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Mechanical Properties and Wear Performance

of Bainitic Steels

ABSTRACT

As a potential candidate for a rail steel, bainitic steels have been studied for

severalyears. Previousresearchconductedat OOIshowedthathigh wear resistancewas

achieved in a low carbon (O.04%C)granular bainitic steel. A strong influence of

microstructural features on the wear behavior highlighted the need to consider

microstructureas well as mechanicalproperties in evaluating the wear behavior of a

steel. This work was initiated to further investigatethe wear performanceof bainitic

steelsand establishstructure/propertyrelationshipsover a widerrange of compositions.

Six Mo-B alloys were designed by varying additions of carbon, manganese,

chromium, and nickel to provide a matrix of steels to investigate. Microstructