surface at the
longitudinal center. The bundle was heated to 1010°C (1850°F), air cooled
to between 480 and 540°C (900 and 1000°F), and furnace cooled to near
room temperature.

Specimens of the last six steels in Table 1, which involves an evaluation of
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the influence of columbium, were produced according to a slightly different
processing schedule. It was expected that a columbium-containing steel
would be more sensitive to variations in the hot working and reheating
schedule; therefore, a schedule was devised that even more closely approx-
imates the mill processing of rail. The forged billets of these steels were hot
rolled into plates with an imbedded thermocouple. Hot rolling was com-
pleted at 1010°C (1850°F), and the plates were mildly insulated so that they
cooled at the same rate as the bar bundles previously described, down to 480
to 540°C (900 to 1000°F), after which they were furnace cooled. This
schedule eliminated the cooling and subsequent reheating after hot working
experienced by the specimen bars of the other steels.

Standard tensile specimens having a 13 mm (1/2 in.) diameter by 51-mm
(2in.)-long gage section were prepared from the processing blanks. Tensile
testing was performed at room temperature with strain rates of 18 and 300
percent/h in the elastic and plastic ranges, respectively.

Tensile bars were cut to produce longitudinal sections for metallographic
observation. The specimens were mechanically polished and etched with 4
percent picric acid and 1 percent nitric acid in ethanol. They were then given
a gold-palladium coating under vacuum for evaluation by scanning electron
microscopy, and photographs were taken at a specimen tilt angle of 35 deg.
This angle is in the vertical plane, perpendicular to the plane of the
photomicrographs presented in this paper. Therefore, the magnifications of
the scanning electron micrographs are accurate only in the horizontal
direction.

Results and Discussion

Influence of Molybdenum

Chromium has been employed for some time in rail steels as a pearlite
refiner for increasing yield strength into the range of 585 to 690 N/mm’ (85
to 100 ksi). The addition of molybdenum to a rail steel composition that
includes about 0.75 percent chromium provides a further refinement of the
pearlite. Pearlite refinement, that is, smaller interlamellar spacing, is influ-
enced by both elements by a lowering of the transformation temperature.
With the continuous cooling conditions being fixed, increasing the molyb-
denum content reduces the transformation temperature until ultimately the
mode of transformation changes from pearlitic to bainitic. This effect is
demonstrated by the data of Table 2 and Figs. 1 and 2 for Steels 1 through 5.
Mechanical properties and microstructural characteristics are presented in
Table 2. The yield and tensile strengths are plotted in Fig. 1 as a function of
molybdenum content. The strength of this 0.75C-0.8/0.9Mn-0.15Si-0.7/
0.8Cr base composition increases with molybdenum content up to about 0.3
percent; at the 0.4 percent molybdenum level, strength is lower. The
photomicrographs of Fig. 2 show the changes that take place in the
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FIG. 1—Influence of molybdenum content on strength of chromium-molybdenum rail steels
of grain size ASTM 10.

microstructure as a result of increasing the molybdenum. A typical micro-
structure of a conventional 0.75C-0.81Mn-0.15Si rail steel is shown in Fig.
2a for reference. This pearlitic structure, which is easily resolved at X1000,
has a yield strength of about 480 N/mm’ (70 ksi). The 0.24 percent
molybdenum steel of Fig. 2b is composed of a finer pearlite that is
unresolved at this magnification. This microstructure may be seen clearly in
the higher magnification scanning electron micrograph of Fig. 2¢. At the
slightly higher molybdenum content of 0.28 percent in Steel 4, the micro-
structure is even finer, as shown by Figs. 2d, e. In addition, most of the
structure is different from an orthodox lamellar pearlite. The lamellae are
disordered, and the transformation is bordering on going bainitic, but the
change has only partially taken place. For lack of an established term to
describe this peculiar structure, it will be referred to as transitional pearlite
because it more closely resembles pearlite than bainite. This microstructure
is obviously highly desirable, as it produces a higher yield strength than the
coarser, orthodox pearlite. Increasing the alloy content further causes the
transformation to become bainitic, which generates a much coarser carbide
distribution and a correspondingly lower hardness and strength. It is
noteworthy that the high-strength transitional pearlite of Steel 4 also has the
highest ductility, that is, a reduction of area of 41 percent.

Influence of Carbon

In the interest of improving weldability, the feasibility of using lower
carbon contents was investigated in the chromium-molybdenum steel. Since
the eutectoid carbon content of this alloy steel is estimated to be about 0.55
percent, there was no concern about the possibility of ferrite formation in the
0.6 to 0.7 percent carbon range. Steels 8, 9, and 10 were prepared
accordingly. As the carbon content was reduced to a minimum of 0.60
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(a) Optical micrograph of AREA standard rail (X1000).

(b) Optical micrograph of Cr-0.24Mo Steel 3 (X1000).

(¢) Scanning electron micrograph of Cr-0.24Mo Steel 3 (X2000).
(d) Scanning electron micrograph of Cr-0.28Mo Steel 4 (X2000).
(e) Scanning electron micrograph of Cr-0.28Mo Steel 4 (X5000).
() Scanning electron micrograph of Cr-0.40Mo Steel 5 (X2000).

FIG. 2—Microstructures of chromium-molybdenum rail steels of varying molybdenum
contents in comparison with AREA standard rail.
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percent, the microstructure became more bainitic (Fig. 3). Specimen 5 of
Steel 8 at 0.68 percent carbon transformed to pearlite when cooled at a rate
slightly slower than Rate 2 of Table 2, as shown in Fig. 3a. Specimen 3 of
this same steel, cooled slightly faster, transformed to transitional pearlite
and bainite as demonstrated by Figs. 3b, ¢ which show different areas of the
specimen. The high-temperature region of the cooling curves for these two
specimens is shown in Fig. 4. Specimen 5 exhibits recalescence, as would be
expected from a pearlitic transformation on continuous cooling, while
Specimen 3 does not. Further reduction in carbon to 0.64 percent in Steel 9
resulted in the microstructure of Fig. 3d, which is about 80 percent bainite
with a small amount of transitional pearlite. This steel was cooled at Rate 1-2,
as shown in Fig. 4. A final reduction of carbon content to 0.60 percent
produced a completely bainitic microstructure, as shown in Fig. 3e.

The yield strengths of the lower carbon rail steels varied somewhat
inconsistently with carbon content. In general, fine transitional pearlite
tends to increase the yield strength and bainite tends to decrease it, although
bainite can be stronger than coarse pearlite.

An explanation of the delay of pearlite transformation with reduced
carbon content can be proposed on the basis of the manner in which these
steels transform isothermally. Isothermal transformation at the temperature
of the pearlite nose of the TTT curve takes place with very rapid pearlite
growth, such that the transformation appears to be nucleation controlled.
Also, excess carbides are formed isothermally, although excess carbides are
not found in significant quantities on continuous cooling. If the pearlite is
carbide nucleated in these hypereuctectoid compositions, which would be
consistent with the thinking of Nicholson,’ a reduction of carbon content
would lower the nucleation rate.

The observed increase in hardenability with reduced carbon content
suggests that the composition could be favorably balanced by reduction of
both carbon and alloy contents. However, it should be noted that the most
desirable microstructural change did not take place as hardenability in-
creased. In the molybdenum series described previously, the microstructure
went completely to transitional pearlite as hardenability was increased before
it went bainitic. On the other hand, transitional pearlite and bainite
appeared together in the carbon series. It may be that a large volume fraction
of transitional pearlite can only be obtained in the high-carbon range. Since
this micostructure appears to be the most desirable for its mechanical
properties, this may be an argument for maintaining the high (hyper-
eutectoid) carbon content.

Influence of Silicon and Chromium Variation

Steels 11 and 12 were prepared to investigate the feasibility of substituting
silicon for either part or all of the chromium in the basic chromium-

*Nicholson, M. E.. Transactions AIME, American Institute of Mining, Metallurgical, and
Petroleum Engineers, Vol. 200, 1954, p. 1071.
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(a) Specimen 5 of Steel 8 containing 0.68 percent carbon (slower cooling) (X2000).
(b) Specimen 3 of Steel 8 containing 0.68 percent carbon (faster cooling) (X2000).
(¢) Specimen 3 of Steel 8 containing 0.68 percent carbon (faster cooling) (X2000).
(d) Steel 9 containing 0.64 percent carbon (X2000).

(e) Steel 10 containing 0.60 percent carbon (X2000).

FIG. 3—Scanning electron micrographs of chromium-molybdenum rail steels of varying
carbon contents.



222 RAIL STEELS—DEVELOPMENTS, PROCESSING, AND USE

1700 T T T T T T T T T T T T
900
1600 |-
\a
1500 |- N\
N SPECIMEN 3 OF STEEL 8 -1800
w 1400 N\ STEEL 9 ©
u: \\ w
E 1300 | \\\ SPECIMEN 5 OF STEEL 8 47008
3 N 3
& 1200 | v VN u
a 7 N e
& N Heoo &
~ 1100 |- ~ -
\\ SN
L \\\\\ S~o
1000 = = \\\
STEEL 10 TS d500
900 - -
1 1 1 L 1 L - L 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20 22 24
TIME FROM 1700 F (925 C), min

FIG. 4—Cooling curves of specimens of Steels 8, 9, and 10 with carbon contents of 0.60 to
0.68 percent.

molybdenum composition. A 0.24 percent molybdenum content was used in
order to aim for a minimum of about 760 N/mm? (110 ksi) yield strength.
The resulting strength and hardness of these two steels are similar, with the
chromium-containing steel having a slight advantage (Table 2). The reca-
lescence points are virtually identical, suggesting pearlitic structures of
approximately equal fineness as confirmed by the microstructures of Fig. 5.
The substitution of silicon for chromium was not completely successful in
that the yield strength was about 70 to 105 N/mm’ (10 to 15 ksi) lower than
intended.

Influence of Vanadium

Chromium-molybdenum-vanadium rails have been produced commer-
cially in Europe. The effect of adding vanadium to the chromium-molyb-
denum steel of maximum strength is shown by the difference between Steels
4 and 6, which are both from the same heat. The addition of 0.06 percent
vanadium results in notably higher hardness and strength with no significant
loss of ductility (Table 2). The strength change is apparently caused, at least
in part, by a refinement of the transitional pearlite microstructure, as may be
observed by comparing Fig. 6a with Fig. 2d. Vanadium may also have
introduced some precipitation strengthening, but attempts to extract vana-
dium carbide or nitride precipitates were not successful.

Steel 7 was prepared as a check on the outstanding properties observed in
Steel 6. Thermocouples were employed during cooling of all of the bar
bundles to provide more complete results than were available on Steel 6. The
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(a) Steel 11 without chromium (X2000).
(b) Steel 12 with 0.44 percent chromium (X2000).

FIG. 5—Scanning electron micrographs of 0.885i-0.24Mo rail steels with and without
chromium.

cooling curves for the three specimens of Steel 7 are presented in Fig. 7.
Specimens 4 and 5 experienced identical cooling rates and very similar
recalescence temperatures. The tensile properties are correspondingly sim-
ilar; however, they are not quite as high as those of Steel 6. The micro-
structure of Specimen 4 of Steel 7 is shown in Figs. 6c¢, d. It consists of fine
transitional pearlite. Specimen 3 was cooled at a slightly faster rate, such
that transformation to pearlite did not start quite fast enough to cause
recalescence. A thermal arrest occurred at about 580°C (1080°F), allowing
transitional pearlite to form at a relatively low temperature; but the absence
of recalescence also allowed about 25 percent bainite to form (Fig. 85). The
highly distorted transitional pearlite is shown in Fig. 85. Some extremely
fine, moderately distorted pearlite is shown surrounded by bainite in Fig. 8¢.
This pearlite has an interlamellar spacing of less than 500 A. The yield
strength of this mixed structure is 1170 N/mm? (170 ksi), but the reduction
of area is only 17 percent, much lower than that of Steel 6. No specific
explanation was found for the low ductility of this steel, although the
presence of bainite is believed to contribute.

The influence of adding vanadium to a chromium-molybdenum steel at
the lower strength level may be observed by comparing the two pairs of
steels, Steels 13 and 14 with Steels 15 and 16. The first pair involves adding
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(a) Steel 6 with 0.28 percent molybdenum and 0.06 percent vanadium (X2000).

(b) Steel 6 with 0.28 percent molybdenum and 0.06 percent vanadium (X10 000).

(¢) Specimen 4 of Steel 7 with 0.26 percent molybdenum and 0.05 percent vanadium (X2000).
(d) Specimen 4 of Steel 7 with 0.26 percent molybdenum and 0.05 percent vanadium (X10 000).

FIG. 6—Scanning electron micrographs of chromium-molybdenum-vanadium rail steels.

averaging about 70 N/mm* (10 ksi) higher than the steel without vanadium.
The completely pearlitic microstructures of Steels 13 and 14 are shown in
Figs. 9a,b, respectively. A similar gain in strength was attained by a
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FIG. 7—Cooling curves of specimens of Steel 7 (0.2 percent molybdenum, 0.05 percent
vanadium).

0.05 percent vanadium to a 0.19 percent molybdenum steel. The triplicate
specimens of Steel 14 are in the 620 to 690 N/mm’ (90 to 100 ksi) range,
vanadium addition to a 0.25 percent molybdenum steel with silicon sub-
stituted for a portion of the chromium. The recalescence temperature of
Steel 16 is somewhat lower than that of the other vanadium Steel 14, but the
strength is about the same. The microstructures of Steels 15 and 16 are
shown in Figs. 9¢,d, respectively. The pearlite interlamellar spacing appears
to be about equal for the two.

Vanadium without Molybdenum

Steels 17 and 18 are chromium-vanadium steels containing different levels
of manganese. Both steels contain 0.1 percent vanadium. The tensile
properties of Table 2 show that vanadium without molybdenum is not very
effective in developing a fine pearlitic microstructure. The microstructures
are strictly orthodox pearlite (Table 2), as would be expected from the
modest strength levels attained.

Influence of Columbium

A preliminary evaluation of the use of columbium was made by adding
0.02 percent to the last ingot of Heat 5814, Steel 19. The microstructure of
Specimen 1 of Steel 19 is presented in Fig. 10a. A comparison of the tensile
properties of this steel with those of Steel 8 in Table 2 shows that no benefit
was derived from the columbium, except that the reduction of area was
improved. Columbium was further investigated in Steels 20, 21, and 22,
which are three ingots from the same heat. Columbium increases from 0 to
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(a) %X2000.
(b) X10 000.
(¢) X10 000.

FIG. 8—Scanning electron micrographs of Specimen 3 of Cr-0.26 Mo-0.05V rail Steel 7.

0.4 percent within the heat, but the average tensile properties for the two
specimens of each steel are virtually unchanged as a result of the columbium
addition. The two slightly different cooling rates employed for the specimen
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(a) Steel 13 with 0.19 percent molybdenum (X2000).

(b) Specimen 4 of Steel 14 with 0.19 percent molybdenum and 0.05 percent vanadium (X2000).
(¢) Specimen 8 of Steel 15 with 0.19 percent molybdenum (X2000).

(d) Steel 16 with 0.19 percent molybdenum and 0.06 percent vanadium (X2000).

FIG. 9—Scanning electron micrographs of chromium-molybdenum and chromium-molyb-
denum-vanadium rail steels.

pairs produced some notable differences in microstructure which were only
reflected by the mechanical properties at the highest columbium content.
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(a) Steel 19 with 0.24 percent molybdenum and 0.02 percent columbium (X2000).

() Specimen 1 of Steel 20 with 0.30 percent molybdenum (X2000).

(¢) Specimen 1 of Steel 21 with 0.30 percent molybdenum and 0.02 percent columbium (X2000).

(d) Specimen 1 of Steel 22 with 0.30 percent molybdenum and 0.04 percent columbium
(X2000).

(e) Specimen 1 of Steel 22 with 0.30 percent molybdenum and 0.04 percent columbium
(X10 000).

() Specimen 2 of Steel 22 with 0.30 percent molybdenum and 0.04 percent columlium (X2000).

FIG. 10—Scanning electron micrographs of chromium-molybdenum and chromium-molyb-
denum-columbium rail steels.
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Specimen 1 of Steel 20 is largely a mixture of orthodox and transitional
pearlite with a small amount of bainite. This microstructure is shown in Fig.
105. Specimen 2, which was cooled slightly faster, is about 50 percent
bainite, as shown in the microstructure column in Table 2. A similar
difference exists between the two specimens of Steel 21, this time with the
higher bainite specimen being slightly stronger. Specimen 1 is shown in Fig.
10c¢. Specimen 1 of Steel 22 is also about 40 percent bainitic, and it has the
highest strength of the group. This microstructure is shown in Figs. 10d,e.
Specimen 2 is practically all bainite and has the lowest strength of the group.
This microstructure is presented in Fig. 10f. With regard to the micro-
structure/ mechanical property relationship, it is noteworthy that a very high
fraction of bainite must be developed before the strength is significantly
reduced.

Strength, Ductility, and Microstructure

A scatter plot of yield strength versus reduction of area is presented in Fig.
11. Taking all of the points into consideration, there is a mild tendency for
the ductility to increase as the yield strength increases. This is a most
encouraging observation from a practical point of view. It probably is a
manifestation of the fact that the strength is being increased in these steels by
development of finer microstructures. The finer structures have higher
ductility despite their higher strength. Selected points in Fig. 11 are coded to
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FIG. 11—Scatter plot of yield strength versus reduction of area as influenced by microstructure
in alloy rail steels.
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indicate the influence of microstructure on the trend. A high proportion of
bainite does not necessarily indicate either higher or lower ductility. On the
other hand, the specimens that have virtually completely transformed to
transitional pearlite exhibit both high yield strength and high ductility.

General Discussion

On the basis of the detailed observations described previously, it is possible
to arrive at recommendations directed at an optimization of composition
for 65-kg/m (132-1b/yd) alloy rails. The molybdenum content can be taken
directly from Fig. 1 depending on the desired yield strength, if the same
carbon and other alloy contents are retained as in this first series of steels.
This molybdenum content must be adjusted for a grain size difference
between laboratory and commercial heats, as will be discussed later. The
chromium-molybdenum composition is effective without further alloy
addition up to the high yield strength range, 760 to 895 N/mm? (110 to
130 ksi).

An effort was made to reduce the carbon content in this chromium-molyb-
denum base composition. It was found that the hardenability was increased
by lowering the carbon content, possibly due to an influence on pearlite
nucleation. It was suggested that the total alloy content might be reduced to
compensate for this change. As carbon was reduced, however, the trans-
formational change to a bainitic product occurred differently than at the
higher carbon content. As hardenability was increased in the molybdenum
series, complete transformation to transitional pearlite occurred before
the shift to bainite. At the lower carbon level, only partial transformation
to transitional pearlite was obtained. The same result was observed in the
columbium series, which was at 0.68 percent carbon. It may be that the
higher carbon hypereutectoid composition is more effective in promoting
transformation to fine transitional pearlite, which has the best combination
of strength and ductility.

A yield strength of 1100 to 1170 N/mm? (160 to 170 ksi) was only
attainable with the addition of vanadium. Vanadium was employed in these
steels with the aim of developing increased strength due to precipitation.
Goldshteyn et al‘ have shown that the ferrite lamellae of pearlite in a
0.67C-0.85Mn-0.07V steel contain vanadium carbide precipitates. The ad-
dition of vanadium to Steel 4, to produce Steel 5, resulted in a finer
transitional pearlite. A portion of the 180 N/mm’ (26 ksi) increase in yield
strength is attributable to this refinement. A search for vanadium carbide
particles in an extraction replica of a sample of Steel 7 that was cooled at the
railhead cooling rate was not successful. While it is expected that vanadium
carbide (probably V.C;) must precipitate to some degree at this cooling rate,
it was concluded that the particles must be less than 20 A in size. Of course,
10 to 15-A carbides would be adequate to cause significant strengthening.

*Goldshteyn, M. 1., Kolosova, E. L., Susloparov, G. D., and Murayev, Y. A., Fizika Metallov
Metallovedenie, Vol. 23, No. 2, 1967, p. 347.
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The results of including vanadium in Steels 14 and 16 are believed to be more
decisive in evaluating the precipitation-strengthening potential of vanadium
at the railhead cooling rate. These two steels should have been strengthened
accordingly if the potential exists at this cooling rate, and they clearly were
not. In this study, vanadium only caused a notable increase in strength when
it was involved in the formation of the large volume fraction of transitional
pearlite.

The addition of up to 0.04 percent columbium in this type of steel was not
found to be beneficial. This is not surprising, considering that the solubility
of columbium at such a high carbon content must be very limited. According
to Irvine et al,’ the solubility of columbium in 0.25 percent carbon steel is 0.4
percent at 1315°C (2400°F), and this solubility decreases rapidly with
increasing carbon content. At 0.75 percent carbon, the columbium solubility
can reasonably be expected to be between 0.01 and 0.02 percent. Further-
more, only a fraction of that dissolved at the ingot soaking temperature
could be expected to be in solution at the transformation temperature.
Therefore, the most important role of columbium is expected to be related to
the columbium that is precipitated in the austenite and to its influence on
austenite recrystallization during hot rolling.

It was noted previously that, when these alloy rail steels are made
commercially, an adjustment must be made in the composition to provide
commercial steels with the same transformation characteristics as the
laboratory steels; the same composition made commercially would be
slightly higher in hardenability than a laboratory steel. This difference in
hardenability is due to a difference in grain size between commercial
aluminum-killed heats and laboratory aluminum-killed heats. The small
induction furnace heats made in the laboratory are high in nitrogen and very
homogeneous in prior austenite grain size at ASTM 10. Aluminum-killed
commercial heats of chromium-molybdenum alloy rail steel made thus far
were about 0.05 percent lower in molybdenum than would be indicated by
the data of this study for an equivalent level of strength, because the grain
size of the commercial heats was ASTM 8. In addition, some further
reduction in alloy content would be appropriate if the commercial heats were
made to a semikilled practice, because of the expected still larger grain size,
or if lighter rail sections were involved than the 65-kg/m (132-1b/yd) section
represented by the cooling rates in this study. Fracture grain sizes of the
steels in the earlier paper (Footnote 2) were reported to be ASTM 6to 7. It
has subsequently been determined that these fracture grain size measure-
ments do not show the true prior austenite grain size.

Summary

A series of experimental steel compositions was produced in the labora-
tory and evaluated for potential application as as-rolled 65-kg/m (132-1b/yd)

*Irvine, K. J., Pickering, F. B., and Gladman, T., Journal of the Iron and Steel Institute, Vol.
205, Feb. 1967, p. 161.
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rails. The steels were variations of a 0.75 percent carbon, 0.8 percent
manganese, 0.8 percent chromium, 0.2 percent molybdenum base compo-
sition. It was found that increasing molybdenum to 0.30 percent raised the
yield strength to about 930 N/mm’ (135 ksi) by developing a highly refined
transitional pearlite microstructure; additional molybdenum resulted in
bainite formation and a decrease in strength. Reducing the carbon content in
the base composition to the 0.6 to 0.7 percent range increased hardenability,
which resulted in a mixed microstructure of transitional pearlite and bainite.
This behavior suggests that the conventional carbon level aids in the
formation of a high percentage of fine transitional pearlite. The addition of
vanadium was effective in further refining the microstructure to attain a
yield strength in the range of 1100 to 1170 N/mm?’ (160 to 170 ksi) if the
molybdenum content was high enough to develop a sufficiently low trans-
formation temperature. Otherwise, the vanadium addition resulted in only a
modest change in microstructure and a correspondingly small increase in
yield strength. Chromium-vanadium steel without molybdenum did not
develop a very fine pearlitic microstructure. Columbium was not effective in
improving the properties of the chromium-molybdenum steel. The steels
investigated in this laboratory study would require slightly lower alloy
contents for commercial heats. In terms of the laboratory compositions, it
may be concluded that a 0.75C-0.85Mn-0.75Cr-0.24Mo steel is best suited
to the 760 to 895 N/mm’ (110 to 130 ksi) yield strength range, while a
0.75C-0.9Mn-0.75Cr-0.28Mo0-0.06V steel appears potentially feasible for
the 895 to 1170 N/mm? (130 to 170 ksi) range. About 0.05 percent less
molybdenum would be required in aluminum-killed, commercially melted
steel for 65-kg/m (132-1b/yd) rails.
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ABSTRACT: Two unique types of surface defects resulting from contact fatigue have
been observed in rail used in high-speed lines in Japan (speed greater than 150 km/h).
One of these results from the dark spots which randomly appear on the running
surface and develop into transverse defects, and the other is the head check which
arises at the gage corner.

An experimental simulation of these defects was attempted through rolling contact
fatigue tests. The resulting defects were similar to those found on the running surface.
For their initiation, a slip component of load was necessary, in addition to the normal
load. Examinations of these defects indicated that they initiated on the contact
surface, as did those found in rail, and not at the subsurface where the shear stresses
are maximum due to Hertzian contact.

To investigate the effects of microstructure on the initiation and propagation
behavior of these defects, coarse pearlitic, fine pearlitic, and tempered martensitic
structures were examined. The fatigue limit of each structure showed a good
correlation with its tensile strength. In the rolling contact fatigue tests, the fine
pearlitic structure exhibited the longest lifetime. However, the tempered martensite
had the lowest crack growth rate. Therefore, it is concluded that, to optimize the
durability of rail steels, the effect of microstructure should be considered in addition to
the tensile properties.

KEY WORDS: steels, railroad tracks, fatigue (materials), surface defects

In Japan, since successful completion of the Tokaido Shinkansen line,
travel by rail systems has again been recognized as the most desirable means
of passenger transportation. In accord with national planning, the Shink-
‘ansen lines extend for about 7000 km. In recent years, however, the increases
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in traffic speed and frequency on these lines have led to the development of
two unique problems concerning rail steels. One is the wear behavior along
curved track of small radius, and the other is the appearance of a new type of
railhead defect.

In this study, the features of both types of surface defects and the
mechanisms of crack initiation are discussed. Based on this work, recom-
mendations for the development of more durable rail steels can be made.

Morphology of Surface Defects on the Railhead

Contact fatigue defects, known as “shelling,” have been found to occur in
rails, especially those that were heat treated, which are subject to heavy
loads. However, recently, two types of contact fatigue defects, unique
because of their lack of correlation with metallurgical factors, have appeared
in track subject to relatively light loads (less than eight tons), in contrast to
shelling defects. These defect types shall be referred to as “head checks” and
“dark spots.”

Head Checks

Groups of S-shaped defects are found to occur at intervals of 2to 3 mm on
the gage corner, as shown in Fig. 1, regardless of traffic speed. These defects
are usually found on the elevated outside rail in curves of radius larger than
1000 m and occasionally on the inside rail and in straight track. In curves of
smaller radius, it appears that the defects do not grow to a critical size but
rather are worn away rapidly. The propagation process of the defect can be
divided into four stages, as shown in Fig. 2. The defects become visible with
the passage of less than ten megatons traffic and are usually arrested in Stage
I, as shown in Fig. la. Under certain conditions, however, a few of these
cracks propagate toward the outside corner (Fig. 1b). The probability of
propagation beyond Stage II is very small and occurs only locally, in the
vicinity of 200 to 300 mm along the railhead. In this range, no depressions
develop on the running surface as there are no horizontal cracks. In Stage
II1, these cracks propagate until the outside corner along the running
surface is hardened due to wheel contact. After that, in Stage IV, one of the
cracks spreads vertically downward through the rail section, causing rapid
rail failure. Examination of the fracture surface resulting from such a
catastropic failure reveals the presence of typical beach marks (Fig. lc¢).
Failure generally occurs when the defect size approaches 35 to 40 percent of
the railhead section.

Since the development of defects within Stage I may be unavoidable, it is
recommended that, after a surface crack is observed to have grown through
the center line of the running surface, the rail be kept under close
observation. The conditions necessary for propagation beyond Stage II are
not yet understood; however, it is reasonable to assume that unusually high
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é GC : GAGE CORNER SIDE

FIG. 1—Examples of (a) head checks in Stage I, (b) crack growth spread beyond Stage II,
and (c) transverse fracture from a head check (compare to Fig. 2).

tensile stresses along the running surface, arising from track structural
irregularities or local lifting up of a rail, are responsible.

Dark Spots

These defects occur on the running surface of high-speed track sections
(speeds greater than 150 km/h) in isolated instances rather than in groups.

STAGE HEAD CHECKS FLAKING

i 5 TO 220
I 110 TO 220
I : ) , 150 TO 220
v W 19 AND OVER

FIG. 2—Propagation process of a head check divided into four stages.
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The origin of these defects has no obvious correlation with track parameters.
Their appearances in the formative stages can be classified into Types A, B,
and C, (Fig. 3) which are found to occur, respectively: near the gage corner
in an inverse V shape; along the central area of the running surface, in a
circular shape; and near the outside corner, in a V shape.

Figure 4 shows the distribution of initial positions on the running surface,
as a function of distance from the center, for each type of defect. Separation
of the surface layer just above a horizontal crack reveals the presence of a
progressed crack, as shown in the fracture surface of Fig. 5. It is noted that
the cracks seem to initiate at the surface. Figure 6 shows a longitudinal/
vertical section taken through the crack origin. The main crack propagates
horizontally, parallel to the direction of traffic, under the running surface. A

GC :GAGE CORNER
SIDE

1961=—— DIRECTION OF TRAFFIC

0

TYPE C

1825=— DIRECTION OF TRAFFIC

It e _ i 1 TR T Ay

TYPE B

TYPE A

FIG. 3—Principal types of dark spots in the early stages (compare 1o Fig. 4).
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F1G. 4— Distribution of initial positions of dark spots on the running surface.

DIRECTION OF TRAFFIC
GC: GAGE CORNER SIDE

F1G. 5—Fracture surface of horizontal crack revealed by separation of the surface layer.
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secondary horizontal crack, propagating in the opposite direction, has a
shorter length than the former and cannot turn nor branch to form a
transverse brittle fracture.

The propagation process of a primary crack along the traffic direction can
be divided into four stages, as shown schematically in Fig. 7. In Stage I, the
crack, which has initiated at the running surface, spreads horizontally under
the surface. In Stage II, this crack branches. Although sometimes the
running end of the horizontal crack turns down, in general, the branch crack
is observed to turn more rapidly. In a few instances, it has been observed that
the horizontal crack turns up after running for a considerable distance with
or without branching, and then flaking of the surface can occur. Also,
fissuring of the surface layer above a horizontal crack can produce flaking.
In Stage III, the branch crack turns down, forming a defect similar in
appearance to a tache ovale. In the final stage, after growth of this defect to
approximately 70 percent of the railhead area, brittle failure occurs, as
shown in Fig. 8.

As the horizontal crack develops, a depression of the running surface
occurs with simultaneous appearance of a dark spot and widening of the
bright running stripes known as contact widening which indicate the
presence of this defect (Fig. 3). The depth, D, and the length, L, of the
depression increase with increasing length of the horizontal crack. Figure 9
illustrates the relationship between D and L in each stage of this defect. It
can be seen that, in the later stages of defect growth, the distributions in Fig.
9 become narrower, approaching a limit. This suggests that the impact force
produced by the wheel on the rail depends on the geometry of the
depression, and therefore, a transverse branch crack will grow under some
optimum combination of values of D and L. Figures 10a,b show the
relationships between depth and length of horizontal cracks both along and
opposite to the traffic direction.

In Fig. 11, the relationship between the distance from a crack origin to the
first branching position and the primary horizontal crack length along the

TRAFFIC TONNAGE
IN MTONS

%0 TO 220

STAGE

110 TO 220

p—
e —
e
L
g e
; 145 TO 220
DIRECTION
OF TRAFFIC

I 130 TO 220

FI1G. 7— Propagation process of dark spots divided into four stages.
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FIG. 8—Transverse fracture showing detailed fracture similar to a tache ovale.

traffic direction is presented. In many cases, the branch crack forms a
dangerous transverse crack propagating underneath the horizontal crack
and therefore remaining shielded from detection by an angular ultrasonic
probe. Within the limits of this investigation, it has been found that the first
branching of a horizontal crack occurs at a distance greater than 10 mm
from the initial position of the defect, as shown in Fig. 11, and that the
surface depression length is always greater than the total horizontal crack
length, as shown in Fig. 12. Therefore, a tolerance criterion may be defined
for a length of 30 mm for a dark spot corresponding to the minimum length
of 10 mm for a latent horizontal crack.
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The uniqueness of these defects lies in the fact that they are not directly
correlated with macroscopic metallurgical flaws, gross nonmetallic inclu-
sions, or martensitic formation. The observation that they tend to occur in
situations of high-speed traffic suggests that wheel slipping plays an
important role in their development. This will be discussed in detail in a later
section.

Experimental Reproduction of Surface Defects

The surface defects previously described appear to result from metallic
fatigue processes. Therefore, the fatigue strength of rail steels should be
important in understanding the factors responsible for occurrence of these
defects and subsequently controlling their development. However, the
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FIG. 12— Relationship between horizontal crack length and the surface depression length.
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results of simple fatigue tests such as experiments under conditions of
rotating bending or repeated torsion are insufficient to provide complete
understanding of this behavior because they do not consider the contact
stresses resulting in the rail from wheel loads.

The authors attempted to reproduce these defects, especially the dark
spots, experimentally, through rolling contact fatigue (RCF) tests by using
the procedure illustrated in Fig. 13. This test consists of two disklike

SPECIMEN(A)
a1
(1] « -
H 1
LUBRICANT %R%|NE olL
LOAD : 50~200 kg 8
SLIP RATIO: 20%

CYCLES : 800 RPM
ROLLING CONTACT FATIGUE TEST
SPECIMENS

FIG. 13—Rolling contact fatigue test, specimens, and test method.

specimens subject to a normal load representing the wheel load with
tangential slip occurring at the surface. The slip component was added to
simulate wheel slipping which is assumed to occur in high-speed sections of
track. Each specimen is in contact with the other and is driven separately,
rotating in the opposite direction to the other specimen. Since the drive-side
specimen rotates faster than the follow-side one, slipping on the contact
surfaces is generated by the difference in circumferential speed.

The shape of the specimens was determined by preliminary experiments.
The curvature of the contact surface of the follow-side specimen was needed
to raise the stress by narrowing the contact tread width, thus keeping the
contact stable. Lubrication of the contact surfaces with turbine oil was
employed to avoid temperature increase and wear.

Figure 14 shows a cross section through the follow-side specimen after the
RCEF test. Many cracks can be observed, mainly originating in the contact
patch on the specimen surface and growing obliquely inwards. The direction
of crack growth was always opposite to the direction of specimen rotation,
that is, parallel to the movement of the loading point. It was remarkable that
these cracks occurred only on the follow-side specimen. The shapes and
growth of these cracks were similar to those of the dark spots observed on
the running surface of a rail; therefore, the authors concluded that the RCF
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PROPAGATING DIRECTION OF CRACKS

1mn

FI1G. 14— Tangential section of specimen failed by rolling contact fatigue test.

test could successfully reproduce these defects and adopted this procedure to
examine the initiation behavior of rail steels. In the experimental tests to be
discussed, the procedure included visual inspection of the specimens, in situ,
every 5 x 10# cycles to detect the occurrence of defects.

Results of Fatigue Tests and the Effects of Metallurgical Factors
on Fatigue Properties

Since improvements in fatigue properties should be a fundamental goal in
preventing rail defects, the authors investigated the influence of metallurg-
ical factors on several fatigue properties in an attempt to establish values of
those properties leading to the greater durability of rail steels in service.

The following fatigue tests were performed: RCF tests for surface defect
initiation, rotating bend (RB) tests for general property determination,
repeated torsion (RT) tests for property determination, and tests for the
measurement of fatigue crack propagation (CP) rate.

Specimen Preparation

Details of the specimens used are in Table 1, Figs. 13 and 15. Three types
of microstructures were selected as typical of rail steels in use. R-1 was an as-
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TABLE 1—Chemical composition and mechanical properties of tested specimens.

%
C Si Mn P S
0.67 0.21 0.85 0.015 0.018
002 ? ogh . Reduction
Specimens kg/mm” kg/mm-  Elevation, % of Area. % VHN
R-1 50.0 93.0 13.5 21.5 271
R-2 75.5 115.9 14.0 50.9 357
R-3 133.6 140.5 1.8 425 447

¢ gu> = 0.2% proof stress.
b gy = tensile strength.
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FI1G. |5—Three fatigue specimens.
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rolled carbon rail steel containing coarse pearlite with a small amount of
proeutectoid ferrite; R-2 was a fine pearlitic steel representative of slack
quenched rail; and R-3 was a tempered martensitic steel representing
quenched and tempered rail steels. Specimens other than those for the CP
tests were cut from the railhead of R-1 steel, while those for the CP tests were
removed from the entire section of rail due to the necessarily large width of
the specimens used.

Specimens were heat treated by induction heating according to the
procedure shown in Table 2, then machined as shown in Figs. 13 and 15.
Representative microstructures are shown in Fig. 16. Tensile properties were
changed because of the heat treatments (Table 1).

TABLE 2— Procedure of heat treatment of three specimens.

Specimens Heat Treatment
R-1 as rolled
R-2 1100°C—cooled to 650°C at 6.2°C/s—WQ"“
R-3 950°C WQ, 450°C tempered

aWQ = water quenched.

Test Results

The results of the RCF tests are shown in Fig. 17 as load versus N
diagrams where N = number of cycles. In this test, like other fatigue tests, the
characteristic curves and endurance limits can be obtained for each struc-
ture. R-2 shows the longest lifetime among the three structures. The fairly
long lifetime of R-1 in the high load region may be due to the relative
decrease in contact stress caused by broadening of the contact tread, as
shown in Fig. 18. This broadening was presumed to occur as the result of
plastic deformation of the specimen surface caused by heavy loads and the
relatively low yield strength of R-1. Taking into account track broadening,
the authors calculated the approximate contact stress using Hertz’s equa-
tions for the contact stress on circular cylinders.3 The calculated stress versus
N curves are shown in Fig. 19. In this case, R-1 exhibits the shortest lifetime
due to its low yield strength, since the higher the yield strength, the longer
the lifetime. But when discussing the durability of rail steel, wheel loads are
generally used as a major factor; hence Fig. 17 plotted in terms of load
seems more suitable for determining the initiation properties of defects than
Fig. 19. Therefore, the structure of R-2, namely, fine pearlite, is the most
preferable against initiation despite its rather low yield strength.

Figures 20 and 21 show the results of RB and RT tests, respectively. R-3is
the highest in fatigue strength in both tests. As shown in Fig. 22, the fatigue
limits of each specimen correlate well with tensile strength. Hence, the
fatigue limits obtained by these tests are not influenced by microstructure.

*Timoshenko, S. and Goodier, J. N., Theory of Efasticiry, McGraw-Hill, 1951, p. 372.
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Specimens Structure
R — 1
R - 2
R — 3

R ad
FIG. 16—Electron micrographs of tested specimens.

From the results of the CP tests, the relationships between variations in
range of stress intensity factor, AK, and the crack propagation rate are
shown in Fig. 23. AK was calculated by the following equation?

AK = Aoy W tan 7L

w

‘Irwin, G. R., “Fracture Mechanics,” Structural Mechanics, Proceedings of 1st Naval
Symposium, Pergamon Press, 1960, p. 247.
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FIG. 17—Effect of normal load on cycles to failure of tested specimens in rolling contact
Jatigue test.

where
W = specimen width,
Ao, = gross stress range, and
2L = crack length on the surface.

The average of the crack lengths measured on both surfaces of a specimen
was adapted for the crack length, 2L, used in the equation. It is seen that a
linear relationship exists between the propagation rate and AK for each
specimen and that every specimen has a nearly equal gradient. The results of
these tests show that R-1 has the highest CP rate and R-3 the lowest despite
its high strength.

Figure 24 shows the appearances of fatigue cracks in the different steels.
The fatigue crack always proceeds internally rather than along the surface.
At localized areas in the fatigue crack region where AK is larger, brittle
fracture is observed. Considering the results of the CP tests, it seems
desirable to increase the strength for retardation of fatigue crack propa-
gation. But the brittle appearance in the fatigue region indicates that the
fracture toughness of the material also plays an important role in the
propagation, and this toughness may vary with microstructure. All the
results of the fatigue tests are summarized in Table 3.

Discussion
Mechanisms of Initiation and Propagation of Surface Defects

Though the shapes and the propagation processes of head checks and dark
spots are very complicated, it is assumed that these defects originate at the
railhead surface. For contact fatigue, it has been asserted that the cracks
initiate at the point of maximum shear stress several millimetres below the
contact point, but no indications of such behavior were observed in this
investigation.

The effects of slipping on the initiatien of cracks in the RCF tests are
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FIG. 19—Calculated contact stress versus cycles 1o failure of tested specimens.

shown in Fig. 25. The greater the amount of slip, the shorter the lifetime to
crack initiation. This result emphasizes the importance of slipping on
initiation:® the slip at the surface seems to force the point of maximum shear
stress to move toward the contact surface.

The reason why the cracks alway originate only on the follow-side
specimen in RCF test is proposed as follows: the tangential stress in the
forward direction of travel creates a large tensile stress adjacent to the rear of
the contact region. This tensile stress, which is a maximum at the running
surface, could enhance the possibility of crack initiation at this location.

Details of the RCF tests such as loads, rotation cycles, slip, etc., are
schematically illustrated in Fig. 26 in relation to the wheel and rail. When the
train is accelerated or the wheels are driven, the wheel acts as the drive-side
specimen and the rail acts as the follow-side one; therefore, the crack will
originate on the running surface of the rail. The higher the speed of the train,
the larger the slip ratio and tangential force and the greater the number of
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FIG. 20—Stress versus cycles to failure of tested specimens in roiating bending tesi.

5Soda, N., Yamashita, M., and Osora, K., Lubrication (in Japanese), Vol. 16, No. 8, 1971,
p. 41.
sLipson, C. and Jurinall, R. C., Handbook of Stress and Strength, MacMillan, 1963, p. 66.
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FIG. 21—Stress versus cycles to failure of tested specimens in repeated torsion fatigue test.

cracks found in sections of track subjected to such traffic. This supports the
assumption that dark spots tend to originate in rails subject to speeds above
150 km/h. The reason why dark spots grow along the direction of traffic is
not evident, but it must have some relation to the relative movement of
contact point and must be influenced by track conditions, axial and residual
stresses in rail, etc.

Effects of Metallurgical Factors on Fatigue Strength

With an increase in tensile strength, the fatigue limits of the RB and RT
tests must also increase linearly, just like other steels, while fatigue crack
propagation rates decrease. Therefore, an increase in the tensile strength is
recommended as a means of improving the fatigue properties of rail steels.
For the prevention of crack initiation, fine pearlite has been preferable to
tempered martensite despite its low strength. The higher durability of a fine
pearlitic structure is assumed to result from its greater resistance to localized
plastic deformation of the surface layer by the applied tangential forces. The
lamellar arrangements of ferrite and hard cementite in pearlite of very
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FIG. 22— Effect of tensile strength on fatigue limit.



252 RAIL STEELS—DEVELOPMENTS, PROCESSING, AND USE

o : R—-1 / —(
1 o : R-2 ?z 0
08 ®: R-3
o 08§ [ ’ jﬁi
S 04 e
:‘ | y ﬂ ]
T o2 o
3 (;r’ [
W
'—
g 02:3 3 f
g u—| 5B 19 INEEE
P o 1] {
'é 004 dﬁ/dN:mem‘—-l‘“-.‘%K_&]li
§ I ﬁN7L da/aN=608x10 -
g o f .
= —10, .91
; /ﬂr\ da/aN=119x10"""- 202
g om}- [ |

2 30 40560 80100 20 300 400500
RANGE OF STRAEKSS INTENSITY FACTOR

vkﬂmm

FIG. 23— Crack propagation rate of tested specimens.

narrow spacing seem more resistant to metal flow than a tempered marten-
sitic structure or ferritic matrix with a dispersion of spheroidized cementites.

The good crack propagation properties of tempered martensite seem to
depend not only on its strength, but also on its structure or toughness.
Considering the brittle appearance observed in CP specimens, notch tough-
ness should never be ignored in investigations of fatigue crack propagation
behavior. Fine pearlite is preferablé to tempered martensite for crack
initiation, and the reverse for crack propagation, although each of these
properties is associated with an increase in strength. Both of these findings
should be considered in recommendations for the improved durability of rail
steels.

Conclusions

From the foregoing investigations, the following conclusions were ob-
tained.

1. Recently, two unique types of rail steel defects have been Qbserved in
track subject to relatively small wheel loads and high traffic speeds. One is
known as the head check, which originates at the gage corner independent of
traffic speed. The others referred to are the dark spots that originate on the
running surface of rail subject to traffic speeds greater than 150 km/h. Their
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R-1

0 =8+ 3kg,/mm?2
N = 0447 X106

R-2

O =8+ 7kg,/mm?
N¢=10.123 X108

R-3

0 = 10+ 10 kg /mm2
N ¢=0.180 X 106

FI1G. 24— Appearance of fatigue cracks.

TABLE 3—Summary of fatigue testing data.

§ d
Speci- op.” oo’ Two., dijdN Kpe,”
mens kg/mm® kg/mm’ kg mm’ Cc m kg/mm 3/2
R-1 93.0 31.0 23.0 4.61 X107 3.11 139.0
R-2 115.9 45.0 34.0 6.08 X107'° 2.83 288.0
R-3 140.5 68.0 39.0 1.19' X 10710 291 407.0

%5 g = tensile strength,
b o = fatigue limit of rotating bending.
“Tw, = fatigue limit of replated torsion.

4C, m = constants in the equation to calculate the fatigue crack growth rate in the form of
dl{dN = C x AK™

€Ki = critical stress intensity factor in fatigue.
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FIG. 25— Effect of slip ratio on cycles to failure in rolling contact fatigue test.

growth processes can be divided into four stages. Both types of defects are
suggested to have surface origins, rather than internal origins.

2. Rolling contact fatigue tests have been conducted successfully for the
simulation of dark spots. For surface initiation, slipping on the contact
surface is necessary, in addition to a normal load. These defects grow in the
direction of motion of the load.

3. Not only an increase in tensile strength, but consideration of the role of
microstructures, are necessary for an improvement of the durability of rail
steels. Fine pearlite was suitable for the prevention of crack initiation,
whereas tempered martensite is preferable for retardation of fatigue crack
propagation. Therefore, the effects of microstructure on fatigue properties
must be considered to optimize rail steel durability further.

The authors think that fine pearlitic rail steel is preferable for their
practical purpose, because the initiation always precedes the propagation.

ACCELERATING BRAK ING
WHEEL
T T
DIRECTION JANGENT 1AL
OF TRAFFIC FORCE
RAIL
DARK
SPOT
CYCLES Nw>Nr Nw<Ngr

TANGENTIAL 1, T<o

FIG. 26—Schematic correspondence of experimental results on wheel and rail.
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ABSTRACT: The development of rails rolled from continuously cast blooms in the
United Kingdom is described. Results of pilot (seven tonne) trials which were begun in
1962 are discussed. These trials evolved into larger scale experiments and eventually
into routine processing routes and rail evaluations.

Production experience, mechanical test data, and the results of metallurgical
evaluations of rails from the new continuously cast steel process route in various steel
grades totalling over 300 000 tonnes are given. Because of the new nature of the
process, special testing of the rails was undertaken. These tests included fracture
toughness testing and wear tests which compared rails from continuously cast blooms
with conventional rails. A program to survey hydrogen content and the development
of retarded bloom cooling for shatter crack prevention is reviewed.

KEY WORDS: railroad tracks, steels

Modern track conditions associated with higher traffic speeds and axle
loads, and the widespread use of continuously welded track demand the
highest possible rail quality standards consistent with economic manu-
facture. Throughout the world, continuous casting has been established asa
beneficial manufacturing process on a wide variety of steel products. Using
this background experience supported by many years of investigation and
production trials, the British Steel Corporation (BSC) has established
standard routine continuous casting procedures for the full range of normal
carbon-manganese rail steels. Work is in process to include alloy rail steels.
Indeed, the BSC’s Workington Mill is probably unique in rolling only rails
and track products and in its feedstock being almost entirely basic oxygen
steel (BOS), which has been continuously cast into blooms. Extensive
checking of mechanical and metallurgical properties has been carried out,
and typical examples are quoted in this report, demonstrating that rails

lManager. Technical Services, British Steel Corporation, Teesside Division, Workington
Works, Cumbria, England.
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rolled from continuously cast blooms are at least equivalent, and in some
cases superior, to the conventional ingot route product of similar chemical
composition. Rail specification amendments have been negotiated to permit
the use of continuously cast rail blooms. Slow cooling of the blooms after
continuous casting has proved an effective alternative to pit or box cooling
of rolled rails for the prevention of shatter cracks.

Process Development Trials

Reasons for Investigations

In the United Kingdom, rails have in the past been manufactured from
open hearth and acid Bessemer steel (and in more recent years electric arc)
cast into semikilled (or balanced) open-top ingots, which were then hot
charged to soaking pits and rolled to rails in one heat. By the early 1960s, it
was becoming apparent that semikilled, open-top ingot practice would be
inadequate to meet future rail quality requirements. Replacement of the
BSC’s Workington steelmaking plant was being considered, and technical
and economic benefits being achieved on other steel products through the
use of continuous casting led to this process being examined as a future rail
production process route.

Initial Pilot Plant Trials

Considerable experimental experience had already been gained on a wide
range of steel compositions on a continuous casting pilot plant at BSC’s
Barrow Works. Hence in 1962, the initial series of trials (approximately 100
tonnes) commenced, the pilot plant being fed from a seven-tonne electric arc
furnace, the bloom size being 230 mm (9 in.) square and the rolling reduction
7.5:1.

The rail steel qualities used in these initial trials and various subsequent
experiments were to the chemical compositions listed in British Standard
Specification 11:1959 (BSS 11) known as “normal” quality or “medium
manganese,” International Union of Railways Specification 860-0 (UIC 860-
0), wear-resisting Grades A, B (UIC 860-0A and UIC 860-B) (Table 1). The
rails produced were used entirely for metallurgical testing, which proved that
they fully met the requirements of the specifications. The relatively small
bloom cross section for the roll pass design used caused inadequate filling of
the flange tips, and these initial trial rails could not be put into track service.

Limited Production Trials

During the middle to late 1960s, several thousand tonnes of rails had been
rolled at BSC’s Shelton Works and put into main line service on British Rail
(BR). Rationalization of rail making led to Shelton ceasing rail production.
However, based on the encouraging results of the Barrow pilot plant trials
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and Shelton’s previous experience, 600 tonnes of continuously cast blooms
of 413 by 230 mm (16.25 by 9 in.) section in BSS 11 rail quality were
obtained in 1970/71 from Shelton Works and rolled to 113 A (113 1b/yd)
rails at Workington Works. The steel was produced in 60-tonne Kaldo
converters. The reduction of area in rolling was 13:1.

Metallurgical structure and mechanical properties all met the specification
requirements. However, some of the rails produced from this second trial
contained large inclusions and also surface defects arising from severe corner
cracks in the blooms. Investigations proved that modification of the Shelton
continuous casting machine to specialize in mild steels rendered it unsuitable
for use in relatively small trial tonnages of rail steel. Following stringent
quality control testing and inspection, a 200-tonne batch of these rails was
put into main line service by BR. Service experience to date has been entirely
satisfactory.

Full-Scale Production Trials

In 1970, the decision was made to close the Workington steelmaking plant
eventually and concentrate rail rolling at the Workington Mill, the steel
being supplied from BSC’s Lackenby Works (South Teesside) in 260-tonne
heats of continuously cast blooms. During the detailed design stage of the
Lackenby Continuous Casting Plant, full reference was made to the results
of earlier trials and experience with continuously cast rail steels.

After commissioning the new continuous casting plant at Lackenby, one
260-tonne heat of BSS 11 rail steel was produced each week and rolled to
rails at Workington. The collation of rail rolling and metallurgical results
with continuous casting data enabled standard manufacturing procedures
and parameters to be evolved.

In July 1974, the Workington steelmaking plant was closed, ingot supplies
terminated, and the mills immediately commenced the rolling of rails almost
entirely from continuously cast blooms. To date, over 300 000 tonnes of rails
have been rolled at Workington from continuously cast blooms produced at
Lackenby Works.

The following sections of this report will concentrate on the resuits
achieved from this new routine process route.

Current Manufacturing Procedure

Rail steel is produced by the well-established BOS top lancing process,
based on a static model computer control. Each 260-tonne heat is tapped
into a single ladle, which is then flushed with either nitrogen or argon gas to
ensure uniformity of both temperature and chemical composition. Twin
sliding gate nozzles in the ladle bottom ensure the pouring of slag-free metal
into two tundishes, each feeding four casting strands. The C-type continuous
casting machine is fitted with curved molds and has a casting radius of 10 m
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(33 ft). The machine control system was designed to cater for a range of steel
qualities (including rail steels), and various mold cross section sizes may be
used from 483 by 305 mm (19 by 12 in.) to 254 mm (10 in.) square. The
standard mold used for rails is 330 by 254 mm (13 by 10 in.), this optimum
being established by a series of investigations.

After straightening, the blooms are flame cut to the ordered weight/length
and allowed to cool before despatch to the rolling mills. Blooms in rail steel
qualities least susceptible to shatter crack formation, for example, BSS 11
and UIC 860 “normal,” are air cooled, but blooms in the more hydrogen-
susceptible grades, for example, UIC 860 A and B and American Railway
Engineers Association (AREA) heavy section qualities, may be slow cooled
to prevent shatter crack formation.

At the rail rolling mills, the blooms are reheated in gas-fired walking beam
type furnaces and rolled to the ordered section and hot sawn to length.
Currently, the maximum rail length finished is 18.28 m (60 ft). All rails are
roller straightened, and either milled or sawn to finished length.

Rail rolling in BSC is mainly concentrated at Workington Works, with the
flexibility of additional capacity at Cargo Fleet Works (South Teesside) and
Glengarnock Works (Scotland). All three rail manufacturing works have
had their quality control systems checked and audited by an independent
Ministry of Defense Quality Assurance assessment team. All have been
approved and certified as being capable of releasing rails for despatch
without the need for independent customers’ inspection.

Rail Quality

Metallurgical Structure

Macrographic examination of rails rolled from continuously cast blooms
made to standard procedure gives excellent results. The piping, excessive
central segregation, and dispersed (or spotty) segregation commonly found
in rails rolled from conventional ingot material is not encountered. A typical
structure is illustrated in Fig. 1.

Abnormal features sometimes encountered include minor segregation in
the rail web (Fig. 2) and the occasional presence of small streaks associated
with the bloom corner positions (Fig. 3). These features were associated
with steel sulfur content, mold design, and cooling parameters [/],2 and
were confirmed by a small-scale trial using an unsatisfactory mold design
(Fig. 4).

The minor streaks on macrographs have been proved by metallographic,
microprobe analysis and electron microscopy to be fully pearlitic regions
associated with pockets of manganese sulfide inclusions. Microsegregation
of manganese of the order of 35 to 80 percent of the base level has been

*The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. 1—Typical sulfur print of a rail rolled from a continuously cast bloom.

detected, being similar to but less severe than quoted by other workers [2].
Under very carefully controlled acid pickling conditions, a ghost of the
original cast structure can occasionally be observed. Rails from ingot
material may occasionally show a similar effect which is not considered
detrimental to rail quality or performance.

The finished railhead grain size of ASTM 3 to 4, is identical to that
obtained with conventional ingot practice.

Cleanliness

Microscopic Results—A linear traverse counting method (see Appendix I)
proved the superior cleanliness of the continuously cast product compared
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FIG. 2—Suifur print showing abnormal feature in web of a rail rolled from a continuously
cast bloom.

with ingot material. Both the incidence and sizes of oxide inclusions are
lower in the continuously cast product (Fig. 5, Table 2). Further confir-
mation of the superior cleanliness of continuously cast rail steel was
provided by quantitative television microscopic analysis; typical results are
shown in Table 3.

Ultrasonic Testing Results—A high proportion of heavy rails are ultra-
sonically tested for pipe and inclusions (see Appendix II). None of the rails
from continuously cast blooms have been rejected for pipe, and, from the
last 10 000 tested, only one was downgraded for its inclusion content, which
compares very favorably with the already excellent result of only 12 rails in
10 000 being downgraded on the alternative BOS-killed ingot rails.
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FIG. 3—Sulfur streak in head of a UIC 860-B rail. (a) Sulfur print. (b) Nital etch ~X270.

Chemical Composition—Homogeneity

The excellent homogeneity of continuously cast material is demonstrated
by the following results.
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FIG. 4—Unsatisfactory sulfur print from a rail rolled from a special trial 406 by 203 mm
(16 by 8 in.) mold with modified cooling conditions.

Bloom Samples—The chemical composition of drillings taken from
several positions on the bloom cross section on a large number of samples
shows a slight degree of negative segregation of carbon and sulfur at the
bloom center—in the case of carbon averaging 0.025 percent lower than the
mean (Table 4).

Rail Samples—Typical examples of web center carbon and manganese
contents compared with the standard head sample positions are given in
Table 5. Additionally, several hundred rail samples have been analyzed from
within a heat, using the standard head sample position. No significant
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differences are found between top and bottom of a strand, or between
strands within a single heat. Within a single heat, all carbon analyses were
within +0.02 percent of the mean, with a standard deviation of 0.0041
percent. Manganese contents were all within —0.06 to +0.03 percent of the
mean, with a standard deviation of 0.0093 percent.
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TABLE 2— Oxide inclusion length.

Proportion of Samples with the Maximum Oxide Stringer Length, %

Below | mm Above 2 mm
Continuously cast 89 2
Conventional ingot 42 39

In sequence continuous (or continuous continuous) casting, good mixing
occurs in the intermediate blooms between adjacent heats. This was clearly
defined by the addition of copper as a trace element (Fig. 6). Sequence
casting is now a regular practice, and extensive work has been done to
identify the intermediate blooms.

Routine Mechanical Tests

Tensile Tests—Tensile properties have been entirely in accordance with
the specifications used, the results from continuously cast material being at
least equivalent, and in many cases superior, to those obtained from
conventional ingot material of similar chemical compositions (Table 6, Figs.
7-9). Variability of tensile properties within a single heat is negligible, again
confirming the homogeneity of continuously cast material (Table 7).

Statistical analysis of chemical compositions and tensile strengths obtained
on BSS 113 A rail section in BSS 11 quality has proved a reliable predictive
equation, namely

ultimate tensile strength (UTS), N/mm2 (tonnes/in.?)
=122 (7.9)

+782 (+50.67) X percent carbon

+218 (+14.13) X percent manganese
= +118 (+7.64) X percent silicon

95 percent confidence limits +26 (£1.7)

Falling Weight Tests—A comparision of the falling weight test require-
ments of various rail specifications is given in Table 8, and to date all rails
produced from continuously cast blooms have fully met these requirements.

Surface Quality

Since establishing standard liquid steel and continuous casting conditions
at Lackenby, the surface quality of both blooms and rails have been
excellent and markedly superior to previous ingot experience [3]. Current
initial inspection results (from which short rails may be recovered) for
continuously cast rails are given in Table 9 and compare extremely favorably
with past ingot experience.

Occasionally, small longitudinal corner cracks may occur on the bloom
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TABLE 4—Variation in chemical composition across a continuously cast bloom
section 330 by 254 mm (13 by 10 in.).

Variation from Average of Quarter Diagonal Position

Carbon, % Sulfur, %

min mean max s min mean max s

Corner  -0.033  -0.010 +0.017  0.0092 -0.0034 -0.0014 +0.0026 0.00079
Center -0.073  -0.025 +0.067 0.0235 -0.0034 -0.0009 +0.0026 0.0010

surface when the continuous casting mold requires machining or is nearing
the end of its life. Blooms containing these small corner cracks may be
dressed by grinding, and our limited experience shows that the resultant rails
have a surface defect rate less than 0.5 percent.

Special Test Results

Various nonroutine tests, not included in rail specifications have been
carried out, and these indicate that rails of continuously cast material are at
least equivalent, or in some cases superior, to the conventional ingot
produced.

Charpy Impact Properties—Notched-bar Charpy impact properties from
continuously cast material were slightly superior to conventional material at
temperatures below 40°C and comparable up to 100°C (Fig. 10). The impact
strength was virtually identical in the longitudinal and transverse directions.

Fracture Toughness—Fracture toughness tests using a method essentially
comparable to ASTM Test for Plane-Strain Fracture Toughness of Metallic
Materials (E 399-74) (see Appendix I1I) on 13 heats gave a Ki- value of
36.73 = 1.12 MN-m*? similar to that of ingot material of 35.97 * 1.59
MN-m "2 The test temperature was —15°C.

Transverse and Longitudinal Tensile Properties—Rails from continuously
cast material having received an 11.7:1 rolling reduction showed more
uniformity between transverse and longitudinal tensile properties than
conventional ingot material (Table 10). This improved uniformity should be
an advantage in service, providing some improvement in transverse shear
stress service behavior.

Wear—A laboratory abrasive wear test (see Appendix IV) showed
continuously cast material to have a similar or possibly slightly superior
wear resistance to ingot material of comparable chemical composition
(Table 11).

Further Developments

Continuous casting is particularly suited to long production runs on
standard qualities and is less attractive for special steel grades in small
tonnages.
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While a heat of 11 to 14 percent manganese austenitic rail steel was
successfully cast on the Barrow pilot plant, cracking problems were experi-
enced during the reheating and initial stages of rolling. The rolled 11 to 14
percent manganese rails are used in relatively small tonnages in switches
and crossings and severe service applications. The established process route
includes electric arc steelmaking and ingot casting.
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Some pilot plant trials were successfully completed with UIC 860-C
quality rail steel (1.7 to 2.1 percent manganese). A single heat has also been
continuously cast on the production plant at Lackenby, in the standard 330
by 254 mm (13 by 10 in.) bloom section. Some microsegregation of
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80 1b/yd section.

manganese was found in the rolled rail, similar to severe problems recently
experienced with large ingot practice, which has resulted in this grade being
deleted from the UIC 860 specification.

Development work is in hand with the continuous casting of chromium
rail steels, which have been previously manufactured by the conventional
ingot process. Results from two heats are encouraging.
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Hydrogen Removal by Controlled Cooling of Blooms

The higher tenstile rails to the UIC 860 A, B, and AREA specifications are
prone to shatter cracking if their hydrogen contents are high. Safe levels
have been quoted for the UIC 860 A and B qualities in the range 2.5 to 3.5
ppm [4,5] (Table 12).
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TABLE 7—Variation in tensile properties within a continuously cast heat.

UTsS Elongation
Range About Mean s Range About Mean s
BSS 11 quality -40 to +32 N/mm? 11.63 -3.4 to +3.9% 1.41

-2.6to +2.1 long tons/in.2  0.75

The normal practice in the United Kingdom has been to slow cool such
rails in insulated pits as stipulated in the AREA Part 2 Specification. As the
new process route includes a reheating stage, advantage was taken of the
preceding bloom cooling stage to retard this cooling rate, to allow more
hydrogen to diffuse out. On several trial casts, the continuously cast blooms
were held on the cooling racks for about 1 h, then liftd by magnet and
stacked in an insulated pit. The blooms were allowed to cool from around
600 to 650°C to 250 to 350°C over three to six days, that is, a cooling rate
of the order of 2 to 4°C/h, similar to those achieved on ingot material at
Sacilor [5]. The final hydrogen results on an initial eight BSS 11 casts were
successfully reduced, and a further 32 casts of UIC 860-B quality confirmed
the success of the technique on achieving hydrogen levels in the final rail of
below 2 ppm. The results are shown graphically in Figs. 11 and 12 and
summarized in Table 13 as obtained by the hot vacuum extraction tech-
nique.

BSC plans to incorporate slow cooling of continuously cast blooms in the
standard process route for those steel qualities demanding control of
hydrogen content. This development will reduce constraints in rail rolling
and subsequent handling operations.

Rail Specification Amendments Associated With Continuous Casting

The interrelated and mutually dependent development of railways and the
steel industry over the past 100 years and their interest in the safety of the

TABLE 8-—Comparison of drop test parameters for a 113 1b]yd rail section.

AREA UIC 860-0 BSS 11

Weight of tup

b 2000 2205 2800

kg 907 1000 1270
Bearer spacing

ft 4 3.28 4

m 1.22 1.0 1.22
Height of drop

ft 20 1 2 26.5

27.59 19.21
m 6.1 8.4 59 8.1

Anvil foundation springs solid solid
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TABLE 9— Rail initial mark out for surface defects.

Percent of Rails Marked Out

Origin Continuously Cast Ingot
Bloom/ingot surface crack 0.60 4.21
Nonmetallic material

entrapped in surface 0.64 1.15
Subsurface blowholes 0.01 2.86
Total 1.25 8.22

travelling public led to many rail specifications being very detailed with
respect to testing procedures and process routes.

The successful adoption of continuously cast blooms for rail manufacture
has necessitated the amendment of rail specifications. Amendment Slip No.
3 to BSS 11:1959 covers single heats of continuously cast rail steel and as an
interim measure considers the product of a single strand as the equivalent of
an ingot. However, the use of sequential continuous (or continuous contin-
uous) casting of rail steel invalidates this analogy. Draft specifications
incorporating sequential continuous casting are being prepared by three
major standards organizations, namely: International Standards Organi-
zation (ISO), International Union of Railways (UIC), and the British
Standards Institution (BSI). All these draft specifications incorporate
similar principles and philosophies for rails rolled from continuously cast
steel, and these align closely with the recommended procedures published by
American Iron and Steel Institute (AISI) [6].

The major changes proposed include:

1. Blooms known to be entirely from a single heat are designated main
heat blooms. Blooms which arise from the changeover from one heat to the
next are designated intermediate blooms.

2. For heat identification, a heat is considered to commence with the first
bloom known to be entirely from that heat. Intermediate blooms are classed
as part of the previous heat. These intermediate blooms and the rails
produced from them must be capable of being properly identified.

3. Acceptance test samples, taken at an agreed frequency, shall be
randomly selected from main heat blooms only. This random sampling will
produce test results representative of the rails being used in service, rather
than the previous philosophy used for ingot material, of testing the suspect
and nonrepresentative portions, that is, ingot top or bottom positions.

Achieving satisfactory results from two adjacent main heats in a sequence
means that the associated intermediate material must also be satisfactory. If
a heat within a sequence is withdrawn or rejected, then the adjacent
intermediate material must either be scrapped, or progressively retested to
define the demarcation between rejected and accepted material.

4. When a conventional rail specification specifies a minimum reduction
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TABLE 10—Comparison of typical longitudinal and transverse tensile properties.

Test Average UTS, Average
Manufacturing Process Direction N/mm? Elongation, %
Continuously cast longitudinal 833 17
transverse 831 13
Killed ingot longitudinal 793 18
transverse 766 8

in cross-sectional area between the ingot and rail, for example, 20:1 or 25:1,
this clause should either be eliminated or modified to a lower ratio for
continuously cast material. From BSC’s experience, a minimum ratio of 8:1
is acceptable.

5. As fully killed steel is a prerequisite for successful continuous casting,
the silicon specification for rail steel should be raised to at least 0.35 percent
silicon maximum.

6. Arising from the large heat sizes being used and the various bloom
handling and stocking operations, marshalling of blooms for rolling in
casting order is almost impossible. Hence, simplification of hot stamping
requirements has been adopted whereby a heat number, bloom code number
(in rolling sequence), and rail position within each bloom are hot stamped on
the rail. This can, if required, be collated with strand and bloom position
within the strand in the inspection or despatch documentation.

Discussion

The new process route using basic oxygen steelmaking and continuous
casting adopts the most up-to-date techniques for rail manufacture. The data
quoted in this paper are typical examples of the extensive experience
accumulated during both development trials and full-scale operation. These
data and considerable experience in service prove that rails rolled from
continuously cast steel are at least equivalent, and probably superior, to
conventional rails.

The inherent homogeneity of continuously cast rails and the consistently
high standards of surface and internal quality are not merely of economic
advantage to rail producers, but must eventually be beneficial to customers

TABLE |1 —Tvpical laboratory abrasive wear test results in BSS 11 rails.
Position in Typical Wear
Manufacturing Process Chemical Composition Rate,
Range mg/m slip
BOS-—continuously cast mid to high 32.2
Acid Bessemer—ingot mid to high 53.5

Open hearth—ingot mid to high 37.3
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TABLE 12— Maximum hydrogen content to avoid shatter cracks.

ppm H? [4] ppm H2 (5]
UIC 860-A 3.3 3.0to 3.5
UIC 860-B 2.5 2.5t0 3.0

in service reliability and reduction of track failures and defects.

Continuous casting enables the economic advantages of large-scale iron
and steelmaking to be fully exploited, using increasing heat sizes, and
simultaneously to achieve improvements in quality control and standards.

The adoption of retarded bloom cooling after continuous casting takes
advantage of a natural break in the process line. This effectively removes
excess hydrogen at the earliest stage in the new process route, after which
there is no likelihood of further hydrogen pickup. In eliminating the need for
pit (or box) cooling of the rails, the retarded bloom cooling process will
facilitate the production of longer rail lengths, and may remove constraints
on the rail rolling and subsequent handling operations.

It is predicted that the use of continuously cast blooms for rail production
will be widely adopted by other rail producers within the next few years.

Conclusions

1. To date, BSC has produced over 300 000 tonnes of rails from con-
tinuously cast blooms and these have proved fully satisfactory in
service such that this is now the standard process route, with ingot
production being retained merely as support capacity.

2. Basic oxygen steelmaking combined with continuous casting is a
proven process route for the production of rails, offering many advan-
tages over the conventional ingot route, for example, improved process
control, higher product vield, and better bloom quality. This process
route has only been established after exacting examination of the railsat
all stages of manufacture and under service conditions.

3. The rails produced from continuously cast blooms are in many respects
superior to conventional ingot steel, namely:

1. Internal and surface quality are improved considerably.

2. Both the incidence and size of oxide inclusions are reduced.

3. There is a higher degree of chemical homogeneity which results in
closer control of physical properties.

4. The transverse and longitudinal properties are more uniform.

In all other aspects, the continuously cast product is at least equal to
ingot material.

4. It is possible to control the tail hydrogen levels to acceptable values by
slow cooling of the continuously cast blooms as an alternative to pit
cooling of the rolled rails.
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5. The advent of continuous casting has necessitated amendments to rail
specifications, and draft specifications incorporating sequential con-
tinuous casting are being prepared by major standards organizations.

6. While current development work indicates that chromium rails can be
produced successfully by the continuous casting route, it is probable
that 11 to 14 percent manganese austenitic quality will continue to be
produced from ingot for the foreseeable future.

7. BSC development of continuous casting for rail production has stimu-
lated much interest and investigation among other rail producers. It is
predicted that adoption of this modern process route will increase
markedly in the future.
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APPENDIX 1

Microscopical Cleanness Assessment

This assessment is carried out by traversing a minimum of 10 cm, along the
vertical, longitudinal plane of the railhead, at a magnification of X400, counting the
number of inclusions of specified type passing the crosswires. The length of the
largest oxide in the sample is also recorded.

APPENDIX II

Ultrasonic Cleanness Assessment

Rails are manually ultrasonically tested under three operations:

1. A full-length examination from the running surface at a rate of 30 cm (1 ft)/s
for inclusions and pipe.

2. If responses are recorded in the head, then the relevant area is tested from the
side of the head.

3. If responses are recorded in the web, then the relevant area is tested from the
side of the web.

Testing for hydrogen cracks is carried out from the side of the head.

The techniques are capable of detecting inclusions of 1 mm length and pipe of

20 mm height.
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APPENDIX III

Fracture Toughness Test

The fracture toughness test carried out was a three-point bend test on a rectangular
specimen in which a crack has been developed from a machined notch. The Kic plane
strain fracture toughness property is the critical value of the elastic stress field
intensification at the crack tip at which the first significant extension of the crack
occurs under the influence of a rising force under conditions of high constraint to
plastic deformation. The test is comparable to ASTM Test for Plane-Strain Fracture
Toughness of Metallic Materials (E 399-74).

APPENDIX 1V

Laboratory Wear Test

The test employed is a test of abrasive wear. It utilizes two disk specimens cut from
a rail and tire, respectively. The disks are rotated in contact under a stress of 541
N/mm? (35 long tons/in.”), with a 25 percent slip induced by driving the tire disk at a
25 percent greater peripheral speed than that for the rail disk. Axial oscillation of the
tire disk ensures an even wear distribution across both disk peripheries. Results are
recorded as a weight loss per metre of slip.
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ABSTRACT: Under service conditions, final failure of rails is usually caused by
impact. To elucidate the phenomenon, the mechanism of impact-initiated cleavage
fracture has been studied in fully pearlitic rail steel. The study has demonstrated that
the early stages of cracking probably occur by strain [ocalization in the ferritic
lamellae. By direct correlation studies of fracture surface and microstructure, it has
been further shown that a crack usually does not change direction at pearlite colony
boundaries. Rather, the prior austenite grain size is the controlling agent for the more
effective obstacle to crack propagation, namely, the cleavage facet size. The data show
that the facet size is dependent on the prior austenite grain size, although it is always
somewhat less, particularly for the larger grain size materials. The reasons why it is an
effective parameter to represent the toughness of eutectoid steels are discussed.
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There has been considerable research on the fracture toughness of pearlitic
steels [/-6].3 It is now reasonably well established that the presence of
pearlite has a deleterious effect on impact properties. With an increasing
proportion of pearlite, the ductile-to-brittle transition temperature (DBTT)?
increases, and the upper shelf energy decreases [4]. However, there have been
conflicting results reported in the literature as to the effects of pearlite
interlamellar spacing [1,2], pearlite colony size [5] and prior austenite grain
size [3] on the toughness of fully pearlitic steels. Recently, the prior-austenite
grain size has been demonstrated to be the dominant microstructural factor
controlling the fracture toughness in fully pearlitic rail steel, with this
behavior relatively independent of pearlite spacing and colony size [6]. The

'Presently, Association of American Railroads Research Center, Chicago, Ill. 60616; for-
merly, graduate student, Carnegie-Mellon University, Pittsburgh, Pa. 15213,

2Assistant professor, Carnegie-Mellon University, Pittsburgh, Pa. 15213.

3The italic numbers in brackets refer to the list of references appended to this paper.

4This temperature is generally equivalent to the fracture appearance transition temperature
(FATT).
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present study has been carried out to identify the specific roles of both
pearlitic and prior austenite grain structures on the mechanism of cleavage
fracture. Since it is likely that crack propagation rather than nucleation is
the critical event for cleavage fracture in steels [7], this former aspect has
received the bulk of attention in this study.

Materials

Most experiments were performed on a section of the standard rail steel
used in the United States (Steel A). The materials for mechanical testing and
subsequent fractography were taken from the head of the rail. In addition to
use of this steel, an experimental higher purity eutectoid steel was also
prepared and used for supplementary studies (Steel B). The chemical
compositions of the two steels are shown in Table 1.

TABLE 1—Chemical compositions of steels (in weight percent).

Steel C Mn Si P S
A 0.81 0.87 0.17 0.018 0.013
B 0.75 0.55 0.18 0.021 0.017

Oversized blanks of the rail steel were austenized either in a salt pot orin a
tube furnace over a temperature range from 800 to 1200°C (1073 to 1473 K).
After austenitizing, specimens were isothermally transformed in salt pots
held at various temperatures in the range of 550 to 675°C (823 to 948 K),
producing a fully pearlitic microstructure. Transformation times were
chosen to ensure complete transformations, without the complication of
appreciable spheroidization. Pearlitic spacings from 1000 to 3000 A, and
prior austenite grain sizes from 15 to 150 pm were attained. The isothermal
heat treatments produced no significant changes in colony size, which was in
the range from 4.3 to 7.1 um. After heat treatment, standard ASTM Charpy
bars were machined from the blanks. Dynamic instrumented impact tests
were performed on fatigue precracked Charpy specimens to obtain both
impact energies and dynamic fracture toughness, K4, values as a function of
temperature and microstructure. More detailed heat treatment and me-
chanical testing procedures have been previously documented [6]. For
supplementary studies, a coarse pearlitic structure was prepared from Steel
B after austenitization for 1 h at 800 to 1000°C (1073 to 1273 K), followed by
furnace cooling. Fracture surfaces from broken Charpy bars were used for
establishing direct relationships between the fracture surface and the micro-
structure. Examinations were performed on JSM-2 and JSM-35 scanning
electron microscopes.
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Experimental Procedures and Results

Fracture Mode

Fracture surfaces of fatigue precracked Charpy specimens broken at
temperatures well below the DBTT were characterized by electron fracto-
graphy as predominantly transgranular cleavage (Fig. 1). Sectioned, nickel-
plated fracture surfaces showed that some cleavage facets were not com-
pletely flat and contained small steps. In some cases, curved facets associated
with heavy localized deformation were found (Fig. 2). As shown in previous
studies [8,9], it was observed that, during the process of crack propagation,
microcracks had been nucleated ahead of the main crack front. Since such
microcracks are probably on a different level from the main crack, they can
account for much of the observed ductile tearing when the two cracks join
[8]. It was also shown that inclusions did not, in general, have much
influence on crack propagation. While microcracks were sometimes nu-
cleated from inclusions located near the fatigue crack tip (Fig. 3), this was
not a common observation. By using the energy dispersive X-ray analysis
capability of the scanning electron microscope (SEM), the inclusions were
found to be either manganous sulfide (MnS) (perhaps associated with
manganous oxide (MnQ)) or a metallic compound containing manganese

FIG. 1—Scanning electron fractograph of rail steel fractured at -45°C.
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FIG. 2—Micrograph showing a curved facet.

FIG. 3—Crack nucleation from an inclusion. Arrows indicate tip of fatigue precrack.
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with some titanium, silicon, and a little aluminum. This latter inclusion is
most likely an oxide.

Early Stages of Cracking

In order to investigate the origin of crack initiation, the fracture surfaces
were examined by SEM. Two types of initiation sites were observed. The
predominant one was cleavage facets with no associated plastic deformation;
such microcracks are not unexpected, and little could be learned from
detailed studies of their morphology. Another type, with associated plastic
deformation, was more carefully studied utilizing microcracks near the
fracture surfaces. Since brittle fracture in impact tests involves catastrophic
crack growth, only a few of these microcracks could be detected. However,
when specimens were etched in Villela’s reagent, additional microcracks
appeared. Figure 4a shows several of these near the fracture surface. Figure
4b shows the one in the lower right corner of Fig. 4a at higher magnification.
An interesting feature is the appearance of holes in ferrite, with apparently
continuous cementite. These microcracks, while perhaps of secondary
importance in impact fracture, are expected to be of more importance as the
ductility of the material increases. In such a case, these microcracks may
mirror the early stages of crack formation and perhaps stable crack growth.
It thus seemed worthwhile to perform a serial sectioning study on one of the
microcracks. Figure 5a shows the microcrack etched initially by Villela’s
reagent, where the cementite appears continuous with holes in the ferrite.
After removal of 6 pm of material from the surface, it was shown that these
holes are associated with heavy plastic deformation of lamellae (Fig. 5b).
The same area was then carefully polished until the holes disappeared when
examined on an unetched surface or one etched by saturated Picral. Only a
faint line was evidence of the existing crack. This line is believed to be due to
the offset of microstructure. Figure S5¢ further illustrates that the cementite
was fractured and was displaced due to the presence of slip band in the
ferrite. When the same area was again etched by Villela’s reagent, the holes
reappeared along the same line (Fig. 5d). It is therefore concluded that these
holes are revealed by the preferential etching ability of Villela’s reagent. The
formation of a localized slip band in the ferrite must act as the precursor
event for crack formation and may also contribute to stable crack growth
associated with microcrack linking.

Direct Correlations Between Fracture Surface and Pearlitic Structure

This next aspect is concerned with the role of specific metallurgical
features on the ease of cracking. When structure/ property relationships are
studied in steels, it is often difficult to isolate experimentally single micro-
structural variables. Therefore, it has been found useful to examine the
fracture surface and microstructure simultaneously and to thus relate the
microstructure directly to features on the fracture surface. Recently, several
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techniques [/0-12] have been developed, providing additional information
on the interaction between microstructure and the propagating crack. In this
study, two different methods were used to establish correlations between the
pearlitic structure and the fracture surface.

The first method is a modification of the technique devised by Almond
et al [10]. A fractured specimen was mounted in a thermally plastic lucite
and sectioned at an angle to the fracture surface. The surface that made an
obtuse angle with the fracture surface was then polished and etched by
normal metallographic procedures, and the lucite was dissolved away with
acetone. The edge between the fracture surface and etched surface was then
examined by SEM. This method clearly revealed the role of pearlite colony
boundaries on the process of brittle transgranujar fracture. While in some
cases it was observed that the fracture path changed direction at colony
boundaries, more often than not the crack traversed several pearlite colonies
as a single cleavage facet (Fig. 6). The second method involves direct and
careful etching of the fracture surface with saturated Picral so as to not
destroy the fine features of the fracture mode [/7/]. By this method, the
pearlitic structure was revealed on the fracture surface, and the majority of
individual cleavage facets were observed to consist of a number of pearlite
colonies (Fig. 7).

Direct Correlations Between Fracture Surface and Prior Austenite Grain
Structure

Since the prior austenite grain boundaries are no longer present in the
transformed steel, these techniques could not reliably differentiate between
prior austenite and pearlite colony boundaries. In an attempt to investigate
more directly the role of prior austenite grain boundaries on crack propa-
gation, thermal etching in vacuum [/3] has been used. A small specimen of
rail steel having a surface polished by conventional metallographic methods
was sealed in an evacuated quartz capsule. This specimen was furnace cooled
after austenitizing at 1100°C (1373 K) for 20 min. Austenite grain boun-
daries were clearly revealed on the polished surface (Fig. 8). A notch was
oriented so that a crack would run through the thermally etched surface, and
the sample was fractured by hammer impact at -45°C (228 K). The edge
between fracture surface and thermally etched surface was then examined by
SEM. It was found that a crack could often be obstructed at a prior austenite
grain boundary, but this was not always the case. Figure 8a shows a one-to-
one correspondence between cleavage facets and austenite grains; Fig. 8b
illustrates an austenite grain consisting of several facets; Fig. 8c shows the
case where a single cleavage facet could cover more than one austenite grain.
In order to investigate whether this latter observation is due to the fact that
pearlite colonies can grow across austenite grain boundaries [/4], the
specimen was etched by saturated Picral to reveal the pearlitic structure.
From etched fracture surface studies of this type, two different pearlite
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FIG. 7—The fracture surface of Steel B after etching by saturated Picral.
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colonies were often observed across those prior austenite grain boundaries
where the crack was not obstructed (Fig. 8d). This implies that the ferrite
orientation in both colonies is similar, as will be discussed.

Cleavage Facet Size

The lack of a direct correspondence between fracture facet and austenite
grain size suggests that the cleavage facet size is a more meaningful
parameter to represent the toughness of materials [9,/5]. On a qualitative
basis, since most of the energy-absorbing processes for a propagating crack
are associated with boundaries where the crack changes direction [8], one
would expect that, the finer the facet size, the more difficult would be the
process of crack propagation.

The average cleavage facet size in fractured, precracked Charpy specimens
of rail steels was measured on stereo pairs of microfractographs, using the
linear intercept method. The result showed that, while the average facet size
is a strong function of the prior austenite grain size, it is always somewhat
less, particularly for the larger prior austenite grain size materials (Fig. 9).

Discussion

Early Stages of Cracking

The shear cracking of pearlite has been shown to be an important
contributor to the fracture of pearlitic steels over a range of carbon content
[16-18]. The concentrated stress at the tip of an impinging slip band either in
adjacent proeutectoid ferrite or in the ferrite within a pearlite colony could
lead to cracking of the carbide. These previous studies were performed on
the specimens which exhibited appreciable macroscopic ductility and very
likely ductile regions on the fracture surfaces. In the present study, although
the specimens were fractured in a much more brittle manner, the process of
crack initiation can be similar to the previous results [16-18], although
brittle microcracks are probably more dominant. When localized shear
cracks are important, it is concluded from the observations of Fig. 5 that the
early stages of cracking are associated with the presence of a slip band in the
ferrite, impeded by carbide lamellae. After the cementite lamellac have
cracked, these initial cracks link up to form fibrous cracks, as described by
Miller and Smith [/8]. When the microcracks become large enough, they act
as Griffith-type cracks in initiating unstable cleavage fracture [719]. These
cleavage cracks will propagate catastrophically, often linking up with other
moving cracks. If local plasticity is suppressed, the crack process is initiated
by the growth of a brittle cleavage unit, probably triggered by cementite
cleavage.
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FIG. 9— Relationship between cleavage facet size and prior austenite grain size.

Mode of Crack Propagation and Correlation with Structure

By direct correlation of fracture surface and microstructure, it was shown
that a crack could often be obstructed at a prior austenite grain boundary.
This phenomenon is believed due to the discontinuous nature of ferrite
orientations across the boundary. Since the pearlite colonies usually nucleate
at prior austenite grain boundaries, and the constituents of pearlite bear
specific orientation relationships with the parent austenite grain, pearlite
colonies across an austenite grain boundary can thus often have different
ferrite orientations. It was further observed that, while a crack could change
direction at pearlite colony boundaries, more often it continued as a single
cleavage facet across several pearlite colonies. Since a crack propagates
along [100] cleavage planes of ferrite in pearlitic steels [9], the latter
observation suggests that the cleavage planes in these colonies must be
continuous. In support of this, thin-foil transmission electron microscopy
[20] has shown that [100] cleavage planes of ferrites were closely aligned
across a number of pearlite colonies to an extent compatible with the facet
size. These colonies are expected to lead to a single cleavage facet. The
cleavage facet size can therefore be considered as an effective parameter to
describe the toughness of materials with the same microstructure. Since the
average facet size is a strong function of the prior austenite grain size, these
considerations support the results of a previous study [6] which show that
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the fracture toughness in fully pearlitic rail steel is primarily dependent on
. the prior austenite grain size.

The results of this study also suggest that, if there is any preferred
orientation in the microstructure, this could lead to cleavage facets and a
deterioration of toughness. Therefore, in designing rail steels with better
toughness, alloying elements and processing schedules should be carefully
selected to minimize the formation of a strong texture.

Conclusions

1. In fully pearlitic rail steel, initial cracking occurs either by cleavage of
cementite lamellae or when the concentrated stress at the tip of a slip band in
lamellar ferrite leads to cracking of the cementite against which the slip band
impinges.

2. The cleavage facet size, which can be considered as an effective
parameter to represent the toughness of materials, is a strong function of the
prior austenite grain size, but it is always somewhat less, particularly for the
larger grain size materials.

3. The fracture unit is determined by those colonies which share a
common ferrite orientation, allowing easy passage of a single cleavage crack.
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with Shell-Initiated Transverse Cracks*
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ABSTRACT: This report develops a fracture mechanics model for railhead transverse
defects, specifically detail fractures from rail shell. The model is applied to calculate the
failure strength of 71 rail segments which were rejected by inspection, removed, and
tested by the Association of American Railroads in three-point bending. Utilizing the
defect measurements for each rail, reasonable agreement is obtained between observed
failure loads and failure loads calculated from the stress and fracture mechanics
analyses. The fracture mechanics analysis is then extended to obtain preliminary es-
timates of the fatigue performance of defective rails in service. Specifically, the crack tip
stress intensity factor is calculated for transverse defects under various types of in-
service loading. The fracture mechanics solutions are utilized to calculate conservatively
the remaining lifetime of the rail as a function of defect size and magnitude of wheel
load. Using a simplified two-dimensional stress analysis and a three-dimensional
fracture mechanics analysis, it is calculated that the shear stress reversal experienced as
the wheel passes from one side to the other side of a transverse crack is the dominant
stress component causing fatigue crack propagation. Recommendations are made for
additional analytical developments and experimental programs required to refine the
fatigue life predictions and incorporate them into rail risk assessment and reliability
optimization programs.

KEY WORDS: steels, railroad tracks, crack propagation, fatigue life, stresses,
structural analysis

Over 100 million dollars is expended annually to replace more than 0.9
million metric tons (one million tons) of worn or rejected rail. Some rails fail
before defects are detected, and some of these failures lead to derailments.
Service failures and detector car findings suggest that current trends toward
heavier wheel loads, higher speeds, and aging rail might be aggravating the
problem [/].2 Additional information is required to enable the most effective
approach to improved safety at minimum cost. As part of the Truck Train
Dynamics Research Program, the Association of American Railroads
(AAR) has developed methods for estimating the risk associated with

*Original experimental data were measured in U,S. customary units.
!Senior analytical engineer, Failure Analysis Associates, Palo Alto, Calif. 94304.
2The italic numbers in brackets refer to the list of references appended to this paper.
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operation of rails containing imperfections. These methods will enable
decisions to be based on cost-risk trade-offs which select the optimum
inspections, operation and repair conditions. In order to implement the risk
assessment methodology, it is necessary to develop improved stress analyses
and fracture mechanics analyses, as well as materials data to evaluate
structural fatigue performance of defective rails. The AAR rail research pro-
gram contains laboratory testing of both conventional specimens and rail
sections that had been rejected by standard inspections [2] and removed
from service. The failure loads and fracture surface details, including size
and orientation of the shell and transverse defect, were determined by the
AAR [3]

The major objectives of this analysis of the AAR data are to (a) develop a
fracture mechanics model for transverse railhead defects, specifically detail
fractures from shell, (b) apply the model to calculate failure loads from
postfracture defect measurements for each of the three-point bend tests
performed by the AAR on defect-containing and retired rail, (¢) extend the
model to obtain preliminary estimates of the fatigue performance of
defective rails in service, and (d) define and recommend approaches to meet
data/analysis needs to improve the fatigue performance estimates.

The AAR rail bending experiments are outlined and a detailed description
is given of the analytical fracture mechanics technique and its application to
predict successfully the onset of static, brittle failure in flawed rail. Then,
these crack evaluation techniques are applied to stress fields encountered in
service as the wheel passes over the transverse plane of the railhead defect. It
is calculated that the shear stress reversal experienced as the wheel crosses
the crack plane is the dominant stress component causing fatigue crack
propagation. A preliminary fatigue analysis is performed to define the
remaining lifetime of the defective rail.

Experimental Results
Rail Bending Tests

Figure 1 shows schematically the test configuration used to apply the
three-point bending failure loads to the 94-cm (37-in.) rail sections. The
sections are taken from rails which had been found defective during in-track
nondestructive inspection. Figure 1 also shows the vertical failure, or
fracture plane, of the rail and the transverse defect responsible for detail
fracture from shelling in 42 of the 71 rail sections tested and analyzed. In all
cases, the fracture plane was within 10 cm (4 in.) of the position (z = 0) of the
applied load P and maximum bending moment M. The failure load,
deflection, position of the fracture plane, characteristics and geometric
outline of the defect, and rail size were recorded, and photographs of the
fracture surface also were taken. In addition, standard tensile specimens and
notched Charpy impact specimens were machined out of most rail sections
and tested. The results of these tests were provided by the AAR along with
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FIG. 1—Schematic of loading configuration of AAR three-point bend tests of rail section.

significant facts regarding the history of the rail. These included age, tonnage
life, time of last inspection, and the general tie, ballast, and roadbed
conditions at the rail location.

In preparation for the fracture mechanics analysis described in the next
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section, the dimensions and calculated areas of all transverse defects were
measured. Table 1 lists the failure loads and transverse defect dimensions for
all 71 rails. All but two of the 42 defect-containing rails failed at low loads
(less than 890 kN (200 kips)). The remaining 29 rail sections, 27 with no
measurable transverse defects, and two with relatively small defects, all
failed by plastic hinge mechanism at relatively high loads (1112 to 2002 kN
(250 to 450 kips)).

TABLE 1—Crack dimensions and three-point bend failure loads for 71 rail sections.

Frac-
ture Rail Size PTD Area  Crack Depth Crack Length Collapse Load
No. (1b/yd) (sq. in.) (in.) (in.) (1b)
1 133 0.80 0.91 1.17 104 500
2 133 1.85 1.25 1.83 90 500
3 133 0.70 0.82 1.13 114 900
4 133 0.00 0.00 0.00 307 200
5 133 0.70 0.75 1.25 104 000
6 0 0.00 0.00 0.00 0
7 133 0.19 0.32 0.63 323 700
9 133 0.42 0.74 0.79 131 400
10 133 0.95 0.05 0.25 119 300
11 133 0.91 0.95 1.35 100 400
13 133 0.00 0.00 0.00 396 500
14 0 0.00 0.00 0.00 0
16 0 0.00 0.00 0.00 0
20 133 1.10 1.10 1.50 94 500
21 133 0.40 0.70 0.80 116 200
24 133 0.00 0.00 0.00 357 100
26 133 1.55 1.08 1.80 109 600
28 119 2.21 1.60 2.04 87 000
29 119 0.00 0.00 0.00 250 200
30 119 3.42 1.75 2.64 42 000
31 119 1.17 0.98 1.26 87 700
32 119 2.95 1.89 2.38 59 700
34 133 2.67 2.05 2.65 61 200
35 133 0.96 1.05 1.25 115 650
36 133 1.25 1.10 1.40 132 100
37 133 2.15 1.55 2.00 84 600
38 133 0.96 1.00 1.22 116 900
41 133 2.04 1.53 1.82 78 500
42 133 1.49 1.10 1.75 107 500
43 133 1.56 1.25 1.60 117 000
44 133 0.83 0.90 1.50 119 500
45 133 0.95 0.97 1.30 129 400
46 133 1.74 1.22 1.75 90 900
47 133 0.08 0.17 0.45 178 300
48 133 0.00 0.00 0.00 336 800
49 133 0.00 0.00 0.00 354 300
50 133 0.00 0.00 0.00 349 500
51 133 1.11 1.05 1.55 114 700
52 133 0.49 0.68 0.94 126 000
53 133 1.25 1.15 1.55 81 500
54 133 0.04 0.12 0.45 178 700
55 133 0.97 1.01 1.29 137 100
56 133 0.00 0.00 0.00 367 700

57 133 0.00 0.00 0.00 410 700
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TABLE 1—Continued.

Frac-

ture Rail Size PTD Area  Crack Depth Crack Length Collapse Load
No. (Ib/yd) (sq. in.) (in.) (in.) (1b)
58 133 0.00 0.00 0.00 275 100
59 133 0.05 0.18 0.45 272 000
60 133 0.08 0.26 0.47 196 400
61 133 0.91 0.90 1.34 135 900
62 133 0.00 0.00 0.00 362 900
63 133 0.00 0.00 0.00 335 100
64 133 0.00 0.00 0.00 353 000
65 133 0.08 0.24 0.50 171 100
66 133 0.07 0.40 0.50 241 700
67 133 3.56 2.60 2.65 10 000
68 133 0.00 0.00 0.00 341 800
69 133 1.10 0.97 1.46 135 500
70 133 0.00 0.00 0.00 308 900
71 133 0.00 0.00 0.00 319 200
72 133 0.00 0.00 0.00 265 000
73 133 1.40 1.16 1.55 107 200
74 133 0.00 0.00 0.00 340 200
75 127 1.20 1.09 1.50 96 000
76 0 0.00 0.00 0.00 0
77 133 0.00 1.40 1.70 100 000
78 0 0.00 0.00 0.00 0
79 0 0.00 0.00 0.00 0
80 0 0.00 0.00 0.00 0
81 0 0.00 0.00 0.00 0
82 0 0.00 0.00 0.00 0
83 0 0.00 0.00 0.00 0
84 0 0.00 0.00 0.00 0

Conversion factors—
11b/yd = 4.96 g/cm
1in.2 = 6.45 cm?
lin. =254 cm
1lb=445N
Note—The zero entry refers to either no transverse crack or the lack of data.

Fracture Toughness Data

Dynamic fracture toughness tests were performed’ on two precracked
Charpy specimens from most of the rails of Table I, and a limited number
of static fracture toughness values were also obtained.

Barsom and Rolfe [4] have derived an empirical formula relating static
fracture toughness Ki with Charpy V-notch energy values (CVE) in the lower
shelf and transition temperature range

Ki. (CVE) = 2E (CVE)”%"? = 643 428 (CVE) **

(Ki (CVE) = (2E (CVE)*®) ' = 7750 (CVE)™) )

3Stone, D. H., Association of American Railroads, and Fowler, G., Failure Analysis As-
sociates, private communication, giving dynamic toughness results of specimens machined from
the rail section of Ref 3, received Oct. 1975.
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for Ki in units of N/mm*? (psi v/in), E = 206 295 MN/m? (30 000 000 psi),
and CVE in N-m (foot-pounds). Figure 2 compares the static toughness
results from three sources: (@) calculated from Charpy notched data using
Eq 1, (b) calculated from the average of two measured dynamic precracked
Charpy values for each rail section (Footnote 3, [5]),* and (¢) measured by
Fowler.” As seen, the agreement between the notched and precracked Charpy
static toughness calculations is poor. This could be partially because none
of the seven steels used to formulate the empirical formula in Ref 4 were
eutectoid rail steel although the box-like cluster of data indicates that no
systematic relationship exists between CVE and K.
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4Stone, D. H., Association of American Railroads, personal communications, July-Nov. 19785.
sFowler, G., Failure Analysis Associates, personal communication, Nov. 1975.
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Because the AAR three-point bend loads were applied slowly enough to
be considered quasi-static (Footnote 4), Ky, the calculated K at failure,
should be compared with static fracture toughness, K, rather than with the
dynamic toughness, Kis. In order to accomplish the Ky versus Kic com-

parison in the absence of Ki- data for most of the tested AAR rail segments,
data generated by Tetelman and Stone [5] are used to estimate

Kic=1.4 K )

Equation 2 is accurate to within 5 percent for the twelve Kic and Kis data
points for the temperature range -46 to 66°C (-50 to 150°F).

Stress Intensity Factor Calculation For AAR Three-Point Bend Tests
Stress Analysis Methods and Results

The stress intensity factor calculations to be described later require
knowledge of the stress field for the uncracked rail at the crack locus.
Initially, it was believed that the linear beam theory solution might not
accurately predict this “uncracked stress field” near the fracture plane
(-10 cm < z < 10 cm) (4 in. < z < 4 in.), due to the proximity of load P
(Fig. 1). Therefore, additional stress analyses were performed. Figure 3
shows the two-dimensional elastic idealization used to compute the un-
cracked stress field. The stress was computed using three methods: (a)
Fourier series analysis, similar to those performed by Timoshenko [6], ()
finite element analysis [7]), using a constant rail thickness, and (c) finite
element analysis [7), using variable thickness to simulate head-web-base
variations as shown in Fig. 3. The stress analysis results are given in Fig. 3
for all numerical methods and for elementary beam theory. Note that the
three numerical results match well, but they show a 2 to 15 percent lower
stress than that derived using elementary beam theory in the area of concern,
x < 5 cm (2 in.), due to the proximity of load P. The Fourier series stress
analysis results are used next to compute stress intensity factors using linear
interpolation of the dimensionless stress, o:: (x), in Fig. 3.

Crack Models of Rail Defects

Figures 4 and 5 illustrate the technique used for modeling the rail defects
whose dimensions are given in Table 1. The embedded elliptical crack and
corner, quarter-elliptical cracks are used to bound K for all defects whose
depth (ax) is less than 2.5 cm (1 in.) (Region I). A through-thickness edge
crack is used to model cracks of depth greater than 9.9 cm (3.9 in.) (that is,
Region 111, crack has passed the rail’s neutral axis and has broken through
the thickness). For intermediate depth cracks (Region II), transition curves
are drawn between the accurate solutions in Regions I and III. Figure 6
shows this curve, which is based in part on results from Refs 8 and 9 which
quantify the effect of free surfaces on buried and surface elliptical cracks.
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Stress Intensity Factor Solution Method

The influence function (IF) method has been used to compute, accurately
and inexpensively, the redistribution of the uncracked stress field caused by
the defect/crack, as reflected by the parameter K and as just modeled. The
IF method has been described previously in Refs 10-14 for two-dimensional
elastic crack problems and in Refs 14-18 for three-dimensional problems.

For two-dimensional problems, the equation for stress intensity factor is
given by

K= f dK(x) = f h(x, geometry, constraints) g, (x) dx 3)
L, L,
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FIG. 4—Region I modeling procedure for stress intensity factor computations for crack
depths less than 3.3 cm (1.3 in.).

where L, is the straight crack face boundary parallel to the x axis and
perpendicular to the z loading direction, and 4, the influence function, is the
stress intensity factor caused by a unit z-direction opening load on the crack
face at position x. Finally o, (x), termed the uncracked stress field, is the
crack locus stress in the uncracked solid.
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FIG. 5—Region I1I modeling procedure for stress intensity factor computations for crack
depths more than 9.9 cm (3.9 in.).

The approximate [17, /9] formula used to compute K for the specific two-
dimensional, through-thickness edge crack shown in Fig. § is

I a
K= way fh(X, a, W) a(x) t(x) dx (4)
0

where ¢ (x) is the variable thickness, and h(x, a, W) is given explicitlyin Ref 12
for a/ W < 0.5.

The IF method is particularly advantageous for computation of stress
intensity factors for three-dimensional problems. The IF procedure de-
veloped in Ref /5 treats the three-dimensional cracking complications of
complex crack shape, crack shape change during growth, and stress intensity
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FIG. 6—Stress intensity factor solutions for shell-transverse defect crack in 133# rail section
under three-point bending (Fig. 1 (xs = 0.8 cm (0.3 in.))).

factor variation along the crack front. The actual crack is modeled with any
prescribed mathematical shape with a finite number n of key variable
parameters or degrees of freedom (DOF) a;, i = 1, n. The unstable growth or
stable cyclic growth rate of each DOF aq; is assumed to be controlled by its
associated stress intensity factor K. Each K is defined in terms of the strain
energy release rate 9U/da;, where U is the strain energy, caused by
perturbation of the single DOF, holding the other DOF constant. This
definition, demonstrated in Ref 15 to be reasonable in its own right, is
especially compatible with an advantageous influence function theory
derived to compute stress intensity factors. The crack size and shape can
then be computed as a function of load levels or load cycles by use of the
usual linear elastic fracture mechanics modeling of crack growth.

The influence function theory requires only the characterization of the
crack opening displacements for various values of the DOF and structural
dimensions for any single simple reference loading, such as a uniformly
pressurized crack. These closed form or numerical results are then applied to
analytically derive all required values of influence functions and stress
intensity factors for any other stress state, such as that due to the presence of
a local notch or mechanical contact. References /6 and 17 develop the
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required influence functions for a 2-DOF quarter-elliptical corner crack and
a 4-DOF elliptical buried crack used to analyze the rai! defects. The solution
for the three-dimensional problem of the quarter-elliptical corner crack,
oriented in the x-y plane, for which the two DOF are the semiaxes of the
ellipse, axand ay, is given in the form of area integrals over the crack locus A

Ky =‘[ f hy (x, y, ax, ay, geometry, constraints) o (x,y) dxdy
A

(5)
Yy i/i[hy (x, y, ax, ay, geometry, constraints) o(x,y) dxdy

As with two-dimensional problems, once the 4 have been evaluated, the
three-dimensional K computation is reduced to solution of the uncracked
problem and the numerical integration of Eq 5. Reference /7 documents
comprehensively the references, procedures, and methods required for
accurate computation of h for the models utilized here and for a variety of
additional geometries sufficient to solve a majority of structural problems.

Predicting Failure Loads for Three-Point Bend Rail Sections

Figure 7 represents a comparison of actual (P)) and calculated (P.) failure
loads, using the fracture toughness data for each rail segment and the IF
technique to obtain P, from analysis of Mode I stresses induced by bending.
The scatter bands reflect the difference in the corner crack (lower bound P,)
and buried crack (upper bound P models sketched in Fig. 4. The
correlation between calculated and measured failure loads is good for loads
less than 846 to 890 kN (190 to 200 kips) and crack depths (ay) larger than
0.89 cm (0.35 in.). The correlation between calculated and actual failure
loads is not good for crack depths less than 0.89 cm (0.35 in.), corresponding
to failure loads greater than 890 kN (200 kips). There are several possible
causes for calculated stress intensity factors to be significantly less than
measured material critical stress intensity factors for crack depths less than
0.89 cm (0.35 in.). The small cracks mark the directional transition of a shell
to a transverse defect and, therefore, may be: (@) blunt-tipped and not
initially crack-like, (b) somewhat shielded from the applied stress by the long
shell crack, or (c) shielded by neighboring small transverse defects that are
simultaneously emanating from the shell crack. According to the source
cited in Footnote 4, the rail fracture surfaces will be analyzed to see if the
small cracks, whose failure loads could not be well predicted by the P.
calculations, are fundamentally different from the larger cracks (depth
greater than 1.8 cm (0.70 in.)) whose rail bending failure loads have been well
predicted by linear elastic fracture mechanics.
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FAILURE LOAD) AND STATIC TOUGHNESS
CALCULATIONS FROM DYNAMIC MEASUREMENTS
AND EQ.(2).
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NOTES: 1. BOTH LOWER BOUND (CORNER CRACK MODEL) AND UPPER BOUND (BURIED CRACK
MODEL) LOAD CALCULATIONS ARE SHOWN.
2. THE DATA POINT NUMBERS REFER TO THE "FRACTURE NUMBERS" OF TABLE I.

FIG. 7—Comparison of measured and calculated failure loads for rail sections with shell-
transverse defect cracks under three-point bending.

Stress Intensity Factors for Actual Service Conditions

The previously described and utilized influence function method was
applied to compute stress intensity factors for a variety of stress states which
have significance in the study of railroad rail fatigue and fracture [20]. The
stress states considered were: (a) railhead tension stresses due to essentially
pure bending caused by remote wheel loads, and (b) local shear stress
reversal distribution caused by passage of a single wheel over the vertical
crack plane. The K results of stress distributions (¢) and (b) are used to
perform a preliminary railhead fatigue analysis. Based on the correlations
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obtained for the calculated versus predicted failure loads described in the
previous section, it is expected that the K factors for the following analyses
are reasonably accurate for crack depths greater than 0.89 cm (0.35 in.) but
may be too large (that is, too conservative) for defects with depths less than
0.89 cm (0.35 in.).

For many of the stress fields considered next, the wheel is in close
proximity to the defect, and the actual railhead stress field is compressive. If
a crack is subjected solely to a stress state which results in a negative K value,
crack closure will result, and additional negative K excursion value will not
be felt at the crack front. However, the negative K values may (a) be
superimposed with K values calculated from other existing states of stress,
and (b) are useful input for empirical relationships (for example, as in Ref
21), which account for crack closure in fatigue crack growth.

Stress Intensity Factors Under Pure Rail Bending

Figure 8 illustrates the results of corner crack (upper bound) stress
intensity factor calculations using a pure bending stress field which can be
expressed by the equation

02z (x) = 6¢ (1 - 2x/h) (6

In the source cited in Footnote 4, z is the longitudinal direction and x is the
distance below the running surface as indicated in Fig. 1. Also,ao = M/S, M
is the bending moment, which may be negative, S is the rail section modulus,
and A is the rail height. In Fig. 8, as done previously for the three-point bend
specimen, two models were used, and a transition curve is drawn between the
two to obtain the K solution for cracks of various sizes under pure rail
bending.

An Initial Study of Shear Mode Stress Intensity Factors

Because a transverse defect is subjected to shear reversal as the wheel
passes over the crack plane, we must consider whether the Mode I1and, toa
lesser extent, Mode III crack sliding stress intensity factors, Kn and Ku,
contribute significantly to the growth of the crack. Although little or no
rigorous influence function methodology is as yet available for Mode 1I or
III analysis of three-dimensional cracking under nonuniform shear stress,
some approximate calculations have been based on the strain energy release
rate, using the relationship

Kt ctective = Kite = (K> + aKm)"”?

((: u :2))= 1.43 - o

where a =
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NORMALIZED K-FACTOR K; (a,)/P (in¥2)

Normalized Stress Level ozz(x)/P(in'Z)
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Distance From Running Surface X or Crack Depth a (in.).

F1G. 8—Calculated stress and stress intensity factors for 133# rail under pure bending
moment M = 103P (cm-N) (9.125P (inch-pounds)) where, for convenience, the 103 (9.125)
factor is taken from the three-point bending configuration of Fig. 1.

where e denotes “effective,” and v is Poisson’s ratio. In Ref 5, Kuand K are
calculated using the Mode I influence functions. This approximation is felt
to be fairly accurate because the influence functions given in Ref 7/ for two-
dimensional problems are independent or nearly independent of the mode if
the crack is small compared to the overall structural dimensions.

Figure 9 shows the shear stress distribution 7_(x), computed from a
simplified two-dimensional Fourier stress analysis, discussed in more detail
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later. The shear stress, and the resulting factor Kii{a), are for a crack located
0.76 cm (0.3 in.) below the running surface (x,=0.76 cm (0.3 in.)) and 0.89 cm
(0.35 in.) (z = 10.89 cm (£0.35 in.)) from the center of the 1.3 cm (0.5-in.)
vertical wheel/rail contact load indicated in Fig. 10. This location maximizes
K. (a) for most of the range of concern of crack size, 0.64 cm < a,<3.8 cm
(0.25 in. < a, < 1.5 in.). In Fig. 9, note the large difference between the
calculated railhead shear stress distribution and the beam theory (parabolic),
stress distribution, and the resulting large values of K. calculated for the
railhead crack. The next section will explore the relationships between the
cyclic or alternating values of K; and Ku. and their implications on fatigue
crack growth.

Simplified Representation of Running
0.5v Surface Tractions Due to Wheel Load.
Load is Shown at Position z=0.

]

E | j |
\ L A T

0,,(2)s 0, (2}, or 7, (2) (ksi)

,,,,,,,

———— e} Tzx ———
ol 4__1 ' L 1 }::: e
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-80 3 -2 s -
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O x” -40 ksi min.

FIG. 10—Calculated stress cycles at a point 0.89 cm (0.35 in.) below running surface for a
111 kN (25 kip) vertical wheel lbad.
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Preliminary Fatigue Analysis of a Transverse Rail Crack

Crack Growth Rate Estimation

The K computations of the previous section have been used to calculate
the residual fatigue life with various transverse rail cracks. The three-
dimensional fracture mechanics-based residual life prediction technique was
developed in Refs /5—/7. Briefly, the stress intensity factor associated with
each degree of freedom of the crack is assumed to control the fatigue crack
propagation rate of the corresponding degree of freedom. The relationship
between crack growth rate and stress intensity factor (both mean and
alternating components) is obtained from crack growth data using planar
crack growth specimens, such as obtained in the source cited in Footnote
5 for rail steel. The fatigue crack growth data generated in the source cited
in Footnote 5 is described by

da/dN = 1.6 X 107" AK*%
for the range of concern of AK, (8)

8.8 < AK < 38.6 MN/m*’

(8 < AK < 35 ksi v/in))

obtained at room temperature, at R = Kmnin/ Kmax = 0, and cyclic frequency of
5 cycles per second (cps).

In order to account for the effects of multimode fatigue crack growth and
crack closure under compressive stresses, we make two conservative®
assumptions. First, an effective alternating Mode I stress intensity factor is
defined as

AK[ = Kmax - 01 Kmin (9)
where
Kmax > 0 > Kmin

The 0.1 factor is based on analysis of the data of Ref 2/ which suggest
that, due to crack closure, the crack tip “feels” at most 10 percent of the
compressive excursion of the normal stress cycle. To account for multimode
fatigue crack growth, define

AKie = (AK? + C AKud)"? (10)

where C is a constant. A Von Mises criterion suggests a value C = 3, which
worked well in a previous mixed mode fatigue analysis [22]. A strain energy
release rate criterion [/]] suggests the value C = 1. Since we now seek a
conservative estimate in this preliminary analysis, C = 3 is used in the

6Leading to shorter calculated fatigue life than alternative assumptions,
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following. Experimental programs are in progress to define more accurately
the rate of fatigue growth for the complex, mixed mode K variation
encountered in railheads.

Preliminary Analysis of Stress Cycle

Consider the case of passage of a single wheel as represented in Fig. 10 by
a moving (but quasi-static) load of magnitude P distributed uniformly over a
1.3 cm (0.5 in) length. A two-dimensional, beam on elastic foundation
analysis gives shear loads ¥ and bending moments M at the vertical crack
plane resulting from a wheel load P located at a distance z > 0 from the
plane as

V(z) = (P/2)e ?" cos Bz, 2> 0 (11)
M(z) = (P/4B) e ** (cos Bz — sin B2) (12)

where
B = (k/4ED" (13)

Using values obtained from Timoshenko [23] of (a) foundation modulus k =
10.35 MN/m’ (1500 psi) (a low, but conservative, value used to avoid
underestimating M), (b) elastic modulus £ = 206 925 MN /m2 (30 000 000
psi), and using (¢) y-axis bending moment of inertia / = 36 m* (86.4 in.*) for
133# rail, B8 = 0.0495 cm™' (0.0195 in.”") is calculated.

Equations 11-13 are used to obtain moments and loads, and the Fourier
series analysis is used to determine stresses o.:, ., and 7., at various po-
sitions (x,z) for various moment and shear loads at z. Figure 10 shows
schematically the variation in the stress components at a point 0.89 ¢cm (0.35
in.) below the running surface as the wheel moves across (Point A in Fig. 4).
Note the large shear stress reversal near z = ( as the wheel passes over the
point. Note also that the normal stresses are compressive during the large
shear stress cycle and reach small peak tensile levels only when the wheel is
203 cm (80 in.) away.

Limitations of the Preliminary Analysis of Wheel| Rail Stress Cycles

The analysis just discussed combines a two-dimensional beam on elastic
foundation analysis to estimate y-axis bending moments and vertical shear
loads, and a two-dimensional Fourier series analysis to estimate the stress
state in the vicinity of a wheel/rail contact load. Consequently, this is a
highly simplified analysis which neglects a series of factors:

1. Railhead residual stresses due to plastic flow of the head which may
impose a significant tensile component on the longitudinal railhead stress.

2. The local bending of the head due to eccentric vertical and lateral loads
which probably contribute to the compressive stress in the gage corner of the
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rail where shell defects initiate but can also induce tension fields which may
influence the growth of a larger crack.

3. Shear stresses induced by horizontal running surface shear traction at
the wheel/rail interface, which are expected to contribute significantly to
subsurface shear stress components.

Consequently, the stress analysis must be regarded as preliminary, and
further work is required to obtain more accurate estimates of the relative
contributions of shear and normal cyclic stresses. However, it is believed that
the two-dimensional analysis is in qualitative agreement with recently
available three-dimensional studies (for example, Ref 24) and demonstrates
that the shear stress reversal is, at least, a significant contributor to the stress
cycle and, therefore, to the growth of transverse cracks.

Cyclic Life Predictions

It is believed from the magnitude of the stresses in Fig. 10 and from fatigue
calculations and fractographic evidence discussed later that the shear stress
7,. cycle is the major driving force for fatigue crack growth. The relatively
modest tensile excursion of o,, in Fig. 10 is believed to contribute only
minimally to crack growth.

At first impression, it might seem that we are ignoring the observation that
fatigue cracks in steel grow in a plane perpendicular to the maximum
principle stress o (that is, 45 deg from the maximum shear stress planes).
However, this observation has been made for stress fields which have
significant cyclic tensile principle stresses, as opposed to cyclic shear stresses.
For the unusual, complicated stress cycle in the railhead, if the cyclic
principal stresses are primarily compressive,’ then there is no reason for a
crack to align itself at right angles to a compressive a1. In fact, no data are
available at present with which to reliably predict crack growth rates and
directions when o, is primarily compressive. Another way of looking at this
situation is shown in Fig. 11. The (x-z) Mohr’s circle at Point A (x = 0.89 cm
(0.35 in.) below running surface (Fig. 4)) is shown for the wheel location of
peak shear stress and K. The transverse plane is only 1 to 2 deg from the
maximum shear stress plane. Mohr’s circle for the wheel location of
maximum tensile stress is also shown. Thus the preliminary stress analysis
indicates that the large reversal of shear and the absence of a large tensile
stress at any time in the cycle cause the crack to grow in the transverse plane.
Preliminary checking stress calculations, similar to those in Ref 23 show that
the proximity of other wheels does not affect significantly the ratio of cyclic
shear to cyclic tensile stress.

Incidentally, the hypothesis that cyclic shear stress drives the fatigue crack
can explain the observation from fracture surface photographs that trans-

"Martin’s three-dimensional analysis in Ref 24 mdlcates that oy (his ox), the stress component
not considered in our two-dimensional Fourier series analysis, is also deeply compressive at the
point of shear reversal due to wheel passage.
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FIG. 11—Mobhr circle diagrams for a point 0.89 cm (0.35 in.) below rail running surface for
(a) maximum shear stress time point, and (b) maximum tensile stress time point in the x-z plane.

verse defects do not readily approach and break through any railhead
surfaces (see schematics of Figs. 1, 4, and 5 and photographs in Ref 25,
which show the small ligament dimension of <0.25 cm (0.1 in.)) because the
major component of the crack plane shear stress must drop to zero at all
railhead surfaces, except where the wheel makes contact. It has been
hypothesized that the decreased crack growth rate as the crack approaches
the surface is due to compressive residual surface stresses which inhibit
Mode I growth. This author believes that this hypothesis is unlikely because
(a) as previously stated, railhead residual stresses should be tensile and
(b) the crack slows down as it approaches all railhead surfaces, including
those remote from the gage corner and running surface where high residual
surface stresses are unlikely. In summary, the precise evaluations of the
relative contributions of shear and normal stresses to crack growth requires
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refined experimental and analytical work, but there is a strong indication
that the contribution of shear stress is significant, if not dominant.

Proceeding with the fatigue calculation procedure, we substitute the 7.,
and o, stress field into equations of the form of Eq 5 to compute K. The
resulting K values are utilized in Eqs 8-10 to obtain fatigue crack growth
rates for each elliptical crack dimension, and the fatigue analysis program
numerically integrates (Eq 8) to obtain the residual fatigue life, N, as a
function of wheel load, P, initial crack depth, a;, and final crack depth, aj,
calculated from the assumed fracture toughness of 55.2 MN/m** (50
ksi v/ 1n.). The 55.2 MN/m*? (50 ksiv/in.) value is high relative to most of the
data in Fig. 2. A value of Ki. = 22 MN/m*? (20 ksiy/in.) reduces the lives
calculated herein by, at most, 50 percent.

Figure 12 shows the effective alternating K factor as a function of crack
depth for a 111 kN (25 kip) wheel load. Figure 13 presents the calculated
remaining fatigue life from four initial crack sizes as a function of wheel load
for values ranging from P = 55.6 to 267 kN (12.5 to 60 kips). Note that,
above 111 kN (25 kips) wheel load, if wheel load is doubled, the remaining
life decreases by a factor of 12.

From the data of Stone and Schoenberg [3], it is noted that the rails were
subjected to 200 to 400 million gross tons (MGT) usage per rail without
failure (one million metric tons = 1 MGT). This observation indicates that
our fatigue analysis is, in fact, conservative, as demonstrated by the dashed
curves representing 100, 100, and 400 MGT usage (for example, twenty
million repetitive cycles of a 89 kN (20 kip) wheel loading corresponds to 200
MGT). Recommendations for additional work required to remove some of
the conservatism are presented next.

Recomendations for Improving the Preliminary Fatigue Analysis

Both the cyclic stress field and the fatigue behavior of detailed transverse
cracks and fractures from shells are quite complicated [24], but it is felt that
there is a good possibility that an accurate algorthm for fatigue life
prediction can be developed if some of the recommendations discussed next
are implemented.

To better characterize material crack growth under combined mode
loading caused by shear stress reversal, the use of special specimens
developed in Ref 26° are recommended. These specimens are capable of
describing fatigue crack growth under conditions combining Modes I and II
or Modes I and III for a more accurate assessment of combined Mode crack
growth than performed previously in the absence of experimental data. To
evaluate the effect of the assumptions in Eq 10, fatigue analyses have been
performed using C = 1, rather than C = 3, and significantly longer lives than
those observed on the test rails have been calculated. Therefore, the
generation of data to better model combined mode crack growth and the

*Rau, C. A, Failure Analysis Associates, personal communication. Oct.-Nov. 1975.
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FIG. 12— Alternating cyclic stress intensity factors for a transverse a2fect located x.= 0.8 cm
(0.3 in.) below running surface subjected to passage of a 111 kN (25 kip) wheel load.

effects of superimposed compressive stress is a high-priority recommen-
dation.

To better analyze the uncracked stress, we recommend the use of three-
dimensional models as conducted in Ref 24. The results of Refs 24 and 27
could be combined with analysis or measurements of other types of rail
loading (including running surface shear tractions, residual stress, eccentric
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bending, and the interaction of neighboring wheels) in order to better
calculate uncracked stress states with which to compute K. Recall that the
preliminary uncracked stress analysis was two-dimensional, and, although it
presented some of the salient features of the stress field (such as the
significance of shear stress reversal), a more accurate fatigue analysis should
incorporate the stress gradients due to all significant rail loads.

To better calculate the stress intensity factor, it is recommended that
three-dimensional influence functions be developed for shear loading of the
crack. For reasons discussed in the previous section, this is considered to be
a relatively low-priority item. A more important item for investigation is the
effect of compression on the Ky and Ky stress intensity factors caused by
shear stress reversal as the wheel passes over the crack plane. As demon-
strated by the currently incomplete [25] analyses which consider crack face
friction, the rubbing together of the crack face surfaces could substantially
reduce the crack sliding and alternating shear stress intensity factors and
lead to longer fatigue lifetime predictions than shown in Fig. 13.

To incorporate actual rail loads, it is recommended that the modest
literature survey [23,27] be extended in order to better define vertical loads
and lateral loading of the rail. Measured static and dynamic loads could then
be used for life calculations for specific main line tracks. As an example of
possible utility, note that the preliminary fatigue analysis indicates that small
decreases of the bending stress will have little effect on transverse defect
growth (and might actually accelerate it), while decrease of the shear stress
should significantly slow transverse railhead-crack growth.

Conclusions

The results of this study have led to the following four conclusions:

1. Failure loads calculated from fracture mechanics analysis of AAR
three-point bend tests of retired and defect-containing rail sections agree
reasonably well with measured failure loads for railhead transverse crack
depths larger than 0.89 cm (0.35 in.).

2. For transverse crack depths less than 0.89 cm (0.35 in.), calculated
failure loads are smaller than the measured failure loads.

3. In-service railhead steady and cyclic stresses are markedly different
than the tensile railhead stresses imposed by the laboratory tests in three-
point bending.

4. Specific fatigue crack growth experiments and analysis should be
conducted to improve fatigue life prediction capabilities because they can
significantly improve rail inspection and failure prevention programs.

A number of conclusions have been inferred from the preliminary
simplified stress and fatigue analysis. The range of applicability cannot be
assessed until a more extensive stress analysis is completed and incorporated
into the fatigue analysis. These specific conclusions are:

1. In-service railhead stresses include a large shear stress reversal super-
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imposed on triaxial compression when the wheel passes over the transverse
plane. The peak tensile stress is produced in the railhead when the wheel is
about 203 cm (80 in.) away, and the tensile stress magnitude is small
compared to the compressive or shear stresses.

2. The shear stress reversal probably causes the majority of in-service
fatigue crack propagation of transverse defects. The small tensile excursion
plays a minor role in driving the crack while the large triaxial compression
may actually reduce the rate of shear-induced crack growth by increasing
crack face friction which inhibits relative sliding of the crack faces.

3. The subsurface initiation of shells and transverse cracks from shells and
the reluctance of growing transverse cracks to approach free surfaces are
consistent with a shear stress-dominated fatigue crack growth.
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ABSTRACT: The paper describes analysis related to cracks in rails using the finite
element method. Attention has been focused on transverse fissure type of defects in
railheads, although the approach is more generally applicable. Elastic stress intensity
factors are calculated using the crack closure method and compared against values
computed directly from node “opening” displacement. Analyses using idealized
polynomial type of stress distributions for embedded cracks are viewed in the light of
finite element results. A discussion of stresses that can occur in railheads with flaws for
some load situations is included.
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In recent years, railroads in the United States have annually experienced
over 800 derailments attributable to broken rails which have resulted in
over 60 million dollars of damage each year [1].2 The largest percentage
of derailments caused by broken rails has been due to the growth of trans-
verse fissure in the railhead. A transverse fissure is an approximately
elliptical or egg-shaped crack whose crack face is in the transverse plane
of the rail (Fig. 1). Available information [2] suggests that a transverse
fissure may grow slowly to be somewhat more than 20 percent of the cross
sectional area of the railhead before growth becomes rapid and sudden
rupture of the entire rail occurs.

In order to predict the reliability of rail in track, a methodology must
exist for calculation of the crack growth rate of such flaws. One portion
of this methodology is a mathematical description of the stresses around

*Original experimental data were measured in U.S. customary units.

1Staff researcher, projects manager, and researchers, respectively, Battelle Columbus Lab-
oratories, Columbus, Ohio 43201.

2The italic numbers in brackets refer to the list of references appended to this paper.
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/ Transverse plane

Transverse fissure

F1G. 1—Transverse fissure in a railhead.

specific flaws due to the service load environment. Several finite element
models of the track structure and the rail have been developed for this
purpose. In this paper, the finite element model of the transverse fissure
will be presented in some detail. The supporting finite element models of
the rail and track structures are only briefly described since the details
concerning these models are to be presented elsewhere.

Stress History in Rails

The stresses induced in rails due to passing vehicles are the combined
results of three basic loading mechanisms, flexural actions, local contact
stresses, and residual stresses. Flexural stresses produced by vertical
wheel/rail loads are the result of vertical bending of the rail on the subgrade
foundation and bending and compression of the head on the elastic founda-
tion provided by the web. Local contact stresses are the result of deforma-
tion of the rail adjacent to and beneath the loaded area between the wheel
and rail. Residual stresses are the result of plastic flow of railhead due
to repeated rolling loads. The plastic flow occurring with each wheel
passage will decrease and theoretically stop and be elastic thereafter if the
service load remains below a limit load called the shakedown limit.
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Whether or not this flow stops within the lifetime of the rail is the subject
of other ongoing research.

Thermally induced stresses are also sometimes referred to as residual
stresses in rails. These stresses, however, are not locked in and could be
released by permitting longitudinal expansion at bolted joints.

Mathematical Models

In order to evaluate the stresses in rails due to various service load
environments, several mathematical models were constructed using the
general purpose finite element program ADINA. For the computation
of stresses away from the immediate vicinity of the loaded contact area,
a three-dimensional rail section model has been constructed (Fig. 2). The
model is supported at each tie seat by a system of springs that simulate the
vertical stiffness and torsional rigidity of the ties and subgrade. The vertical
stiffnesses of the springs are determined from a multilayer subgrade and
ballast model developed in another research program. The torsional rigidity
is determined assuming that the rail is rigidly attached to the tie and
determining the response of the tie when a moment is placed at the rail
seat location. For this, the tie is assumed to be a beam on an elastic founda-
tion.

To compute stresses adjacent to the contact area between the wheel and
rail, a refined finite element model of this region was developed. In
addition, the computer program FRAC3D developed by Bell [3] was also
used to determine stresses in the contact region. The contact pressure
distribution between the wheel and rail was computed using the analysis
procedure of Johns and Leissa [4].

Computed Stress Histories

When a vehicle approaches to within 1.82 to 3.64 m (6 to 12 ft) of a
particular point in the railhead, that location experiences a tensile bending
stress due to the flexural action of the rail on the elastic foundation of
the ties, ballast, and subgrade (Fig. 3). As the vehicle load moves closer,
longitudinal stresses within the head become compressive close to the
wheel/ rail contact point, and the railhead experiences bending action due
to compression of the web (Fig. 4). Within the railhead, this bending action
causes tensile stresses to occur at some distance directly beneath the wheel.

When the wheel is within 0.0076 to 0.127 m (0.3 to 0.5 in.) of a point in
the railhead, large contact stresses develop due to the local deformation
of the railhead near the region of application of wheel load (Fig. 4). These
stresses are in general much larger in magnitude than the flexural stress
components. The contact stresses are, in general, compressive with the
exception of a transverse shearing stress component which completely
reverses as the wheel passes. The contact stresses developed in the proximity
of the wheel/rail contact zone can frequently exceed the yield stress of the
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Three-Dimensional Finite Element Fuli Rail Model
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FIG. 2—Three-dimensional finite element, full rail model.

material under normal freight traffic, and residual tensile stresses build up
in the railhead in a region adjacent to the tread surface (Fig. 5). This region
extends deep within the railhead.

Stresses Around Transverse Fissures

Transverse fissure defects vary in position and geometry but generally
appear as elliptical or egg-shaped flaws occurring in the central head
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FIG. 3—Longitudinal stress on the running surface.

region or toward the gage corner. For this analysis, a centrally located
flaw was assumed. Its cross section was taken as elliptical with aspect
ratio (width to height ratio) of 1.33. This crack geometry was found to
approximate actual transverse fissures taken from service.

Due to the existence of residual stresses and gradients in the operating
stress field, it is not expected that the flaw grows uniformly. In fact, it
is known that there is a definite tendency for the crack to grow away from
the running surface. This is probably due to the large compressive residual
stress field at that location. It is believed, though, that, by determining the
stress intensity factors for flaws in an advanced stage of development, an
accurate enough evaluation of the crack growth can be made to provide an
estimate of the residual life for a reliability analysis of the rail.

Computational Procedure

A finite element model of the railhead including an elliptical flaw has
been developed using the general purpose program ADINA. The basic
element used was the 20-node isoparametric brick, but advantage was
taken of the variable number of midside nodes option to economize on
the number of degrees of freedom in the model. The substructuring concept
was used to limit the axial length of the rail model containing the flaw
(Fig. 6). The external loads for the model were drawn from the stress
results of detailed studies made of uncracked rail configurations.

The “quarter point” singularity method was used [5] in order to simulate
the unboundedness of the stresses at the crack tip. Although it appears
from the work presented in Ref 6 that more accurate measures of the stress
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intensity factors (SIF) are obtained if the elements bounding the tip are
wedges rather than six-faced bricks, the expense involved in solving the
resulting massive problem was believed to outweigh such an advantage.

The crack closure method was employed to calculate the stress intensity
factors. The method was chosen for the advantage it offers for multiple
load cases as well as its ability to distinguish the three modes of deforma-
tion [7,8] in the linear elastic case. In a three-dimensional displacement
field, the closure has to be affected in such a way that compatibility is
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preserved around the entire periphery of the crack front. Consequently,
the calculation of the closure forces at each node around the crack tip
involves the computation of influence functions at each node and sub-
sequent solution of a set of simultaneous equations. Following the sugges-
tion in Ref 8, midside nodes were included in calculating the closure integral.
Each of the SIF nodes are calculated separately in this fashion by con-
sidering only the displacement component associated with the particular
mode. But the Ku and K modes are coupled if the displacement com-
ponents are with respect to a Cartesian system of coordinates.

The crack closure integral was evaluated on the assumption that the
eccentricity of the elliptical flaw for an incremental crack front advance
remains unchanged. It is recognized that this assumption linearizes the
problem of the variation of SIF around the crack. Some aspects of this
problem will be reported elsewhere.

It is well known that the SIF calculated around the crack front for
any general external loading on the body is equivalent to the SIF compu-
tation for the case where only the crack surface is loaded by the stresses
calculated for the position of the crack for the uncracked body [9]. With
this convenient equivalence, Shah and Kobayashi [/0] have presented
SIF results for a general cubic polynomial pressure distribution on an
elliptical planar crack surface in an infinite body. Smith and Sorenson
[11] have likewise calculated the factors for shear stress distributions on
the crack, assuming again a cubic variation. It has been noted by Parmerter
[9] that the boundary effect on the SIF manifests itself only for small
ligament widths.
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For cases of slowly varying stress fields, as occurs in rail sections away
from contact load positions, a cubic representation can be expected to hold
reasonably well. If so, the methods outlined in Refs /10 and 1/ can be used
to achieve an economic purpose since finite element analyses of three-
dimensional configurations with cracks or the method outlined in Ref 12
are generally expensive. The accuracy of results obtained using the simple
method of Ref 10 is demonstrated for one example.

Numerical Results

Stresses on the boundaries of the finite element substructure containing
the flaw were determined from the previously described finite element
model of the entire rail. These stresses were placed upon the railhead with
the flaw in several positions with respect to the location of the wheel.
Figures 7, 8, and 9 show the stress intensity factor Ki plotted around the
elliptical transverse fissure for the load directly above the flaw, for the
load such that the edge of the wheel/rail load patch is directly above the
flaw, and for the load several ties away from the flaw. It must be pointed
out that, in these calculations, the web stiffness has probably been over-

)

132 Lb. RE Rail
a= 0.4, % =1.33
Whee!l Load = I19kips

ksiy/in.

-2
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FIG. 7—Stress intensity factor as a function of parametric angle for load over the crack.
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FIG. 8—Stress intensity factor as a function of parametric angle for load near the crack
(offset 0.27 in.).

estimated due to the coarseness of the finite element mesh used for gen-
erating the boundary conditions applied to configuration in Fig. 6.

With the load directly above the flaw, much of K is negative, indicating
that, for this loading case, much of the crack closes. It must be noted
that, if the residual stress state (Fig. 5) [12] were superimposed upon
these stresses, a physically realizable crack opening displacement may
result. In this position, not shown here, as the crack becomes slightly
larger, Ki at the bottom of the crack becomes positive, which reflects
the tensile longitudinal stresses developed by the local bending of the
head on the web (Fig. 4).

When the load is such that the edge of the wheel/rail load patch is
directly above the flaw, the flaw experiences the maximum reversed trans-
verse shearing stress (Fig. 4). This is a problem similar to the one solved
by Besuner [/3], except that the transverse shearing stress is smaller in
this case since the flaw has been placed deeper within the rail. \

For the case of the wheel, several ties from the location of this flaw, a
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tensile bending stress is experienced due to reversed bending of the rail
on the elastic foundation of the ties, subgrade, and ballast. In Fig. 9, which
represents this case, the results obtained by using the method of Ref 10
is included.

Conclusions

The finite element method is very versatile for determining the stress-
intensity factors in three-dimensional geometries; however, it also is quite
an expensive procedure in spite of various economies being affected. For
regions away from contact loaded positions, where the stress field is indeed
tensile, the methods of Refs /0 and 1] offer an economical alternative.
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ABSTRACT: The determination of rail yield strength levels to support increased
wheel loads is usually based on empirical adjustments to the Hertzian equations for
contact stresses. A formulation is given, based on reliability theory, which enables a
more refined analysis to be carried out and incorporates the material property
variations, provided these can be approximated as Gaussian normal distributions.

Application has been made to unit train operations and estimates made of strength
levels required for mean wheel loads in excess of 150 kN. The results indicate the
importance of rail/wheel tangential forces on rail damage in curves and show that,
while variations in wheel loads about the mean have an influence on performance, the
effects are not highly significant. Spread of steel strength also has only a marginal
influence within the bounds of accepted steelmaking control.

A comparison has been made between the predicted strength level and service trials
which indicates that the suggested procedure provides conservative results.

KEY WORDS: railroad tracks, steels, mechanical properties, yield strength, statistical
analysis, reliability

Head crushing, shelling, and long pitch corrugations are frequent forms of
rail damage resulting from overloading. Metallurgical examinations of the
rail cross section reveal in each case a high level of material inelastic
deformation. Prevention of damage by excessive plastic deformation can be
achieved by adjusting the ratio of material flow resistance to applied contact
stress. The three procedures available to increase the ratio are: (@) reducing
applied loading, (b) increasing contact area, or (¢) increasing rail strength
level.

The deterministic relationships between loading, contact geometry and
rail stress levels have been evaluated by numerous authors [/-3].> Equating
the calculated stress levels to the material yield stress provides a limiting

'Engineering rescarch manager, Product Engineering, and research officer, respectively,
Broken Hill Proprietary Co. Ltd. Melbourne Research Laboratories, Clayton, Victoria,
Australia.

*The italic numbers in brackets refer to the list of references appended to this paper.
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value of the applied load to prevent yield for a specific material strength. In
general, the calculated load limits are known from experience to be
excessively conservative, and an improved estimate can be obtained if
limited deformation is permitted until the system achieves a shakedown
limit [4,5].

Since deterministic solutions to the problem relate individual load and
strength levels, it is necessary to adopt conservative design load and strength
values. Operating experience has provided a basis for adjusting the chosen
values to give acceptable combinations of properties for wheel loads up to,
say, 125 kN. Beyond this level, available operating experience is limited, and
the metallurgical complications associated with increased strength levels
necessary to match the loads are significantly increased.

As an alternative to the deterministic approach, this paper considers a
probabilistic formulation wherein the actual statistical distributions of load,
strength, and contact geometry are combined according to the principles of
reliability analysis to give a predetermined probability that the applied stress
will not exceed the permissible stress. Formulation of the reliability analysis
approach was undertaken to obtain a better understanding of the signif-
icance of load distribution on the performance of rail steel and thereby
obtain a less conservative estimate of the necessary strength level to avoid
corrugations. Application of the procedure is made to the unit train system
of the Mt. Newman Mining Co. operating on a mean wheel load of 150 kN
with peak values above 200 kN.

The paper is based on Ref 6 to which readers are directed for additional
data and detailed mathematical derivations. Copies are avaliable on request.

Relationship Between Loading, Contact Geometry,
and Stress State at Shakedown

The local region of contact between a rail and wheel can be treated as the
contact between two doubly curved elastic half spaces. The dimension of the
contact surface ellipse and the three dimensional stress states can be
calculated by known methods [7]; however, these solutions are limited to
elastic conditions.

In order to utilize existing analyses of the stress states beyond the elastic
range, the contact conditions have to be reduced to a more tractable two
dimensional representation. Detailed studies of the deformation of rolling
bodies above the yield point suggest that the stress state is adequately
approximated by conditions of plane strain with a rectangular contact area
[8-10]. For a specified width of contact, w, the contact length along the
rail can be calculated from Hertz’s formula [3] and eliminated from the
expression for the maximum normal stress on the contact surface to give

1/2
_ 0.16EP
Capp [(] _ Vz) rw] ( ])
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where
o.p = maximum normal contact stress, MPa,
P = wheel load, kN,
r = wheel radius, m,
w = contact width across railhead, m,
E = Young’s modulus, GPa, and

v = Poisson’s ratio.

In association with the normal loading, the region of contact is generally
subjected to a tanpential loading. Two conditions must be distinguished in
the consideration of tangential forces between bodies in rolling contact:
partial slip and complete slip. The former case characterizes the condition
where the tangential traction only reaches a limiting value (slip) over part of
the contact region [/1,12]. On the other hand, a condition of complete slip
implies an appreciable relative velocity between the contacting surfaces with
the tangential force, T, at its limiting value, uP. The condition of complete
slip is inherently simpler to analyze and has been considered in the elastic
range by Smith and Liu [3]. It is usually assumed that the tangential traction
is directly related to the normal Hertzian pressure at all points on the contact
surface, with a maximum value

g = MOapp (2

where

q maximum tractive stress, MPa, and

u = coefficient of contact friction.

For undriven ore car wheels, the tangential loading is generated primarily
in curves due to differential wheel rolling distances, lateral slip associated
with an angle of attack between wheel and rail [/3], and lateral forces
associated with axle bending motions during vehicle vertical motions [ 14].

Extension of the elastic analysis to the postyield condition has been
carried out by Johnson and Jefferis [5] for an elastic-plastic material.
Beyond initial yield, the maximum contact load which can be sustained by a
body in rolling contact, with limited plastic deformation, is known as the
shakedown limit. Adopting the von Mises yield criterion, the effect of
tangential slip on the limit of elastic behavior and on the shakedown limit is
shown in Fig. 1. Thus, for a prescribed tangential/normal force ratio, the
limiting ratio of the maximum normal stress, g, to the material yield stress
in shear, k, is defined on the ordinate axis.

The shakedown limits in Fig. 1 are conveniently defined in terms of
surface loads only, without reference to the detailed stress distribution below
the surface. However, it must be appreciated that the addition of a tangential
force introduces a severe state of stress at the surface, and, for values above
0.37 P, shakedown will be controlled by the surface stresses rather than the
subsurface conditions [5].
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FIG. 1—Yield and shakedown limits in plane strain with combined normal and tangential
loading [5].

For practical application, the curve defining the shakedown limit may be
approximated by the linear relationship

om =231 (1 - T/PY (3a)
or, allowing for the conservative condition of complete slip
on = 231 (1 - WY (3b)
where
gar = maximum normal stress to achieve shakedown, MPa, and
Y = yield stress in tension, MPa

= kV3 (von Mises).

Equations 1 and 3b provide the deterministic relationships between
applied loading, contact geometry, and the shakedown limit from which the
maximum permissible wheel loading may be determined. To apply these to
the distributions of loading noted in practice, it is necessary to reformulate
the expressions in a probabilistic format.

Formulation of a Reliability Function

Since rail defects due to gross plastic deformation are the result of
cumulative damage, it is not necessary to preclude the exceedance of the
shakedown limit by the applied stress, but it is necessary to ensure that the
frequency with which it occurs is sufficiently small such that rail replacement
takes place for other reasons prior to the development of an unacceptable
degree of deformation. Diagrammatically, this means that the overlap
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between the distributions of applied contact stress, o, and the maximum
permissible contact stress, ., has to be limited to a predetermined level
(Fig. 2). Expressed mathematically, it is required to determine the reliability,
R, against yield such that the contact stress between the wheel and rail will
not exceed the shakedown limit of the material, whereby

R = prob (gai > 0app) 4
CJ—c1pp. Oau
I
TRACK OF
ACCEPTABLE
PERFORMANCE
—=R,

|
I I
| I
| I
| I
| Vo
| |
! |
I
I
|
I

I
| |
| | TRACK OF
| UNACCEPTABLE
| PERF ORMANCE
| [
| |
KNOWN SHIFT IN SHIFT IN ALLOWABLE
APPLIED STRESS STRESS TO MAINTAIN R,

FIG. 2—Interaction between applied contact stress and allowable stress at constant reliability
level, Ro.

However, the analysis is more readily accomplished by calculating the
probability of yield, Q, (represented by the region of overlap) given by

1-R (%)
prob (O'all < Uapp)
J prob (o < 2) prob (z < owp < z + dz)dz

= i: Fai 2)fapp (2)dz ©®

Q

in which F.; (2) is the allowable stress cumulative probability distribution
function and fipp (2) is the applied stress probability density function.
Now, the allowable stress cumulative probability function is given by

Fai(z) = prob (ou < 2)
prob (2.31Y = z/(1 — u) < 0) 0



MAIR AND GROENHOUT ON RAIL STEEL STRENGTH 347

If we assume Y and 1/(1 — ) to be normally distributed, then, for a given
z,(2.31Y— z/(1 — p)) is the difference of two normal random variables and is
itself normally distributed. Thus, Eq 7 reduces to

Fall (Z) u( zm“ (8)
AV s r + zzs2
where
Y = 231Y,
v = 1/(1 — w), and
F, = cumulative distribution function of the standard normal

variable with mean zero and standard deviation of one.
The argument may be evaluated using the relationships

1

my = 2.31my M = T=m,
2, = 231 = S
ST @S T T -y + 5

in which m and s denote the mean and standard deviations, respectively, of
the subscripted variables.

For the applied stress, Eq 1, the material parameters £ and v can be
treated as constants, and the wheel radius has a sufficiently small variation
to be treated as a constant. Hence, if it is assumed that w and P are inde-
pendent normal variables, then the derivation of the density function fiy, (2)
involves the derivation of the density function for the quotient of two
independent random variables. Consequently, it can be shown (see Appen-
dix) that

o= ZOMSSE) o [ Omemma ]
app \/271'()\2521’ + s2wz4)3 2()‘2321’ + SZM.ZJ)

in which A = 0.16E/[(1 — v*)r]. Thus, substitution for Fu (z) and fpp (2) from
Egs 8 and 9, respectively, into Eq 6 defines the probability of yield, Q, for
specified values of the load, strength, and geometry parameters. Solution of
Eq 6 can be accomplished by numerical integration and the reliability level
obtained from Eq 5. Alternatively, if a desirable reliability R, is prescribed,
Eq 6 may be solved iteratively for any parameter in terms of the other
parameters which may be adjusted to achieve that reliability. This is the case
of interest.

Derivation of the reliability function is based on the assumption that each
of the material 0.2 percent proof stress, Y, the applied wheel load, P, the
wheel/rail contact width, w, and the wheel/ rail friction parameter, 1/(1 — ),
are normally distributed. A review of available data on these parameters
applicable to unit train operations is covered in Ref 6 to which the reader is
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referred. Within the limits of the data, the assumptions are acceptable at the
reliability level of around 90 percent determined later since the results of the
analyses are little influenced by the shape of the extremes of the tails of the
distribution function adopted at this reliability level.

The assumption of independence between P and w recognizes the more
significant variation in w due to wear of the wheel and rail profiles in
comparison with changes due to variation of P about the mean value.

Determination of Rail Strength Level

To apply the foregoing analysis to the determination of the rail strength
level necessary to overcome gross plastic flow, it is necessary to have
specified an acceptable reliability, R, around which the system parameters
may be adjusted. In the case of the operations of the Mt. Newman Mining
Co., gross plastic deformation and railhead corrugation are almost entirely
limited to curved track. Thus, the loading and strength parameters observed
in tangent track may be substituted into Eq 6 to evaluate Ry, a procedure
which also compensates for nonproportional damage which may arise due to
high loads of the spectrum since tangent track will have experienced similar
conditions. The objective is to achieve this same reliability in curved track by
adjusting the material strength properties as shown in Fig. 2.

So far, no account has been taken of the fact that, under rail traffic, the
material near the running surface of a rail undergoes work hardening during
plastic deformation. A measure of the degree of work hardening for tangent
track on the Mt. Newman operations has been obtained by correlating
microhardness plots of deformed rails with material which has been
deformed under controlled conditions.’ Comparisons were also made of the
deformed microstructure in both instances to ensure a similar mode of
material deformation behavior [/5]. Plots of the hardness-depth relation-
ships for tangent and curved track are given in Fig. 3, the significant
difference being severe deformation near the surface of the latter.

Since it has been implied that the degree of deformation experienced in
tangent track is acceptable in that corrugations are not generally evident in
tangent track, then the same margin of strength increase beyond the 0.2
percent proof stress should be provided in curved track to compensate for
work hardening. As the work hardening rates of standard 1ail and higher
strength rails are dissimilar, it is necessary to adjust the predictions of
strength level based on the 0.2 percent proof values. Selection of the required
higher strength steel involves the evaluation of the work hardened strength
level at the level of deformation found in tangent track rails.

Usually, the necessary data are not available to do this; however, an
adequate approximation can be made from a knowledge of the 0.2 percent
proof/ultimate tensile strength ratio. Thus, if we assume

(Fu)high strength = (Fu)standard + a (10)
3Marich, S. and Curcio, P. this publication, pp. 167-211.
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FIG. 3—Microhardness distributions below the rail running surface.

then
(Y)high strength [ J 11
i ren; = T2 N Fu)siandard + @ ( )
(),)h gh strength (Fu)high trength ( )‘ nda
where
F. = ultimate tensile strength, MPa,
Y = 0.2 percent proof stress, MPa, and
a = strength increment at 0.2 percent proof stress level, MPa.

Referring to Fig. 4 which relates measured 0.2 percent proof stress/
ultimate tensile strength ratios for rail steels and adopting the conservative
relationship given, then the resulting expression for the determination of
required 0.2 percent proof stress of high-strength rail steel allowing for
differences in work hardening rate becomes

1206400 Y, + 580aY, + 33640a  \ipa

(Dnigh strength = 1206400 — aY, — 580«

(12)

where Y; = (Y)sandad, MPa.

Application of Reliability Analysis

Formulation of the reliability analysis approach was undertaken to obtain

‘a better understanding of the significance of load distribution on the
performance of rail steel and thereby obtain a reasonable estimate of the
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necessary strength level to avoid corrugations on the Mt. Newman Mining
Co. rail system. Table 1 lists the measured standard deviations of the loading
and geometry parameters adopted for curved and tangent track on that
system. Substitution of the tangent track parameters into Eq 6 gives a
reliability value, Ro, of 92 percent for adoption in curved track.

No increase in vertical wheel load has been incorporated between tangent
and curved track. Generally, loaded train wheel loading was well balanced
between high and low rails as determined by track measurements; however,
Fig. 5 specifies the adjustment to rail strength if the loading is not balanced.
A mean coefficient of friction of 0.3 has been adopted for curves based on
available data, and a mean value of 0.0 (that is, no surface tangential loads)
has been conservatively adopted for tangent track, although it is unlikely
that this is actually the case for all ore cars. The standard deviation of the 0.2
percent proof stress for the high-strength rail has been taken as 40 MPa, the

TABLE 1—Design values of loading and geometry parameters for determination of
required mean yield stress (mean, standard deviation).

Parameter Tangent Curves
Vertical load, P (kN) (151, 16.4) (151, 16.4)
Coefficient of friction, u (0.0, 0.02) (0.3, 0.02)
Contact width, w (mm) (12, 2) (12, 2)
Yield stress, Y (MPa) (500, 40) (7, 40)
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FIG. 5—Interaction between mean wheel load, surface traction, and 0.2 percent proof stress
increment.

same as the standard material, based on laboratory tests. Thus, the only
unknown parameter is the mean 0.2 percent proof value of the higher
strength rail steel. Figures 5-8 indicate the sensitivity of the unadjusted 0.2
percent proof stress increment to variations in contact area, mean applied
wheel load, coefficient of friction, spread of wheel loads, and the spread of
the rail steel strengths.

The interaction between the three most significant parameters, namely,
the mean wheel load, the coefficient of friction, and the mean 0.2 percent
proof stress, is given in Fig. 5 from which the strength level increment for
high-strength rail steel to minimize plastic flow which can lead to corru-
gation development is noted to be 205 MPa.

(Previous literature supports the need for plastic deformation in the
development of long pitch corrugations [/4,/9,20], however, plastic flow
alone is not sufficient. It has been suggested [2],22] that excitation of
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resonance of the track/vehicle system is also necessary to generate the
characteristic deformation pattern. Alternative factors including railhead
fatigue damage [23] contribute by increasing the vibration input which
induces resonance. Conversely, avoidance of gross plastic deformation is
sufficient to suppress corrugation formation and can be confirmed from
observations on tangent track for rail operations noted to have corrugations
in curves and on curves where higher yield strength rails have been installed
of a sufficient strength to suppress corrugation formation (see following
section).)

The presence of tangential friction forces has an obviously large influence
on the required strength level. Any modification which can be introduced to
reduce the friction level, even if only partially, will be beneficial in lowering
the probability of yield and corrugation development. However, it is difficult
to quantify the magnitude of the tangential friction forces and thus evaluate
the beneficial effects of any modifications on a limited scale.
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FIG. 7—Interaction between spread of wheel load and 0.2 percent proof stress increment
in tangent track.

The other important parameter, the contact area, has an influence on rail
strength requirement as shown in Fig. 6. It is readily appreciated that there is
a wide variation in contact areas between wheels and rails, but this is not so
significant in terms of rail strength levels. Nevertheless, it is important to
note from Fig. 6 that the worn wheel/worn rail condition requires a lower
mean 0.2 percent proof stress increase for curves, and the new wheel/ worn
rail condition requires a higher 0.2 percent proof stress increase than for the
average conditions adopted. The nominal increments in 0.2 percent proof
stress for the conditions shown are:

0.2 Percent
Proof Stress Increment (MPa)
Mean Wheel/Ratl Condition Above Tangent Track Values
New wheel/new rail profiles 210
New wheel/worn rail profiles 240
Worn wheel/worn rail profiles 155
Average wheel/rail profiles 205

The average wheel/rail combination is adopted for the purpose of rail
strength evaluation, giving as increment of 205 MPa for the case under
consideration. Both extreme profile combinations tabulated in the preceding
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FIG. 8—Interaction between spread of wheel load and 0.2 percent proof stress increment
in curved track.

table are included in the normal distribution of contact widths (areas)
specified by the standard deviation of 2 mm and thus influence the strength
increment in proportion to their relative frequency. Where worn wheel and
rail profile data are not available, the new profile values can be substituted
with only a marginal shift in strength requirements.

The advantage of the probabilistic solution over the purely deterministic
procedure, in addition to the establishment of a rational reliability level
based on tangent track performance, is the ability to evaluate the signifi-
cance of the distribution of various parameters. Figures 7 and 8 present the
relevant data for the two principal distributions: the spread of wheel load
and the spread of strength values for tangent track (m. = 0.0) and curved
track (mx = 0.3) conditions. The effect of a change in mean wheel load from
150 kN is also shown.

Several points are evident from an examination of the plotted data.

1. An increase in the standard deviation of either the 0.2 percent proof

stress or the wheel load increases the mean 0.2 percent proof stress
necessary to maintain the tangent track reliability level (that is, 92
percent).

2. The dependence on standard deviation of wheel load is greater in
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curves than in tangent track. An increase in the standard deviation
from 15 to 30 kN requires an additional mean 0.2 percent proof stress
increase of 20 MPa.

3. The dependence on absolute standard deviation of proof stress level
is lower in curves where the mean proof stress is higher for the same
reliability. An increase in standard deviation of proof stress from
40 to 60 MPa requires an additional mean 0.2 percent proof stress
increase of 15 MPa. '

4. Reductions in the standard deviations have a much smaller influence
on the required mean 0.2 percent proof stress level.

Overal), the necessary 0.2 percent proof stress increment for high-strength
rails above the value for standard rail for the Mt. Newman Mining Co. is of
the order of 205 MPa, without making any allowance for possible wheel
profile changes. Thus, the unadjusted mean 0.2 percent proof stress level for
high-strength rails in curves should be 705 MPa, and, employing Eq 12, the
corresponding adjusted 0.2 percent proof stress is 745 MPa. This is the mean
value. For the purposes of steel supply, it is preferable to specify the
minimum 0.2 percent proof value which may be taken as the 5 percentile
level given by

(Y)min = (Y)mcan — 1.96sy (13)
= 670 MPa

For the Mt. Newman Mining Co. operations, the actual minimum 0.2
percent proof stress value recommended was 690 MPa. This is marginally
higher than the value obtained from Eq 13 because of an adjustment to
compensate for estimates made in arriving at the standard deviation of the
strength values listed in Table 1 from a limited number of tests.

Service Performance Results

High-strength rail steels have been installed in track for service evaluation
(Footnote 3). Initial observations have been obtained from a 2-deg (870-m-
radius) curve prone to corrugation and the railhead profile compared with
adjacent lengths of standard carbon rails to American Railway Engineering
Association (AREA) chemistry. Figure 9 plots the railhead vertical profile at
two connecting welds between the standard and high-strength rails and
illustrates the difference in performance observed [24]. The measured
material properties are shown in Tables 2 and 3.

Corrugations are evident on the standard rail string on the port side of a
thermite weld, whereas the high-strength material of 630 MPa proof stress is
free from corrugation. Conversely, the corrugation pattern which exists at the
start of the standard rail string (four rails) is substantially diminished at the
exit end, whereas minor evidence of corrugation is notable in the high-
strength rail of 690 MPa, presumably as a carry-over from the standard
material.
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FIG. 9—Rail performance in 870-m curve: (a) rail configuration, (b) running surface profile
ar connecting welds.

On the basis of the available test results, a material 0.2 percent proof stress
of 670 MPa as predicted is adequate to avoid corrugation formation on the
Mt. Newman Mining Co. operations and provide a margin against flow
equivalent to tangent track. Indeed, the limited test data indicate that a
lower proof stress value may prevent corrugation, but the tests may not
represent the most severe conditions.

As a further evaluation, a series of measurements of the zone of apparent
wheel/rail contact were recorded from a range of high-strength alloy rails
after approximately 35 million tonnes gross (Fig. 10). The test rails are
installed in curves up to 3 deg (580 m radius) and represent different service
conditions. It is apparent from the variation of contact zone width with 0.2
percent proof stress that the initial spread of the railhead is dependent on the
rail strength level and approaches a minimum value at the higher strengths.
By comparison, the mean 0.2 percent proof stress recommended represents a
value close to the minimum contact zone width condition.

TABLE 2-—Chemical composition of rails in 11.7-km curve.

Manga- Phos- Chro- Colum-
Type Carbon nese Silicon phorus  Sulfur mium bium Vanadium

Standard  0.75 0.83 0.13 0.02 0.03 e e e
265847 0.59 1.30 0.07 0.03 0.02 0.37 0.035 0.066
265848 0.63 1.30 0.08 0.03 0.03 0.61 0.036 0.070
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TABLE 3— Tensile properties of rails in 11.7-km curve.

Ultimate
0.2 Tensile Reduction
Proof Stress, Strength, Elongation, in Area,
Type MPa MPa % %
Standard 470 945 13 15
265847 688 1103 11 16
265848 633 1060 14 30

Further test data at higher tonnages will enable an improved evaluation of
the prediction procedures. The current procedure provides a conservative
estimate of rail strength requirements at heavy axle loads to limit plastic
flow and avoid rail corrugation development and may be used with
confidence for other rail systems.

Conclusion

An analysis procedure has been developed to predict the proof stress
requirements of rail steels in curves with a predetermined reliability against
the formation of gross plastic deformation. The procedure is based on
shakedown under rolling contact with empirical adjustment of the results to
allow for work hardening. Application of the procedure has been made to
the unit train operations of the Mt. Newman Mining Co.
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The most significant parameter leading to the development of plastic flow
and corrugation in curves is the traction force at the wheel/rail interface. A
large standard deviation of either the applied loading or the material proof
stress contributes to the requirement for an increase in the mean proof stress
level, but, within the range of standard deviations of loading and material
properties generally recorded, neither variation is as significant as the mean
wheel load level. Additional data on contact geometry and wheel/rail
friction conditions are required to increase the accuracy of the analysis
procedure.

For the Mt. Newman operation at 150-kN wheel load, it was calculated
that a minimum 0.2 percent proof stress of 670 MPa is required to suppress
gross plastic deformation and corrugation on the high rail of curves.
Experimental confirmation of the prediction method shows that it is
conservative.
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APPENDIX

Density Function of Quotient of Two Independent Random Variables

Consider two independent random variables X and Y. Let Z= Y/ X, then the joint
density of X and Z may be written [25]

h(x,2) = f(x) & (z/)
where ¢ (z/x) is the conditional probability function of Z given X. Thus
f(2) = !: h(x,2)dx = J‘: xf,(X)f , (xz)dx

If X and Y are normally distributed with means m, m; and standard deviations s, s2,
respectively, then

frixde) =fAd) = —— 7 exp - [(x — 7’"‘7)2 4 txz = m2)2]dx

Vi
27TSlSz - 231 2s 2

= mnszz + mzszlz exp _ mzz— mw,z’2
SV 2m(s? + s’y 2(s2" + 57127)
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Since f m(v) = 2vf(v*) for any random variable ¥, and substituting

then

Soo(2) = f,

Y= AP m; = A\mjp s = Asp
X=w m 51 = S

I
3

@

- 22()\2r_nuszp + )\mnszuﬁ exp [—()_\mp - mwzz)2]

TAN22 L 2 Ay
Yoy \/ 2m(nisy + .7y 2(N°s"p + 57420
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ABSTRACT: Fatigue crack growth has been examined in pearlitic rail steels to
determine the effect of grain boundary ferrite and nonmetallic inclusions on the rates
of crack propagation under Mode I loading at ambient temperature. The influence of
alternating and maximum stress intensity on fatigue crack propagation in these
materials has also been evaluated. The data were obtained using single-edge notch
specimens machined from the head of rails and the web of wheels. Cyclic loading was
performed on a hydraulic test machine at various R ratios.

As the maximum stress intensity, Kma:, approaches the fracture toughness, Kic,
increasing amounts of cleavage bursts occur and the crack growth rates increase. In
steels containing ferrite at the prior austenite grain boundary, the amount of cleavage
is reduced at a given K level and the growth rates are reduced by an order of
magnitude. The results show that traces of grain boundary ferrite (~2 to 4 percent by
volume) can reduce crack growth rates by a factor of two at intermediate and low
growth rates (<5 X 10™ mm/cycle).

Increasing R ratio is shown to increase significantly the fatigue crack growth rate
near Kic, due to the increase in percent cleavage, while little effect of R ratio is
observed at intermediate growth rates. Stable fatigue growth is observed above K¢
and is explained in terms of a pop-in model.

Inclusions were observed occasionally at the initiation site of a stable cleavage burst
that occurred during fatigue. However, nonmetallic inclusions do not significantly
affect the fatigue crack growth rates in rail steels within the range of inclusion content
from 0.097 to 0.318 percent by area.

KEY WORDS: steels, railroad tracks, fatigue (materials), crack propagation, micro-
structure, fracture, inclusions

A frequent cause of rail failure is plastic deformation of the railhead due
to heavy rolling loads transmitted through the wheel/rail contact surface
[1,2].2 Horizontal cracks called shells or shelly spots develop, usually on the
gage corner of the railhead. Shells can then act as nucleation sites for vertical

'Postgraduate research engineer and professor of engineering, respectively, Materials
Department, University of California, Los Angeles, Calif. 90024.
*The italic numbers in brackets refer to the list of references appended to this paper.
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crack formation and extension by fatigue called “detail fracture from
shelling.” In addition to shells and detail fractures, rail failures occur by
other failure modes [3]. One common feature that most of the failures
possess is the occurrence of crack extension by fatigue.

Fatigue crack propagation is a progressive form of crack extension that
occurs under the action of cyclic loading. The crack advances an incremental
amount during the loading cycle until the crack reaches a critical length,
whereupon unstable fracture occurs. Incremental crack growth per cycle,
da/dN, is generally plotted as a function of the change in stress intensity
factor, AK, on a double logarithm plot. Typically, the crack growth curve
(da/dN versus AK) is sigmoidal in shape and bounded at the lower end by a
threshold stress intensity,AKn, and at the upper end by the critical stress
intensity factor, Ki.. Ideally, AK:» defines the lower value of AK below which
the crack will not propagate, and K;. defines the condition for unstable crack
propagation.

The crack growth curve can be divided into three regions depending on the
mechanism involved in propagating the crack [4]. The mechanisms of crack
propagation vary with stress intensity level and can be influenced by
secondary variables such as loading ratio (R = Kuin/ Kmax), frequency, and
environment. At values of AK near AKi» (Region A), the fracture mode is
sensitive to the microstructure and exhibits a combination of planar facets in
the form of intergranular fracture [5], and interlamellar pearlite separation
[6], and areas of fatigue striations. The occurrence of the planar facets in
steels and titanium alloys has been shown to commence when the reverse
plastic zone size is approximately equal to or less than the microstructure
unit size, for example, ferrite grain size {7,8]. Robinson and Beevers [7] have
proposed a two-component mechanism for crack extension in Region A
based on the separate effects of AK and Km... Experimental work performed
on low-alloy steels has shown that crack growth in this region is sensitive to
Kmix [6,7). As AK increases, the size of the reverse crack tip plasticity exceeds
the microstructure unit size, at which point structure insensitive striation
growth occurs (Region B). Various mechanisms of striation formation have
been proposed based on reverse crack tip plasticity [9,/0]. Because the
reverse crack tip plasticity during striation formation depends primarily on
AK, it is expected that K., will not have a strong influence in Region B. As
Kma approaches Ki., the crack growth rate deviates from the double
logarithm linear relation and accelerates for many metals (Region C).
Fractographic examination of these fatigue surfaces shows that the
mechanism of crack extension changes from exclusively striation formation
to a combination of striations mixed with intergranular separation [5],
microcleavage [4,11], and void coalescence [12]. The crack growth rate in
Region C is strongly Km:. dependent.

The influence of nonmetallic inclusions on the fatigue crack propagation
rate depends upon the stress intensity level. Broek [/3] has shown that the
crack propagation rate in aluminum alloys is not influenced by the presence of
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inclusions until high growth rates are achieved, whereupon inclusions
promote microvoid formation ahead of the crack and linkup with the main
crack front by ductile tearing. Shik and Araki [/4] conclude that the crack
growth rate in high-strength carbon steel is dependent on the total inclusion
content but is probably independent of the inclusion type. Their conclusions
were reached after examining data from the high growth rate region (Region
C). In general, inclusions appear to have an effect in the high growth rate
region without a significant effect on Region B crack mechanisms.

The purpose of the present work is to examine the effect of grain
boundary ferrite and nonmetallic inclusions on the rate and mechanism of
fatigue propagation in pearlitic rail and wheel steels. Nonmetallic inclusions
are introduced into rail and wheel materials during manufacturing and are
generally deformed into different shapes depending on the rolling conditions
and the properties of the inclusions. The effect of the nonmetallic inclusions
on the rate of crack propagation has not been examined for rail steels
currently used today. In addition, variations in carbon content slightly below
0.8 percent by weight result in a layer of ferrite outlining the prior austenite
grains. Because some rail and wheel steels do not contain a layer of ferrite,
the resulting effect on crack growth rate is of importance.

¥

Experimental Procedures

The material used in this investigation was fully pearlitic steel commonly
used as a railroad track and Class U wheels. Rails and wheels are produced
by hot rolling directly from an ingot and subsequently cooled by a controlled
cooling process [3,15]. Five representative rail steels and two wheel steels
were selected by D. H. Stone of the Association of American Railroads,
based on the inclusion content and microstructure, after examining 50 rails
and 4 wrought steel wheels. For convenience, the rail material is labeled Rail
1 to Rail 5 and the wheel material is Wheel 1 and Wheel 2. The composition
of the steel is shown in Table 1.

The microstructure of Rails | to 3 and Wheel 1 consisted of a fully
pearlitic structure as shown in Fig. 1a. Rail 5 and Wheel 2 contained a ferrite
layer along the prior austenite grain boundary with a thickness of approxi-

TABLE 1—Chemical composition of the steels tested.

Steel C Mn Si S P
Rail 1 0.74 0.85 0.17 0.030 0.025
Rail 2 0.79 0.85 0.18 0.030 0.025
Rail 3 0.76 0.92 0.15 0.042 0.012
Rail 4 0.72 0.73 0.14 0.018 0.010
Rail 5 0.69 0.73 0.12 0.034 0.013
Wheel 1 0.74 0.68 0.27 0.040 ‘0.018

Wheel 2 0.69 0.70 0.13 0.040 0.020
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FIG. 1—Microstructure: (a) pearlitic structure typical of Rail 1 10 Rail 3 and Wheel 1 (X100)
and (b) ferrite along prior austenite grain boundary in Rail 5 (X100).

mately 5.0 X 107 and 2.5 X 10”* mm, respectively, as shown in Fig. 1b. Rail
4 contained traces of ferrite that partially outlined some of the prior au-
stenite grain boundries but was not continuous. The pearlite colony size and
prior austenite grain size were determined by comparing them to an ASTM
optical grain size comparator. This procedure gave the ASTM grain size
number which was then converted to an average size diameter. The pearlite
colony size is 5.0 X 107 and 1.1 X 10 mm for the rail and wheel steel,
respectively. The prior austenite grain size for Rail 5 and Wheel 2 is 2.0 X
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107" and 2.8 X 10" mm, respectively. The prior austenite grain size was not
determined for those steels that did not contain a continuous ferrite layer.
The pearlite spacing for all the steels was determined by a line intercept
method and was found to be approximately the same. The spacing varied
within the bounds of 2.0 X 10 to 1.3 X 10~ mm, with the majority of the
grains having a spacing of 2.5 X 10™ mm. The tensile properties were
determined using a standard ASTM 0.505 tensile specimen (ASTM Stan-
dard Methods of Tension Testing of Metallic Materials (E 8-69)) and are
shown in Table 2.

TABLE 2— Tensile properties.

0.2% Offset Ultimate Reduction
Yield Strength, Tensile Strength, in Area,
Steel MN-m -2 MN-m-? %
Rail 1 482 936 11.9
Rail 2 556 952 9.4
Rail 3 476 934 14.2
Rail 4 451 872 14.9
Rail 5 417 836 17.3
Wheel 1 495 840 5.3
Wheel 2 526 879 8.8

NoTE—Values represent average of two samples tested.
a1 MN:m=-2 = 0.145 ksi.

Quantitative assessment of the inclusion content was made using an image
analysis system (Bausch and Lomb Omnicon). The quantitative results are
given in Table 3. The railhead contained mostly sulfide stringer inclusions
aligned parallel to the rail axis (Fig. 2a). The wheel steels contained mostly
sulfide inclusions that were of a spheroidal shape (Fig. 2b). Both groups of
materials contained a smaller portion of oxide-type inclusions which were
generally encapsulated by sulfide inclusions.

The specimens used for the crack growth rate studies were machined either
from the head of rails or from the plate region of the wheels, all of which had
been in service for 5 to 20 years. The rail specimens were oriented such that
the crack plane was in the traverse railhead plane and the crack propagation
direction was from one side of the railhead to the other side. The crack
direction for the wheel samples were in a circumferential direction in the
wheel plate.

Single-edge-notched, pin-loaded specimens of nominal dimensions 10 by
40 by 170 mm were fatigue tested on a hydraulically driven machine (MTS
810). A sinusoidal load was applied at an average frequency of 10 Hz. The
crack lengths were optically measured using a X25 microscope with 0.1-mm
divisions scribed on the lens. The threshold value of the stress intensity
factor, AK:, was determined by reducing the load in increments corres-
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TABLE 3—Quantitative metallography of inclusion content.

Average Area Percent Number of Fields
Steel Per Fields b >0.5 Area Percent?
Rail 1¢ 0.185 29
Rail 2 0.137 10
Rail 3 0.253 64
Rail 4 0.143 27
Rail § 0.318 97
Wheel | 0.205 84
Wheel 2 0.097 33

2500 fields taken for each steel.
bTotal area of field is 26 439 um? at X440,
cTransverse plane for rail steels.

ponding to 1.0 to 1.5 MN-m ™% AK., was defined as the value of AK where
crack growth was not observed in 10° cycles. AK was determined by
substituting the value of the alternating load into the expression for the stress
intensity factor. The details of the experimental procedure have been
described previously in greater detail [16].

Experimental Resulits

Fatigue crack growth rates for the five rail and two wheel steels (R = 0) are
presented in Fig. 3 as determined from two specimens from each steel. The
crack growth rate diminishes at low values of AK near AKu, the threshold
value determined for da/dN < 1.0 X 107 mm/cycle.’ Additionally, da/dN
increases rapidly as AK (= Kma) enters Region C.

Deviations from the linear growth rate of Region B at low values of AK
occur at an approximately constant value of da/dN = 2.0 X 107° mm/cycle
for all materials. Threshold values varied from 7.5 to 9.3 MN-m™*2. Since
the threshold values were determined to the nearest 1.0 to 1.5 MN-m™*?,
there is not a significant difference in AK., for these steels. The same con-
sistency of deviation from the linear rates was not observed at high values
of AK. The growth rates generally began to increase rapidly within the
range 5.0 X 10™ to 2.5 X 10 mm/cycle.

The data presented in Fig. 3 show that two materials, Rail 5 and Wheel 2,
have a substantially slower crack growth rate for a given value of AK. A
comparison of Rail 5 and Wheel 2 with the other steels shows that the only
difference in microstructure is the presence of a continuous layer of ferrite
along the prior austentite grain boundary. Rail 4 contained discontinuous
traces of grain boundary ferrite but did not exhibit a slower crack growth
rate.

’1 mm/cycle = 3.94 X 107 in./cycle. 1| MN-m™? = 0,910 ksi\/in.
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FIG. 2—Shape of sulfide inclusions in (a) railhead (X1100) and (b) wheel plate (X2000).

Variations in da/dN as a function of AK and K. for several R ratios are
shown in Fig. 4 for Wheel 1. The data show that there is not a significant
difference in crack growth rates for Region B when R < 0.2 and that da/dN
can be described by the single AK parameter. However, for R = 0.5, the
overall growth rate increases by approximately threefold, indicating that
Ko 1s strongly influencing crack extension.



370 RAIL STEELS—DEVELOPMENTS, PROCESSING, AND USE

REGICH C
-2 L)
0T eRAlL | AN
BRAL 2 o
ARAIL 3 n 7 A
¢ RAIL 4 O A A
ARAL 5 | R
_3 N L]
10 O WHEEL | n 2
L ¥ WHEEL 2 o 4
L AR
+
,ﬂ N
- REGION B ,me® “
10 F v
—_ A
t N
~ v
E REGION A A
N =5 vA
10”1
.
. ¢ .
3 LA |
? 8oy
hel A%
ord
F 'y
o' HR
"’
Lol t.1 & 1 4 1 5 14t .1ala)
78 90 20 40 50 60 0 &

AK  (MN-rid2)

FIG. 3—Fatigue crack growth rates in rail and wheel steels. (R = 0, thickness = 10 mm.)

The fracture appearance in Region A was generally the same for all the
steels and consists of a mixture of planar facets mingled among the striae.
Figure 54 shows a typical region containing a planar facet surrounded by
striae characteristic of fully pearlitic steel [16). These planar facets are a
result of interlamellar pearlite separation. Rail § and Wheel C also contained
some intergranular separation at low AK values.

The fatigue appearance in Region B consists of randomly oriented regions
of hills and valleys with respect to the overall propagation as shown in Fig.
5b. The alignment of the hills/valleys varies from being parallel to perpen-
dicular to the macroscopic crack direction. This appearance will be referred
to as striae although they bear only a slight resemblance to the classical
fatigue striations in ductile alloys. The general fracture appearance and
random orientations of these striae suggests that their orientation is the same
as the ferrite/cementite lamellae orientation in each pearlite colony. The
striac have been shown to consist of the underlying pearlitic microstructure
by examination of these areas before and after etching [/6] and do not
necessarily indicate the direction of crack propagation.

The macrofracture appearance changes from a dull grey surface appear-
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FIG. 4—Fatigue crack propagation rates as a function of AK and Kmax for various R
ratios in Wheel 1.

ance (Region B) to one containing a mixture of dull grey and highly
reflective areas (Region C). The highly reflective areas are shown to be
cleaved grains when examined in the scanning electron microscope (SEM).
Figure 5c¢ shows a typical single cleavage facet surrounded by striae. Crack
extension by stable cleavage bursts during cyclic loading is a transient
fracture mode which terminates at the first unfavorable boundary, such as a
pearlite colony boundary where the lamellae change orientation.

Stable cleavage bursts are rarely observed in Rail 5. Instead, regions of
intergranular ductile rupture were observed at values of Kn.x approaching
Ki.. Figure 5d shows a typical region of ductile failure through the prior
austenite grain boundary ferrite. The grain boundary ferrite was most likely
the microstructural constituent that prevented cleavage formation. Addi-
tionally, cleavage bursts were rarely observed in Wheel 2, although inter-
granular ductile rupture did not occur.

Crack profile studies show that Region B fatigue crack propagation does
not strongly depend on the ferrite/cementite lamellae orientation as shown
in Fig. 6. In some pearlite colonies, the crack propagated at approximately
right angles to the lamellac. However, many different crack-plane-to-
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FIG. 6—Crack tip in fully pearlitic steel. (X1540. AK = 20 MN-m™*)

cementite-lamellae angles were observed mostly in the range of 45 to 90 deg.
Crack-plane-to-lamella angles less than 45 deg were observed less frequently,
and only at low values of AK did crack extension occur parallel to the
lamellae (Region A mechanisms). Figure 6 shows the tip of a fatigue crack
after final cyclic loading of AK ~ 20 MN-m ™, There does not appear to be
any damage ahead of the crack tip in the form of cementite cracking or void
formation in the ferrite. Similar results were observed upon examination of a
specimen fatigued at AK ~ 34 MN'm 2 One final point of interest is that
there was not any evidence (in the form of sheared cementite platelets) that
extensive shear occurred along planes 45 deg to the crack plane, that is,
planes of maximum shear stress, which would be expected from the
operation of the classical striation mechanisms [9,10].

Discussion

Effect of R Ratio

Figure 4 clearly demonstrates that increasing the R ratio can have a
significant effect on the overall growth rate in Region C mainly due to the
dependency of the cleavage component on Kmax. Similar effects are observed
in Region A [6] due to the influence of Kn.x on the two-component fracture
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process. However, it is less certain what the effect of K. is, if any, on the
fatigue mechanism of Region B.

Figure 4 illustrates that values of R < 0.2, at least, do not significantly
accelerate the fatigue crack growth rate in Region B, however, an increase in
da/dN is observed for R = 0.5. An examination of the fracture surface for
the specimen tested at R = 0.5 showed a mixture of fatigue striae, cleavage,
and interlamellar separation at values of AK = 13 to 20 MN-m ™ (Kmax = 26
to 40 MN-m ). Below this approximate range, interlamellar separation and
fatigue striae were predominant, and, above this range, the cleavage mode
mixed with the striae was more apparent.

The occurrence of these two Kn.x-dependent mechanisms, that is, cleavage
and interlamellar separation, over the intermediate range of da/dN can
account for the slight increase in growth rate at R = 0.5 during Region B.
Because cleavage fracture depends on Kn.x, the conditions will be satisfied at
values of Kmax = 26 MN-m ™. However, interlamellar separation can only
occur when the reverse plastic zo'ne size is less than the pearlite colony size
[6]. This condition is satisfied when AK < 20 MN-m™2 Therefore, the
conditions for cleavage and interlamellar separation are both satisfied
during the range AK = 13 t0 20 MN'm ? (Kna = 26 to 40 MN-m™*?) for R =
0.5. The result is an acceleration in the overall growth rate during Region B.
When Knx = 40 MN-m™% pop-in occurs, which is then followed by stable
fatigue growth along the specimen edges before final failure.

The Effect of Nonmetallic Inclusions on Fatigue Crack Propagation

The role of nonmetallic inclusions in the fracture process for the three
regions of crack growth has been examined. Figure 7 shows an inclusion that
is exposed to the fracture surface after the passing of a fatigue crack. The
crack plane for the rail samples was oriented perpendicular to the stringer
inclusions. As shown in Fig. 7, the crack propagated through the stringer
inclusions in a brittle manner, judging by the smooth flat fracture surface on
the inclusion. Crack propagation in the wheel material occurred around the
inclusion by debonding of the inclusion from the matrix.

At intermediate values of AK, the surrounding fracture surface still shows
the characteristic fatigue appearance (Fig. 5b). Because distinct striations do
not appear on the fracture surface, it is not possible to determine from the
fractographs if the inclusions influenced fatigue growth on a microscale, as
is sometimes observed in aluminum alloys. At higher values of AK,
inclusions are occasionally found at the origin of a cleavage facet. The
possibility of inclusions participating in this fracture process should not be
precluded. However, it is unlikely that they have much of an effect, as many
cleavage origins were found without an association to an inclusion. Once a
cleavage crack initiated, its path was not affected by stringer inclusions, and
the crack propagated through them.
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FIG. 7-—Sulfide stringer inclusion exposed to the fracture surface (X4500).

It is doubtful that the inclusion content has a significant effect on the
overall crack growth rate. A consistent change of AKi, with inclusion
content was not observed and probably did not influence the limiting value
of crack propagation. Additionally, inclusions were not associated with the
planar facets found in Region A, indicating that the operation of this
mechanism is independent of inclusions. Figure 3 shows that the growth rate
in Region B is very similar for all materials except for those steels with ferrite
at the prior austenite grain boundary. Rail 5 had the largest total inclusion
content for the rail material, and Wheel 2 had the least for the wheel
material; however, both steels show an overall growth rate lower than the
other materials. This indicates that the presence of ferrite in the boundary
retards fatigue crack growth and demonstrates that the inclusion content
does not have an observable effect on the overall crack growth rate.

The Effect of Grain Boundary Ferrite at Intermediate Growth Rates
(Region B)

Figure 8 shows a profile of the crack path in Rail 5. The effect of a ferrite
layer along the prior austenite grain boundary causes crack growth on
discontinuous levels, from one grain to an adjacent one. The crack pro-
pagates through a pearlite colony on one level (A in Fig. 8) before it
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FiG. 8— Profile of fatigue crack in Rail 5 (overall direction of crack growth is from left 1o
right): (a) X500 and (b) X500.
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encounters a ferrite layer. The crack path is then deflected along the ferrite
layer (B). Examination of this region in the scanning electron microscope
revealed a flat featureless surface. When the orientation of the ferrite layer
becomes unfavorable for forward growth, the crack then reinitiates in the
adjacent prior austenite grain on another level (C) and proceeds until
another ferrite layer is encountered. Grain boundary deflection was only
observed in those steels that contained a complete ferrite layer at the prior
austenite grain boundary. In Rail 4, the volume percent of ferrite was not
sufficient to cover the prior austenite grains, and crack deflection did not
occur. Crack deflection was not observed in the pearlite colony ferrite,
indicating that some minimum thickness of ferrite is required for crack
deflection.

It has been observed that the forward growth of a fatigue crack in a
laminar composite material may be stopped temporarily at a laminate
interface oriented perpendicular to the crack plane [17]. The arrest is due to
the crack blunting that arises from secondary interfacial splitting perpen-
dicular to the direction of main crack propagation. The continuous ferrite
layer surrounded by hard pearlite is analogous to a soft layer in a composite
material, and it produces a similar effect in retarding crack growth. Figure 9
shows a schematic diagram of the crack growth retardation process.
Consider a crack that has just encountered a ferrite layer. During the
beginning of the tensile portion of the loading cycle, slip occurs along planes

FERRITE

(b)

(c) ;\ (d)

(e)

FIG. 9—Fatigue crack mechanism in ferrite layer: (a) zero load (crack encounters ferrite
layer), (b) small tensile load, (c) maximum tensile load, (d) zero load, (¢) after several cycles.
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at 45 deg to the plane of the crack. Since slip is more difficult in front of the
crack tip due to the harder pearlite colony, the reverse slip process occurs
preferentially in the ferrite, thus preventing the crack from extending
forward into the colony. This causes crack propagation to occur in the ferrite
layer, resulting in preferential growth along the prior austenite grain
boundaries, possibly by a mechanism similar to Stage I fatigue initiation
[18). The crack grows in the ferrite until forward growth can occur by
reinitiation in the adjacent pearlite grain.

Since the overall crack growth rate is reduced by a factor of 2 (compared
to the steels without grain boundary ferrite), twice as many cycles are
required to produce the same extent of crack growth. A simple calculation
indicates that the relative velocity of crack propagation in the ferrite as
compared to the velocity in pearlite is f/ A, where A is the size of the prior
austenite grain and f'is the extent of crack growth in the ferrite. An estimate
of this ratio can be determined by examining the micrograph shown in Fig.
8. For one prior austenite grain, the extent of crack growth in the ferrite is
approximately 0.016 mm and in the pearlite is 0.072 mm (bottom micro-
graph). Therefore

Vi~

v, = 0.2
where V; and V), are the crack velocities in the ferrite and pearlite,
respectively. This indicates that the blunting effect produces a five-fold
decrease in crack growth rate.

Figure 10 shows a comparative plot of crack growth data for steels with
varying pearlite (carbon) contents. The data illustrate that the beneficial
effect of grain boundary ferrite does not increase as the thickness (or volume
percent) of the ferrite increases. When a crack encounters a thick ferrite
layer, it will be able to advance through the ferrite by a standard striation
mechanism without deflection until the next pearlite colony is encountered.
As the amount of ferrite becomes the major microstructural constituent,
then the growth mechanism would be characterized by the properties of the
ferrite. In Region B fatigue, the crack growth rate is determined primarily by
the elastic modulus E; hence, the crack growth rates of fully pearlitic and
ferritic/pearlitic steels are comparable. However, beneficial effects can be
achieved by the presence of small amounts of the ferrite phase continuously
distributed along prior austenite grain boundaries.

Stable Fatigue Crack Growth above K.

Cyclic crack growth occurred at values of the maximum stress intensity
factor Kmax-that are greater than the material’s fracture toughness. As shown
in Table 4, Knax could be as high as 1.52 Ko where Ko is defined as the
tentative value of the fracture toughness. This observation appears to
contradict conventional linear-elastic fracture mechanics (LEFM) theory
which predicts that unstable fracture (pop-in) occurs when Kmax = Kic = (Ko
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FIG. 10—Fatigue crack growth rates in rail and wheel steels compared with other
Sferritic] pearlitic steels.

for a valid test according to ASTM Test for Plane-Strain Fracture Tough-
ness of Metallic Materials (E 399-74)). These test specimens have a low ratio
of fracture toughness to thickness, and the entire fracture surface was flat,
plane strain fracture. Consequently, the occurrence of stable fatigue growth
at Knax > Ko is not related to shear lip effects.

The fracture toughness is determined from the pop-in load, Pg, which is
about 15 to 20 percent less than the maximum load of fracture, Pma, for these
steels. Table 4 contains the values of Ko based on Pg and values of Kpmax
based on P..x. Additionally, the values of K at (a) the first occurrence of
isolated cleavage bursts during fatigue testing, Koc, (b) the occurrence of the
first major burst of cleavage (greater than 20 percent of the fracture surface),
K, (c) the deviation of da/dN from the linear growth rate curve, Kpi, and (d)
the maximum extent of stable fatigue crack growth immediately prior to
unstable specimen fracture, Kjmax), are listed in Table 4. Values of Koc and
Kr were determined from the observed crack length on the fracture surface
where the first isolated burst and pop-in occurred, respectively. There is
good agreement between the values for Ko, KpL, and Kr, suggesting that the
value of Kp for pop-in during plane strain toughness testing, the occurrence
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TABLE 4—Values of K taken from fatigue and fracture toughness test.

Fracture da/dN Fracture
Toughness  Deviates Toughness Maximum
First Burst Cyclic Based on P@ from Based on Value
of Cleavage, Pop-In, ASTM E-399, Linearity, Pmax, of da/dN,
Steel Koc KF KpL Ko K P (max) Kftmax)
Rail 1 26 MN-m-3/2 4 41 38.7¢ 44.5 56
Rail2 24 35 37 35.7% 44.1 49
Rail3 33 45 46 45.50.b 52.8 69
Rail4 31 51 49 49,945 62.0 75
Rail § 1. small burst:57 did not did not Po = Phax 98.5b 93
occur occur

2. no burst on
second sample

NoTE— Values represent average of two samples tested. Values of Koc, KF, KpL, and Kpmax)are
within +2 MN-m™>?, IMN-m™ = 0.910 ksi v/In.
“Invalid according to ASTM Standard E 399 due to Pna./ PQ) being greater than 1.10.
Invalid according to ASTM Standard E 399 due to insufficient size.

of a major cleavage burst during fatigue testing of these steels, and linear
crack growth deviation are related.

A simple model based on the parameters measured from the fracture
toughness test can explain the occurrence of crack growth at X levels above
Ko. As the fatigue crack progresses forward, isolated patches of cleavage
fracture occur along the crack front in favorably oriented grains (Fig. 11a).
These isolated patches do not produce a noticeable deviation from the linear

FATIGUE_FRONT CYCLIG CLEAVAGE  POP-IN
NOT | 0 ] o \l\
CH CLEAVAGE,
N BURST H 9 : i
Q H
;/_/
&oc KoL
(3) (b)
\ l )
< 7] \\)
I ° 5 \ ° o
! Q l Q /'
|‘["r’(rrax)
© (d)

FIG. 11—IHlustration of cyclic pop-in model 1o explain stable fatigue above Kic.
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growth rate. As the crack grows in fatigue under constant load, the crack
length increases. When K.« reaches Ko, one large pop-in (or several smaller
ones) can occur within a short time. At this point, a situation analogous to
pop-in during a standard fracture toughness test occurs, as illustrated in Fig.
11b. Unlike the case of the fracture toughness test conducted under rising
load, the load is quickly returned to Pwmin during cyclic loading associated
with fatigue testing, and the Pr.x value required for unstable cleavage of the
entire specimen is not reached. During subsequent cyclic loading, the
remaining ligament along the sides, which is in a state of reduced constraint,
supports fatigue crack propagation at an accelerated rate due to an increase
in stress intensity in that region (Fig. 1lc). Striae-type formation occurs
along the edges of the specimen. At this point, a deviation from the linear rate
occurs. After continued cyclic loading, additional large cleavage bursts can
occur, and final unstable fracture can intervene. In Rail 5, which contained
ferrite at prior austenite grain boundaries, pop-in did not occur during
fracture toughness testing or during fatigue testing. As a result, stable fatigue
growth above Ko was not observed, although K¢ was much higher than for
the other rail steels.

Table 4 also indicates that the maximum value of K for stable fatigue
crack growth, Kfma, is greater than Kpma) determined from the fracture
toughness test. This observation can be misleading for the following reasons:

1. The thickness, B, of the fatigue specimens was 10 mm, and the
thickness of the fracture toughness specimens was 19 mm. As discussed
elsewhere [/6], Kamaxy (and Kpmax)) is dependent on the specimen thickness
and generally increases as the specimen thickness decreases. This partially
explains why Kjmax (based on B =10 mm) is greater than Ksmax) (based on B
= 19 mm).

2. Additionally, Kpmax is determined from the length of fatigue precrack
as required by the ASTM. Kjmax is determined from the crack length after
precracking, pop-in, and some additional fatigue growth (Fig. 114). Thus, the
crack length at Krmas (determined from the fatigue precrack length before
pop-in) will be less than Kjma (determined from the crack length after pop-
in). Therefore, for a given thickness and fracture load, the maximum value
of K recorded in a fatigue propagation test will be slightly greater than the
value determined from the fracture toughness test. These factors together
can explain the observation that Kjmax > Kpmax) Shown in Table 4.

Conclusions

1. In pearlitic rail and wheel steel, the presence of grain boundary ferrite
can reduce the crack growth rate by a factor of 2 at intermediate and low
growth rates. At growth rates above 10~ mm/cycle (Region C), the effect is
even greater due to the less frequent occurrence (or the elimination) of
cleavage bursts.
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2. The effect of increasing R ratio for R << 0.2 is mainly seen in Region C
due to the operation of Kma-~dependent stable cleavage bursts. When R =
0.5, the overall growth rate increases over the entire growth rate curve. This
is attributed to the occurrence of Region A planar facet mechanisms and
Region C cleavage mechanisms during Region B growth,

3. Nonmetallic inclusions do not significantly affect the mechanisms of
fatigue growth and therefore do not affect crack growth rate within the range
of inclusion content from 0.097 to 0.318 percent by area as determined at
X440,

4. Stable fatigue crack growth above K¢ can occur along the specimen
sides after pop-in. At this point, the growth rate greatly accelerates and
deviates from the double logarithm linear growth rate.
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DISCUSSION

Pierre Vicens' (written discussion)—The fatigue tests carried out by
ourselves and by the Societé Nationale des Chemins de Fers Francais
(SNCF) in cooperation with IRSID with a view to defining the fatigue
behavior of several rail steel grades were twofold:

1. Determination of fatigue limit under alternating torsion test and under
other types of stresses within the scope of the studies of C53 Committee of
Office for Research and Experiments (ORE), Union Internationale des
Chemins de Fers (UIC).

2. Determination of the rate of growth of fatigue cracks and of the values
of the critical stress intensity factor.

Fatigue Limits

The investigated grades, whose compositions are given in Table 5, were
the following: (a) standard grade of UIC specification, (b) wear-resistant
Grade B of UIC specification, and (¢) chromium-silicon grade.

The specimens were taken from the railhead of UIC 60 profile in the as-
rolled condition, after straightening on roller type machines.

Two grades were obtained by thermal hardening in a pilot plant; the UIC
60 profile rails were induction heated and rapidly cooled over their whole
section by means of water sprayed through compressed air. One rail
hardened at 100 kg/mm®. One rail hardened at 120 kg/ mm’. The samples

were cut from the railhead after treatment and straightening on roller type
machines.

TABLE 5—Steel grades.
C.% Mn, % Si, % Cr, % P, % S, % Al, %

UIC Standard 0.500 1.010 0.135 e 0.063 0.031
UIC-B 0.616 1.396 0.341 C. 0.036 0.024 0.012
Cr-Si 0.689 0.955 0.774 0.850 0.025 0.027 0.015
Induction full
hardened
1 0.606 0.850 0.308 Ce 0.031 0.024 0.003
2 0.794 0.756 0.272 C 0.030 0.007 0.010

'}ngenieur en Chef Adjoint, Metallurgie Qualité, Sacilor, France.
“Ritchie, R. O., Journal of Engineering Materials and Technology, July 1977, pp. 195-204.
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For these steels, which all present a pearlitic structure (Table 6), the higher
the tensile strength, the higher the fatigue limit. The thermal hardened steel
has, however, for the same tensile strength, a better fatigue limit than the
chromium-silicon steel.

TABLE 6— Mechanical properties.

Yield Ultimate

Strength, Tensile Reduction  Endurance Limit,
0.2 %, Strength, Elongation, in Area, Alternating Torsion,
N/mm?  N/mm? % % N/mm?
UIC Standard L. 762 16 R +187
UIC-B 503 936 13.8 229 +232
Cr-Si 633 1064 11.5 21.7 +302
Induction full
hardened
1 592 1002 16.6 413 +303
2 838 1259 14.0 29.4 - +400

We¢ decided to determine the fatigue limits under alternating torsion
stressing in order to obtain a comparison on metal behavior under shearing.
According to our opinion, the shearing stresses are mainly responsible for
the failure of the rail in service.

For a number of grades investigated by C 53 Committee of ORE, other
fatigue limits depending on other stress patterns have been determined (Fig.
12). These measurements are intended to control the fatigue criterion
proposed by Dang Van (M. Dang Van is with the Laboratoire de Mecanique
des Solides de I’Ecole Polytechnique). According to this criterion, a linear
relationship exists between the hydrostatic pressure and the part of shearing
which is variable along the cycle. The following formula applied

| | + ap = constant

FI1G. 12— Dang Van diagram.
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in the plane with the poorest orientation when the fatigue failure occurs.

Thus, one can define a field of failure at the outside of two symmetrical
lines obtained in conducting fatigue tests according to different stress
patterns.

Failure Crack Propagation

The best solution consists of avoiding the occurrence of any fatigue crack
by the means of a high fatigue limit. However, as it is difficult to be entirely
sure that possible overstressing will never give rise to a failure, it is worth
studying fatigue crack propagation for the different grades.

IRSID has especially studied the three harder grades: chromium-silicon
steel and induction full hardened steel, 100 and 120 kg/square mm.

The specimens were cut from UIC 60 railhead, straightened on a roller
machine. The sampling was carried out in such a manner that the fatigue
crack would grow in a transverse direction to railhead (Fig. 13).

249

48
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FIG. 13—Specimen design and orientation.
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The results (Fig. 14) show the advantage gained from a thermal hardening
with regard to the hardening obtained through the addition of alloy
elements.

1. The no-crack AKs threshold is higher for the thermal hardened steels.

2. The rate of growth of fatigue crack is more rapid for the chromium-
silicon grade.

3. Kic is the lower for the chromium-silicon grade.

G. J. Fowler and A. S. Tetelman (authors’ closure)—The data on crack
growth presented by Mr. Vicens represent alloy and heat-treated steels which
were not covered in our study.

It is generally accepted that the fatigue endurance limit of steels will
increase as the ultimate tensile strength increases, as shown by the trend in
Mr. Vicens’ data presented in Table 6. However, the endurance limit is also
strongly influenced by the microstructure and the nonmetallic inclusion
content. Additionally, the crack growth rate near AK:, (Region A) has been
shown to be dependent on the grain size, environment, load ratio, and
strength level? The effect of microstructure on the growth rate is also
observed at values of Kmax approaching K. (Region C growth). Perhaps an
explanation of the results can be obtained by examining these variables.

FI1G. 14—Crack propagation.
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ABSTRACT: The Ad Hoc Committee on Rail Research, which is composed of
representatives from the American Railway Engineering Association (AREA), the
Association of American Railroads (AAR), and the American Iron and Steel Institute
(AISI) Committee on Railroad Materials, formulated a program to investigate the
effects of metallurgical properties, mechanical properties, and applied stress condi-
tions on the service fracture behavior of carbon-stee! rails. This paper presents the
fatigue and fracture behavior of five rails having extremes in room-temperature tensile
properties and Charpy V-notch toughness, and an analysis of the effect of this
behavior on the in-service useful life of carbon-steel rails. These five rails were
removed from service after 15 to 18 years of operation and were selected from a
population of about 90 rails that were removed from service because they contained
service-developed defects. A companion paper in this symposium describes the results
of chemical analysis, hardness and tension tests, and the results of wear, deformation,
metallographic, and fractographic analysis.

The results of the fractographic investigation conducted under AAR-AISI contract
that are presented in part in the companion paper showed that in-service fatigue
cracks initiated from inclusions having a width of about 0.03 mm (1.25 mils). The
results of the present investigation showed that fatigue crack initiation from such
small discontinuities occurs when the magnitude of the stress fluctuations applied to
the railhead with the passage of each wheel are equal to about the tensile strength of
the steel. The cost of the steelmaking practices required to eliminate such small
discontinuities is believed to be economically prohibitive. Moreover, the detection of
such discontinuities is beyond the capabilities of presently available nondestructive
inspection procedures. The results also showed that the fatigue crack propagation
behavior of various carbon-steel rails is essentially identical and is independent of
chemical composition or mechanical properties. Moreover, the dynamic fracture
toughness of these rails at the minimum operating temperature of about —35°C
(—=30°F) was about 27.5 MPa +/m (25 ksi v/in.), and a significant increase in the
fracture toughness of the rail would result in a negligible increase in the useful fatigue
life of the rail. Significant increase in the fatigue life of rails can be achieved by
decreasing the wheel load, by maintaining the roadbed, by changes in the design of
rails, and by establishing a residual compressive stress field in the upper portion of the
railhead which can be accomplished, for example, by induction hardening. Conse-
quently, it is suggested that the safety and reliability of rails can be ensured best by

*Original experimental data were measured in U.S. customary units. ~ )
!Section supervisor and senior research technician, respectively, United States Steel Corp-
oration, Research Laboratory, Monroeville, Pa. 15146.
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decreasing the magnitude and fluctuation of the stresses in the rail and by periodic
nondestructive inspection of rails.

KEY WORDS: stecls, railroad tracks, metallurgy, mechanical properties, stresses,
fracture, fatigue

The Ad Hoc Committee on Rail Research, which is composed of
representatives from the American Railway Engineering Association
(AREA), the Association of American Railroads (AAR), and the American
Iron and Steel Institute (AISI) Committee on Railroad Materials, formu-
lated a program to investigate the effects of metallurgical properties,
mechanical properties, and applied stress conditions on the service fracture
behavior of carbon-steel rails. The Ad Hoc Committee selected four track
sites on main line railroads where above-normal incidence of rail cracking
had been documented. Thirty-three rail samples were selected by the Ad Hoc
Committee from approximately ninety 2.44-m (8-ft) segments of joined rails
that had been removed by the AAR from the track sites. Thirty-one of the
samples were removed because ultrasonic inspection had indicated that they
contained service-developed cracking. The samples were broken in three-
point bending at room temperature at the AAR Technical Center to reveal
the origin and extent of cracking. They also determined the room-temp-
erature tensile and Charpy V-notch (CVN) impact properties of all 90 of the
original rail segments. One half of each fractured segment (31 samples) and
the other two that did not contain cracks were sent to U.S. Steel Research
for further investigation under AAR-AISI contract. Although it was
desired to have rail samples with prematurely short service lives from
traditionally troublesome track locations, rail samples with service-devel-
oped defects were not found in these locations. As a result, the field group
was only able to select rails with relatively long service lives; most of these
(27) had lives between 363 and 545 million metric tonnes (MMT) (400 and
600 million gross tons (MGT)), and the average life was 454 MMT (500
MGT) or 16 years (Table 1). This average service life represents about 15.4
million loading cycles at about 14.7 metric tonnes (16.25 tons) per wheel,
well beyond the number of cycles (5 million) generally considered as infinite
life in laboratory fatigue tests such as a rolling contact load test. The
investigation of the thirty-three segments included chemical analysis, tensile
properties, metallographic analysis (macrostructural and microstructural
examination and microcleanliness), fractographic analysis (fracture surfaces
and composition, and nature of fracture origin), and contour profile wear
and deformation. The results of this investigation are presented in a
companion paper in this symposium.’

In addition, the Ad Hoc Committee selected five of the rail segments for
an investigation by U. S. Steel Research of the fatigue and fracture behavior
of carbon-steel rails having extremes in mechanical properties. These five

2Sonon, D. E., Pellegrino, J. V., and Wandrisco, J. M., this publication, pp. 99-117.
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rail segments were selected from the total population (approximately 90
segments); the five rail segments were characterized as having (a) highest
room-temperature tensile strength, (b) lowest room-temperature tensile
strength, (¢) highest room-temperature CVN energy absorption, (d) lowest
room-temperature CVN energy absorption, and (e) intermediate tensile
strength and CVN energy absorption at room temperature.

This paper presents the results of the fatigue and fracture behavior studies
of the five rail segments and an analysis of the effect of this behavior on the
in-service useful life for carbon-steel rails.

Material

The chemical composition and mechanical properties of the five rails
investigated are presented in Table 1. This table also presents the years of
service life and the tonnage (in million tons) transported over these rails
prior to their.removal from service.

Experimental Work

The investigation was conducted by using the various specimens. The
geometry and orientation for these specimens are shown in Fig. 1. To
facilitate the machining of these specimens, the edges of the rail flange and
railhead were removed by machining. The remaining head-web-flange rail
section was surface ground to a smooth flat plate.

Rotating Beam Specimens

Smooth 4.6 mm (0.180 in.) diameter rotating beam specimens (Fig. 2)
were machined from each of the five rails investigated. The tests were
conducted on a 15.8-J (140-in.-1b) capacity Krouse rotating beam fatigue
testing machine. Conventional $-N curves in air were obtained at testing
speeds of 2500 to 6000 cycles per minute (cpm). The terminal conditions for
each test correspond to specimen fracture in the testing machine.

FIG. 1—Various specimens used in the present investigation.
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FIG. 2—Smooth rotating beam specimen.

Wedge Opening Loading (WOL) Specimens

The fatigue crack propagation tests in the present investigation were
conducted on 13.8-mm (0.545-in.)-thick WOL specimens (Fig. 3). The
specimens were machined with the fatigue crack propagation plane oriented
transverse to the rail axis (Fig. 1). Two specimens were tested from each rail,
one with the crack propagating from the railhead toward the web, and one
with the crack propagating from the flange into the web.

LeB W
\
\I
NOMINAL DIMENS|ONS
a -CRACK LENGTH a= |.0inch (25.4 mm)
B -SPECIMEN THICKNESS B=0.55inch { 14 mm)
W-SPECIMEN WIDTH W= 2.55 inches (64.77mm)
H -SPECIMEN HEIGHT H = 2.48 inches (62.99 mm)

FIG. 3—Geometry of wedge opening loading (WOL) specimen used in the present inves-
tigation.
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The stress-intensity factor, Ki, at the tip of a crack in this specimen
geometry is given by the equation

- GP (H
k=pva
where
P = applied load,
B specimen thickness,
a crack length measured from the loading plane, and
C; = a function of the dimensionless crack length, a/ W, where W
is the specimen length measured from the loading plane.
For the range 0.35 <a/ W < 0.75, Cs can be expressed in the polynomial form
as follows

30.96 (i)— 195.8(_“_\-‘ + 730.6("_)" - 1186.3(_”_)“
% W, W, 7%
(2)
+ 754.6 (1)
7%

The specimens were machined to +0.05-mm (£0.02-in.) tolerances on all
dimensions. An 0.18-mm (0.007-in.) root radius notch was then made with
an electrical discharge machine (EDM). The specimen surface was polished
to allow for visual identification of the crack tip. To provide a means of
measuring the rate of crack extension, two rows of diamond-shaped
hardness indentations were made on one of the specimen surfaces (with a
Vickers pyramid hardness testing machine) parallel to and 2.3 mm (0.09 in.)
from the plane of the crack and in the direction of crack extension. The
distance between neighboring indentations was 0.25 = 0.005 mm (0.01 £
0.002 in.). Finally, the specimens were cleaned by immersion in an ultra-
sonically agitated bath.

Testing was done in air at room temperature and at a cyclic stress
frequency of 300 cpm in a 222.4 kN (50-kip) materials testing systems (MTS)
machine. Alignment was achieved by careful machining of specimens and
other auxiliary parts, and by loading the specimens through universal joints.

In all tests, the fatigue crack was initiated and propagated under tension-
to-tension sinusoidal loading at a constant maximum load and a constant
minimum load, both of which were controlled within £1.0 percent. The two
load ranges used were 8.9 kN (2000 1b) maximum to 0.89 kN (200 1b)
minimum and 7.6 kN (1700 1b) maximum to 0.89 kN (200 1b) minimum.
Prior to making crack-length measurements, the fatigue cracks were ex-
tended about 5.8 mm (0.23 in.) from the machined notch root at a frequency
of 300 cpm. Thus, at the time crack-length measurements were begun, the
total crack length, a, was approximately equal to 25.4 mm (1 in.).

Fatigue crack extension was measured optically at X17 magnification with
a microscope (M-101 Gaertner) mounted in a micrometer slide. The
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accuracy of measurement of any crack length was approximately £0.05 mm
(£0.002 in.).

Fatigue-Cracked Ki. Bend Specimens

For fracture toughness, Ki,, measurements slow-bend, fatigue-cracked
specimens were tested in three-point loading according to the ASTM Test
for Plane-Strain Fracture Toughness of Metallic Materials (E 399-74). The
long axis of the specimen was oriented along the rail length, and the plane of
the fatigue crack was transverse to the rail length (Fig. 1). Because of the
limited material that was available, some of the specimens were machined
from the railhead while others were machined from the rail web. The
specimens had a nominal thickness of 12.7 mm (1/2 in.) and were about 33
mm (1.3 in.) wide. They were tested in three-point bending with a ratio of
loading span, S, to specimen width, W, equal to 4.0. The specimens were
fatigue precracked at room temperature at a maximum stress intensity factor
level less than 14.3 MPa +/m (13 ksi \/in.).

The K. tests were conducted in the temperature range —45 to +65° C (—50
to +150°F). The stress intensity factor, Ki, was calculated from the equation
(ASTM Method E 399-74)

a
K =P—SB§V(JZ2 3)

where

w specimen depth and
f(a) = a function of relative crack length in ASTM Method
WJ  E 399-74.

The fracture toughness in terms of Ki-and K, was calculated using ASTM
Method E 399-74, and from the area under a load-crack opening displace-
ment curve using J-integral procedures [/1.’

Charpy V-Notch Specimens

The CVN specimen was the standard specimen, Type A of ASTM
Methods and Definition for Mechanical Testing of Steel Products (A 370-
76). The long axis of the specimens and the axis of the notches were oriented
the same as for the K. specimens (Fig. 1). The CVN specimens were
machined from ends of fractured Ki. specimens and were tested in the
temperature range —60 to +230°C (=75 to +450°F) according to ASTM
procedures.

Results and Discussion

General Discussion

The safety and reliability of structures are governed by many interrelated
factors. Fracture of a structural detail can occur as a result of improper

*The italic numbers in brackets refer to the list of references appended to this paper.
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material properties, design, fabrication, inspection, erection, and operating
conditions. These parameters govern the initiation, subcritical crack pro-
pagation, and unstable propagation of cracks under operating conditions.
The sum of the elapsed cycles required to initiate a fatigue crack and to
propagate the crack from subcritical dimensions to the critical size repre-
sents the fatigue life of cyclically loaded structural components. Conse-
quently, an understanding of crack initiation behavior, subcritical crack
propagation behavior, and unstable crack propagation behavior can be used
to develop a fracture control plan to ensure the safety and reliability of
structures. Discussion of the parameters that govern the behavior for each of
the stages in the life of cyclically loaded structural details is presented
elsewhere [2]. The effect of these parameters on the safety and reliability of
carbon-steel rails is presented in the following sections.

Fatigue Crack Initiation

Conventional procedures used to design structural components subjected
to fluctuating loads provide (@) a design fatigue curve (S-N curve), which is
based on the prediction of cyclic life from data on nominal stress (or strain)
versus elapsed cycles, and (b) a design fatigue chart (Goodman chart), which
indicates the maximum and minimum stresses that can be applied to
specimens at any given stress ratio, R (omin/Omax), and at any selected
fatigue life. Data used for plotting a curve or chart are usually obtained by
testing unnotched specimens and represent the number of cycles required to
initiate a crack in the specimen plus the number of cycles required to
propagate the crack from a subcritical small size to a critical dimension. The
dimension of the critical crack required to cause terminal fracture depends
on the magnitude of the applied stress, the specimen geometry, and the
specific testing conditions used.

Figure 4 is a schematic S-N curve divided into an initiation component
and a propagation component. The number of cycles corresponding to the
endurance limit represents initiation life primarily, whereas the number of
cycles expended in crack initiation at a high value of applied alternating
stress is negligible. As the magnitude of the applied alternating stress
increases, the total fatigue life decreases and the percent of the fatigue life to
initiate a crack decreases and that to propagate a crack increases. Conse-
quently, S-N-type data do not provide complete information regarding safe
life predictions in structural components, particularly in components having
surface irregularities different from those of the test specimens and in
components containing crack-like discontinuities, because the existence of
surface irregularities and crack-like discontinuities reduces and may elim-
inate the crack initiation portion of the fatigue life of structural components.

The initiation of fatigue cracks occurs usually in regions of stress
concentrations as a result of stress fluctuations. Notches, changes in cross-
sectional area, and material discontinuities such as inclusions all cause
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FIG. 4—Schematic S-N curve divided into initiation and propagation components.

localized stress intensification. For example, the material element at the tip
of a notch in a cyclically loaded structural component is subjected to the
maximum Stress, Oma, and to the maximum stress fluctuations, Aomax.
Consequently, this material element is most susceptible to fatigue damage
and is, in general, the origin of fatigue crack initiation. It has been shown
that the maximum stress range (or maximum stress) on this material element
can be related to the stress concentration factor, k:, and to the stress intensity
factor range (or stress intensity factor) as follows [2]

AK; 4)

2
VIRV

where p is the notch tip radius and Ao is the applied nominal stress range.
Although this equation is considered exact only when p approaches zero,
Wilson and Gabrielse [3] showed that this relationship is quite accurate for
relatively blunt notches.

Experimental data for steels of various yield strengths (Fig. 5), tested at
various stress ratios, R (ratio of minimum stress to maximum stress) indicate
that the fatigue crack initiation threshold, (AK:/+/7))u (the value of the pa-
rameter (AKi/+/ ) below which fatigue cracks do not initiate) can beestimated

AOmax = Aokl =

AKtotal = 10 \/27—\ (5)

\/F th
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from where AKiowi is the stress intensity factor range calculated by using the
sum of the tension and compression stress range and o is the yield strength of
the material. ‘

The number of cycles corresponding to the endurance limit obtained by
testing smooth rotating beam specimens represents fatigue crack initiation
life primarily. Combining Eqs 4 and 5 and extrapolating the applicability of
these equations to smooth rotating beam specimens suggest that the
endurance limit should occur when the total range of stress is equal to
11.3+/5, and the corresponding alternating stress, oai, Which is equal to 1/2
(Aomax) for a rotating beam specimen, is equal to 5.65v/or. The predicted
values of alternating stresses corresponding to the endurance limit for the
rail carbon steels investigated [400 < 6. < 600 MPa (58 < o- < 87 ksi)] are
about 10 percent lower than the experimental values (Fig. 6).

The present data, as well as data published elsewhere [2], show that the



BARSOM AND IMHOF ON CARBON-STEEL RAILS 397

ALTERNATING STRESS, ksi

[
801 L4
b A
¢ v
60| oQw A v
@ 28 High CVN L it .
# 29 High Tensile .
wofl Vv Intermediate
4 50 Low CVN
- B 55 Low Tensile
20| A b aiiitl Ll aaaill i sl [N EEET
103 104 105 108 107

NUMBER OF CYCLES TO FAILURE

FIG. 6— Rotating beam fatigue results for carbon-steel rails.

value of the fatigue crack initiation threshold increases with increased yield
strength or tensile strength of the steel. The published data show also that
the fatigue crack initiation life of a component subjected to a given nominal
stress range increases with increased yield or tensile strength of the steel;
however, the effect of strength decreases with increased magnitude of the
stress concentration factor.

Fatigue Crack Propagation

General Behavior—Most fatigue crack growth tests are conducted by
subjecting a fatigue-cracked specimen to constant-amplitude, cyclic load
fluctuations. Incremental increase of crack length is measured, and the
corresponding number of elapsed load cycles is recorded. The data are
presented on a plot of crack length, a, versus total number of elapsed load
cycles, N (Fig. 7). An increase in the magnitude of cyclic load fluctuation
results in a decrease of fatigue life of specimens having identical geometry
(Fig. 8). Furthermore, the fatigue life of specimens subjected to a fixed
constant-amplitude, cyclic load fluctuation decreases as the length of the
initial crack is increased (Fig. 9). Consequently, under a given constant-
amplitude stress fluctuation, most of the useful cyclic life is expended when
the crack length is very small. Various a-versus-N curves can be generated by
varying the magnitude of the cyclic load fluctuation or the size of the initial
crack, or both. These curves reduce to a single curve when the data are
represented in terms of crack growth rate per cycle of loading, da/dN, and
the stress intensity factor range, AKi, because AK; is a single-term parameter
that incorporates the effect of changing crack length and cyclic load
magnitude. The parameter AK: is representative of the mechanical driving
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FIG. 7—Schematic showing relation between “initiation” life and “propagation” life.

force and is independent of geometry. The most commonly used presen-
tation of fatigue crack growth data is a log-log plot of the rate of fatigue
crack growth per cycle of load fluctuation, da/dN, and the fluctuation of the
stress intensity factor, AK..

The fatigue crack propagation behavior for metals can be divided into

| | | 1 I |
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Agy > Ag, > Ag, Ao,

Ao,

FATIGUE-CRACK LENGTH, a, inches

| |
o 1 2 3 4 5 6 7

NUMBER OF CYCLES, N x 10%

FIG. 8—Schematic showing effect of cyclic stress range on crack growth.



BARSOM AND IMHOF ON CARBON-STEEL RAILS 399

I L T I ! L}

SINUSOIDAL STRESS - CONSTANT AMPLITUDE
a3>ay> 9

a3 ap a

FATIGUE-CRACK LENGTH, a, inches

| ] !
0 1 2 3 4 5 6 7

NUMBER OF CYCLES, N x 105

FIG. 9—Effect of initial crack length on crack growth.

three regions (Fig. 10). The behavior in Region I involves a fatigue crack
propagation threshold, AKi» which corresponds to the stress intensity factor
range below which cracks do not propagate under cyclic stress fluctuations.
An analysis of experimental results published on nonpropagating fatigue
cracks shows that conservative estimates of AK., for various steels subjected
to various stress ratio, R, values can be predicted from Ref 2

AKyp = 6.4 (1 — 0.85 R) for R = +0.1

()
AKw = 5.5 ksiv/in, for R < +0.1

where AKuw is in ksi \/in.

Equation 6 indicates that the fatigue crack propagation threshold for
steels is primarily a function of the stress ratio and is essentially indepen-
dent of mechanical properties and of chemical composition.

The behavior in Region II (Fig. 10) represents the fatigue-crack propa-
gation behavior above AKin, which can be represented by

da _ A (AKYD)"

dN M
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FIG. 10—Schematic representation of fatigue crack growth in metals.

where A and n are constants. This behavior is discussed further in the
following section.

Rail Steels—Extensive fatigue crack growth rate data for various steels
show that the primary parameter affecting growth rate in Region II is the
range of fluctuation in the stress intensity factor, and that the mechanical
and metallurgical properties of these steels have negligible effects on the
fatigue crack growth rate in a room-temperature air environment. The data
for ferrite-pearlite steels, including A36, A572, A588, ABS-C, A302-B, and
A537-A steels fall within a single band [2,4] as shown in Fig. 11 [4], and the
upper bound of the scatter of the fatigue crack propagation rate data for
these steels in an air environment can be calculated from Ref 4

g]% = 1.68 X 107 (AK)* ®)
where
a = in., and
AK: = ksi \/in.
The stress ratio, R, and mean stress have only a small effect on the rate of
crack growth in Region II [2]. However, as has been discussed already, they
have a significant effect on the behavior in Region L.
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FIG. 11—Fatigue crack propagation data for A36 and A588-A steels.

The fatigue crack propagation data for the rail carbon steels investigated
are shown in Fig. 12. Superimposed on the data is the upper scatterband line
for ferrite-pearlite steels that corresponds to Eq 8. The data show that the
fatigue crack propagation rates were identical for the rail carbon steels
investigated, regardless of their chemical composition or mechanical prop-
erties, and that their propagation behavior was the same as that of the
ferrite-pearlite structural steels previously studied despite the large differ-
ences in chemical composition and mechanical properties.

Fracture Toughness

Charpy V-Notch Behavior—The CVN behavior for the five carbon-steel
rails investigated is shown in Fig. 13. The data show that the rail identified as
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FIG. 12— Fatigue crack propagation for carbon-steel rails.

having the highest CVN value and the rail having the lowest tensile value had
essentially identical CVN transition behavior; both had an upper-shelf
energy absorption equal to 34 J (25 ft-1b). The upper shelf for these two rails
occurred at about +175°C (+350°F). The rail having the highest tensile value
and the rail having intermediate tensile and CVN values had similar CVN
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FIG. 13—Charpy V-notch properties of carbon-steel rails.



BARSOM AND IMHOF ON CARBON-STEEL RAILS 403

transition curves and an upper-shelf value between 24.5 and 27 J (18 and 20
ft-1b) occurring at about +230°C (+450°F). The rail having the lowest room-
temperature CVN value had the highest CVN transition temperature, with
an upper-shelf, energy absorption value of 21.8 J (16 ft-1b) that occurred at
+230°C (+450°F). Despite these differences between the upper-shelf be-
havior, all five rails investigated had CVN energy absorption values between
4.1 and 6.1 J (3 and 4.5 ft-lb) at the minimum operating temperature of
about —35°C (—30°F) expected for rails in the continental United States.
Furthermore, the fracture appearance at temperatures below +65°C (+
150°F) was essentially 100 percent cleavage.

K. Behavior—The stress intensity factor value for a given stress increases
with increased crack length until it reaches a critical value, K. at which the
crack propagates unstably and the life of the component is terminated. For
Mode I deformation (Fig. 14) and for small crack-tip plastic deformation
(plane-strain conditions), the critical stress intensity factor for fracture
instability, K, represents the inherent ability of a material to resist
progressive tensile crack extension. However, this fracture toughness prop-
erty varies with constraint, and, like other material properties such as yield
strength, it varies with temperature and loading rate [2]. The fracture
toughness K., obtained at a given loading rate increases with increased test

x
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MODE I

~N

MOOE m

'g.l‘f
l}'}')a

FIG. 14— Three basic modes of crack surface displacements.
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temperature through the transition temperature region, and, at a given test
temperature, it decreases with increased loading rate.

Because the K. specimens tested had a nominal thickness of 12.7 mm (0.5
in.), valid Ki. data were not obtained for most of the tests because of
insufficient constraint. Consequently, the invalid Ki. test records were
analyzed by calculating K; (ASTM Method E 399-74) values and by using J-
integral procedures [/]. Moreover, static Kic values were estimated from the
impact CVN data by first calculating the fracture toughness under impact
loading, K, using the empirical relationship [2,5]

2
Kid

7> =5 (CVN f-lb) (9)

where E is Young’s modulus and then shifting these Kis values to lower
temperatures by using the following temperature shift equation between
static and impact loading [2,5,6]

Tunin = 215 — 1.5a, for 250 MPa < ¢ < 965 MPa (10

. . .. 4
where Tuin is in degrees Farenheit.

The fracture toughness data under slow loading conditions for the five
rails investigated are presented in Fig. 15 for the rail with the highest CVN
value and the rail with the lowest tensile value, and in Fig. 16 for the three
remaining rails. The fracture mechanics toughness data show, like the CVN
data, that the rail with highest room-temperature CVN value and the one
with the lowest room-temperature tensile value had essentially identical
fracture toughness values in the temperature range —45 to +40°C (—50 to
+100°F). The data show also that the fracture toughnesses for the three
remaining rails were essentially identical in the temperature range —40 to
+65°C (—50 to +150°F). This observation confirms predictions based on
temperature shift procedures between static and impact loading and shows
that differences in CVN behavior for these steels that occur at temperatures
above +120°C (+250°F) have negligible effects on the fracture behavior in
the temperature range —40 to +65°C (=50 to +100°F). The data in Figs. 15
and 16 show that in this temperature range the static toughness for the rail
with highest room-temperature CVN value and for the one with lowest
room-temperature tensile value (Fig. 13) was higher than the static tough-
ness for the rails with highest tensile value, intermediate tensile and CVN
values, and lowest CVN value (Fig. 13). However, based on the static K.
data presented in Figs. 15 and 16 and the shift of this data to higher
temperatures using Eq 10, and based on the CVN data and the correspon-
ding Ki« values calculated by using Eq 9, the plane-strain, dynamic fracture
toughness, Kis, at the minimum operating temperature of about —35°C

4250 MPa = 36 ksi. 965 MPa = 140 ksi.
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FIG. 15— Fracture toughness of carbon-steel rails.

(—30°F) for the rails investigated would be essentially identical and equal to
about 27.5 MPa \/m (25 ksi /in.).

Analysis of In-Service Behavior for Rails

The increased wheel loads that stress the rail above the yield point have
increased damage to the track structure such that, in many instances, rail life
is dictated by fatigue rather than wear. To improve the safety and reliability
of the track structure requires a further understanding and possible mod-
ifications in present-day practices. The identification of the specific mod-
ifications needed requires a thorough study of material properties, design,
fabrication, inspection, installation, and service conditions. Changes in these
parameters affect the useful fatigue life of rails. Consequently, crack
initiation, subcritical crack propagation, and fracture behavior of rail steels
are primary considerations in the analysis of the safety and reliability of
rails. Potential exists for increasing the fatigue life of rails by minimizing or
eliminating the crack initiation sites such as inclusions in the rail steel, by
decreasing the magnitude and fluctuation of the in-service stresses, and by
increasing the toughness of the steel. The relative contribution of each of
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FIG. 16—Fracture toughness of carbon-steel rails.

these changes with respect to the fatigue life for rails are presented in the
following discussion.

The discussion presented in the preceding sections showed that the fatigue
crack initiation life for a given steel can be increased significantly by
decreasing the applied stress range or the magnitude of the stress concen-
tration factor, or by both. Furthermore, the fatigue crack initiation life for a
component containing a given stress raiser (discontinuity, inclusion, or
change in geometry) can be increased by selecting a higher strength steel.
However, this difference between steels having different tensile strengths
decreases significantly as the magnitude of the stress concentration factor
increases. Thus, although the endurance limit for rail steels obtained in the
laboratory by testing smooth specimens increases with increased strength,
the in-service fatigue crack initiation life for heavily loaded rails may be
negligible because in-service fracture of most rails is caused by fatigue cracks
which nucleate at regions of relatively high stress concentration such as
inclusions in the material.

In-service fracture of most rails is caused by the initiation of fatigue cracks
and their propagation to critical dimensions. The fractographic analysis
which is summarized in the companion paper in this symposium (Footnote
2) showed that these cracks initiate from stringer-type discontinuities (for
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example, calcium aluminate inclusion stringers) that are located in the
vicinity of the elastic-plastic boundary between the plastically deformed
layer of the railhead and the remainder of the railhead. The depth of the
plastically deformed layer was about 9.5 mm (3/8 in.).

Further investigation of these initiation sites showed that the length-to-
width ratio of these stringers was very large and that their width varied from
about 0.025 to 0.06 mm (1.0 to 2.5 mils). These discontinuities are subjected
to Mode 1, Mode 11, and Mode 111 in-service deformations. Although the
resulting in-service residual and applied stresses are very complex and are yet
to be defined, the magnitude of the equivalent Mode I stress fluctuations
applied to these discontinuities may be estimated by using Eq 6. Thus,
assuming that these discontinuities behave as imbedded fatigue cracks
having a crack width, 2a, equal to 0.025 mm (1.0 mils), and substituting
AKn =6 MPa \/m (5.5 ksi \/1n.) because R < 0, and K1 = ov/7a for an
imbedded tunnel crack, Eq 6 suggests that these discontinuities are subjected
to an equivalent nominal tensile stress fluctuation equal to or greater than
the tensile strength of steel.

Because fatigue crack initiation from notches is governed by the sum of
the tensile and compressive stress range, and because of the high compressive
stresses experienced by the discontinuities with the passage of each wheel, Eq
5 indicates that the fatigue cracks will initiate from these discontinuities even
when the tensile stress component is a small fraction of the tensile strength of
the steel.

Although the magnitude of residual stresses and stress fluctuations in a
railhead cannot be predicted accurately at the present time, the fact still
remains that in-service fatigue cracks initiate and propagate from inclusions
that are 0.025 mm (1.0 mil) wide.

Consequently, to prevent in-service fatigue crack initiation and propa-
gation in rail steels subjected to heavy wheel loads, stringer discontinuities
having a width less than about 0.025 mm (1 mil) would have to be detected
and eliminated. The cost of steelmaking practices required to eliminate such
small discontinuities is believed to be economically prohibitive. Moreover,
the detection of such discontinuities is beyond the capabilities of presently
available nondestructive inspection procedures. The difficulties in using
nondestructive testing are compounded by the fact that the severity of these
discontinuities depends on their shape and their location and distribution in
the rail.

The probability of the existence of a small discontinuity that could cause
the initiation of a fatigue crack in rail service increases significantly with
increased load. Once a fatigue crack is initiated, propagation occurs under
the influence of the applied cyclic stress fluctuations that are caused by the
passage of each wheel. The fatigue crack propagation data for carbon-steel
rails (Fig. 12) has been shown to be independent of the chemical composition
or the mechanical properties of the steel and is governed primarily by the
magnitude of the applied stress intensity factor range.

The rails investigated in the present study were removed from service prior
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to terminal fracture. The data presented in Table 1 show that these rails had
been in service between 15 and 18 years and had carried between 436 and 505
MMT (481 and 557 MGT). The rails with the highest room-temperature
tensile strength and with the lowest room-temperature CVN value were
removed from service because of shell defects. The rails with highest room-
temperature CVN value, intermediate room-temperature tensile and CVN
values, and lowest room-temperature tensile strength were removed from
service because they contained detail fractures from shelling. The room-
temperature CVN values for these three rails ranged from 5.8t09.9J (4.3 to
7.3 ft-1b), and the CVN values at about —35°C (—30°F) were between 4.1 and
5.4 J (3 and 4 ft-1b) (Fig. 13). When these rails were removed from service,
they contained transverse fatigue cracks that had extended over an area
representing between 25 and 65 percent of the railhead cross section (Fig.
17). One of the rails that was removed from service (AAR Rail No. 30) had a
CVN value of 5.4 J (4 ft-1b) at room temperature and contained a transverse
fatigue crack that extended over 82 percent of the railhead [7]. Such large
transverse cracks can be tolerated in rails because the primary deformation
of the transverse crack surfaces is in Mode Il (Fig. 14) and because the
tensile stresses perpendicular to this crack plane are small. However, these
tensile stresses, as well as stresses caused by Mode 111 deformation (Fig. 14),
will increase as the cracked area in the railhead increases.

The remaining useful fatigue life for rails containing large transverse
cracks is very small, and a significant increase in the fracture toughness of
the rail steel would result in a negligible increase in the fatigue life of the rail.

In summary, from the results of the present investigation, it is concluded
that:

1. Fatigue cracks initiate in service from stringer inclusions having a
width of about 0.025 mm (1.0 mils). The elimination of these discontinuities
by changes in steelmaking or by nondestructive inspection is technologically
and economically infeasible.

2. The fatigue crack propagation behavior was independent of the
chemical composition and mechanical properties of carbon-steel rails.

3. A significant increase in the fracture toughness of the rails would result
in a negligible increase in the useful fatigue life of the rail

4. Fatigue crack initiation, fatigue crack propagation, and final fracture
are strongly dependent on the magnitude and distribution of the residual
stresses and the applied cyclic stresses.

Overall, it is reasonable to conclude that the service lives of the rails
investigated would have been longer if the inclusions responsible for crack
initiation had not been present. However, it should be noted that most of
these rails had service lives lasting 16 years—454 MMT (500 MGT), with one
sample lasting 22 years—685 MMT (755 MGT). Because fatigue cracks
initiate in service from inclusions having a width of about 0.025 mm (1.0
mils), the cost of steelmaking practices required to eliminate such small
discontinuities is believed to be economically prohibitive. Moreover, the
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(a) 28—highest CVN.
(b) 46—intermediate properties.
(¢) 55—lowest tensile.

FIG. 17—Transverse fatigue cracks in carbon-steel rails.

detection of such discontinuities is beyond the capabilities of presently
available nondestructive inspection procedures. The difficulties in using
nondestructive testing are compounded by the fact that the severity of these
discontinuities depends on their shape and their location and distribution in
the rail. Consequently, it is believed that the safety and reliability of rails can
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be ensured best by decreasing the magnitude and fluctuation of the stresses
in the rail and by periodic nondestructive field inspection. Significant
increase in the fatigue life of rails may be achieved by decreasing the wheel
load, by maintaining the roadbed, by changes in the design of rails, and by
establishing a residual compressive stress field in the upper portion of the
raithead which can be accomplished, for example, by induction hardening.
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DISCUSSION

F. B. Fletcher' (written discussion)—The authors have concluded, appar-
ently on the basis of ten specimens from five rails, that fatigue crack
propagation rates are identical for all carbon rail steels. Such a sweeping
assertion is unwarranted in the light of other fatigue crack propagation rate
data on rail steels presented at this symposium and from their own reported
data.

Feddersen and Broek’ examined 66 rail samples and found a wide
variation in fatigue crack propagation rates. While it is not yet possible to
attribute the fatigue crack propagation rates to specific compositional or
mechanical properties, the point is that different rail samples do exhibit
different fatigue crack growth rates. Fowler and Tetelman’ have shown the
strong effect of grain boundary ferrite on retarding the fatigue crack
propagation rate of carbon rail steels. This is clearly an example of
metallurgical structure affecting fatigue crack propagation. Similarly, Masu-
moto et al’ report that a quenched and tempered microstructure and a fine

'Climax Molybdenum, Ann Arbor, Mich. )

*Feddersen, C. E. and Broek, David, this publication, pp. 414-429.

*Fowler, G. J. and Tetelman, A. S_, this publication, pp. 363-386.

*Masumoto, H., Sugino, K., Nisida, S., Kurihara, R., and Matsuyama, S._, this publication, pp.
233-255.
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pearlite microstructure exhibit slower fatigue crack propagation rates than a
coarse pearlite microstructure,

The authors’ own data indicate statistically significant (a = 0.05) dif-
ferences in fatigue crack propagation among the rails they examined.
Assuming a log normal distribution of fatigue crack propagation rate
measurements at a stress intensity range of 19 to 21 ksi \/in., the following
average da/dN values were determined from the data in Fig. 12:

Rail dajdN at AK; = 20 ksi \/in.,
No. Rail Sample in./cycle

1 high CVN 1.63 X 107

2 low tensile 2.05% 107

3 intermediate 2.74 X 107°

4 low CVN. 291 %10

5 high tensile 312X 107

Applying student’s ¢ tests to the data show that the following rates are
significantly (o = 0.05) different: Rails 1, 3; 1, 4; 1, 5; 2, 5; and 4, 5. Note that
the apparent crack propagation rate of Rail § is nearly twice that of Rail 1.
To conclude, as the authors have, that these fatigue crack propagation rates
are identical is incorrect.

The importance of differences in fatigue crack propagation rates between
various rail steels cannot be overemphasized; a transverse defect in a rail
with a slow fatigue crack propagation rate is more likely to be successfully
detected before the critical defect size is reached than if the rail has a fast
fatigue crack propagation rate. Further experimental work is required
before a rail steel can be designed specifically for reduced fatigue crack
propagation rate. However, refining the pearlite interlamellar spacing and
providing ferrite envelopes around pearlite colonies are two potential
approaches which may lead to rail steels with greater resistance to fatigue
crack propagation—rails which will be both safer and more economical.

J. M. Barsom and E. J. Imhof, Jr. (authors’ closure)—The authors
believe that F. B. Fletcher’s conclusions concerning the effects of chemical
composition and microstructure on the rate of fatigue crack propagation
and on the statistical significance of the differences between the carbon-steel
rails investigated are erroneous for the following reasons.

Extensive data on ferrite-pearlite steels indicate that variations in fatigue
crack propagation rates caused by differences in material properties, if they
exist, are well within experimental scatter for a given material.” The most
comprehensive statistical analysis for fatigue crack propagation data was
conducted by Task Group E24.04.01 on Fatigue Crack Growth Rate Testing

*Rolfe, S. T. and Barsom, J. M., Fracture and Fatigue Control in Structures— Applications
of Fracture Mechanics, Prentice-Hall, Inc., Englewood, Cliffs, N.J., 1977.
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of ASTM Committee E-24 on Fracture Testing of Materials.® The task
group undertook an extensive interlaboratory (round-robin) testing pro-
gram to identify and characterize the sources of variability and bias inherent
in fatigue crack growth rate testing. The results of this investigation showed,
among other things, that “the overall interlaboratory variability was found
to be approximately 3 to 1 (on crack growth rate at a given stress intensity
range). The intralaboratory variability was typically 2 to 1. . . The results of
this study show that the primary source of variability associated with fatigue
crack growth rate testing is the experimental procedure used to obtain the
raw test data (crack length versus elapsed cycles).” Because the variability in
growth rate at AK; = 20 ksi \/in. is within the 2-to-1 intralaboratory
variability, the differences emphasized by Mr. Fletcher using student’s # tests
are not significant, contrary to his claims. Moreover, the decrease in growth
rate by a factor of two that Fowler and Tetelman (Footnote 3) attributed to
grain boundary ferrite is also within the intralaboratory variability.

The variability in growth rate observed by Feddersen and Broek (Foot-
note 2) and by Masumoto et al (Footnote 4) cannot be analyzed without full
knowledge of testing procedures because “the primary source of variability
associated with fatigue crack growth rate testing was found to be the
experimental procedure used to obtain the raw test data (crack length versus
elapsed cycles)” (Footnote 6). For example, the variability in the data for
each specimen presented by Feddersen and Broek shows that they had
experimental difficulties in obtaining the raw data.

Similarly, the data presented by Masumoto et al raise many questions
about their experimental procedure. These include the magnitude of crack
tunneling (cracks that are longer in the center of the specimen than on the
surface) that they state to have occurred, and the variability in crack
tunneling with the strength of the material; the reasons why the tests were
conducted at different initial AK values, despite the fact that the specimen
geometries were identical; as well as other questions.

It should be pointed up that microstructure can result in differences in the
rate of fatigue crack growth. For example, one of the authors has published
information to show that microstructure results in slower growth rate in
ferrite-pearlite steels than in martensitic steels.” However, differences in
microstructure for carbon-steel rails resulted in variations in the rate of
growth that are well within experimental error. Data scatter for fatigue
crack-growth rates in the absence of microstructural differences is approx-
imately 3 to 1 (Footnote 6). Thus, whether observed effects of microstructure
on the rate of fatigue crack growth are significant should be judged on the
basis of this experimental limitation. Because microstructural effects and

*Clark, W. G.,Jr., and Hudak, S. J., Jr., “Variability in Fatigue Crack Growth Rate Testing,”
Journal of Testing and Evaluation, Vol. 3, No. 6, 1975.

"Barsom, J. M., “Fatigue-Crack Propagation in Steels of Various Yield Strengths,” Trans-
actions of the ASME, American Society of Mechanical Engineers, Vol. 93, Series B, No. 4,
Nov. 1971.
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heat-to-heat variations are within the limitations of present experimental
procedures, the safety and reliability of carbon-steel rails can be ensured by
the use of an equation that represents the lower bound for data scatter.
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ABSTRACT: Baseline fatigue crack growth data at R = 0 and mechanical property
data have been generated on 66 different rail materials which are in service on U.S.
railroads. These data are evaluated, along with metallurgical variables such as
chemical composition and microstructure, in an attempt to develop a correlation of
mechanical and metallurgical factors affecting crack behavior in rail steels. The
ultimate objective of this effort is the development of a rail failure model to enable the
determination of safe inspection intervals, through prediction of fatigue crack growth
in rail under service loading.

KEY WORDS: steels, railroad tracks, fatigue (materials), cracks

The evaluation and quantification of fatigue crack propagation behavior
in rail steels is necessary to establish safe inspection intervals and useful
service lifetimes for railroad track systems. Since fatigue cracks in rails can
be the source of failures and subsequent train derailments, the prevention of
such failures requires the timely detection of fatigue cracks and an assess-
ment of their severity.

One portion of the Federal Railroad Administration’s (FRA) Track
Performance Improvement Program is the development of a predictive rail
failure model which will enable a determination of optimal inspection
periods based on a calculation of fatigue crack propagation behavior.
Designation of the safe inspection interval must reflect variances in crack
growth behavior and initial detection accuracy as well as the time increment
necessary for subsequent rail repair or replacement.

The research reported here concerns the first phase of the program to
develop this rail failure model. It consists of the generation and analysis of
fatigue crack growth data on 66 rail samples of various ages, producers, and
weights. The samples were taken from existing track from various sections of
the United States. In order to predict fatigue crack growth and failures under

*Original experimental data were measured in U.S. customary units.

'Research scientist and research leader, Structural Materials Section, respectively, Battelle
Columbus Laboratories, Columbus, Ohio 43201.
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a service load environment, fatigue crack rate data from a sufficiently large
sample of rails presently in service are required to properly evaluate the
statistical variability of fatigue crack growth properties. In the second phase
of the program, fatigue crack propagation under simulated service loading
will be evaluated. Subsequently, the rail failure model will be developed.

Experimental Program

Materials

Since the general objective of this phase of the program was to charac-
terize crack growth in rail materials which are presently, and will continue to
be, in service on U.S. railroads, an effort was made to assemble a
representative sampling of rail materials. Variations in rail size, rail pro-
ducer, and year of production were the primary selection criteria. A total of
66 material samples was received, representing sizes from 85 to 140 Ib/yd,
produced during the period from 1911 to 1975 in both U.S. and Japanese
mills.

Chemical Analyses

Specifications for the chemical composition of rail steels vary slightly with
the rail size (expressed as the weight per yard). The ASTM Specification for
Carbon Steel Tee Rails (A 1-76) cites the following chemical requirements:

Nominal Weight, 1b/yd

Element, % 61 to 80 81 to 90 91 to 120 121 and Over
Carbon 0.55 to 0.68 0.64 to 0.77 0.67 to 0.80 0.69 to 0.82
Manganese 0.60 to 0.90 0.60 to 0.90 0.70 to 1.00 0.70 to 1.00
Phosphorus, max 0.04 0.04 0.04 0.04
Silicon 0.10 to 0.23 0.10 to 0.23 0.10 to 0.23 0.10 to 0.23

Chemical analyses of the 66 rail samples were made for total carbon,
manganese, silicon, sulfur, hydrogen, and oxygen. Phosphorus content was
not determined. The manganese content of four samples was within a range
of 1.36 to 1.48 percent. All others were within the acceptable range. With the
exception of one sample, the hydrogen content was between 0.2 and 1.1
ppm. The oxygen content was generally well below 100 ppm with two
exceptions.

Specimens

From each material sample, one compact fatigue crack propagation and
one 0.25-in.-diameter tensile specimen were machined. (Following the
segregation of these data into three categories of low, medium, and high
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crack growth rates, Charpy V-notched specimens were also prepared.) The
orientation of these baseline specimens is shown in Fig. 1, with the
dimensions of the compact crack-growth specimen shown in Fig. 2. The
thickness of the specimens was selected as 0.5 in., which was the largest web
thickness (after cleanup) common to all rail sections.

Crack growth specimen

31

Charpy specimen

Tensile specimen

FIG. 1—Orientation of specimens for baseline data generation.

Experiments

Crack growth experiments were conducted in a 111 000-N (25-kip)-
capacity servocontrolled hydraulic testing system. To expedite these tests,
the chevron notch was precracked in a fatigue machine (Krouse).

The baseline crack growth tests with compact specimens were performed
under constant-amplitude cyclic loading with a maximum load of 11 100 N
(2500 1b) and a stress ratio of zero. The cyclic frequency was 40 Hz through
most of the test; however, as the crack growth accelerated in approaching the
terminal fracture condition, the frequency was reduced to 4 Hz to obtain a
more accurate visual recording of the critical crack length. The laboratory
air environment was maintained at 20 = 1°C (68 + 2°F) and 50 = § percent
relative humidity.

Crack growth was measured visually, using a X30 travelling microscope.
Crack growth increments of 1.27 mm (0.050 in.) were allowed, after which
the test was stopped for an accurate measurement of crack size. Crack size
was then recorded as a function of the number of load cycles.

Results

Mechanical Properties

The rail materials used in this program typically had a tensile ultimate
strength (TUS) of about 896 MPa (130 ksi) and a tensile yield strength (TYS)
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FIG. 2—Compact fatigue crack growth specimen.

of about 517 MPa (75 ksi). A detailed tabulation of the tensile test data is
presented in the Appendix. One sample from a fully heat-treated rail
exhibited values for TUS and TYS, respectively, of 1296 and 876 MPa (188
and 127 ksi). The low extreme values were associated with specimens
containing longitudinal cracks.

The Charpy data are presented in Fig. 3. They show that, in the range of
ambient temperatures, the Charpy energy is essentially the same for all these
steels. Transition temperatures and upper-shelf behavior show some vari-
ation, but these are of limited interest under operational conditions.

Crack Growth Behavior

Typical fatigue crack growth curves derived for these materials samples
are shown in Fig. 4. The curves show that the number of cycles to grow a 1-
in. crack to failure varied widely for the different rail steel products. This will
be reflected in the rate of growth, which is the basis on which the materials
will be compared in the next section. Also, the final crack size at failure
showed quite a wide variation which will be reflected in the toughness
number.

The crack growth rate variation for these same specimens is illustrated in
Fig. 5.

Data Analysis

In this program, the thrust of data analysis is twofold. On one hand, one
must evaluate the basic experimental data in terms of conventional models
of crack growth rate behavior for purposes of materials characterization. On
the other hand, one must also be able to utilize these same data and their
representation in various models in a predictive fashion for design and
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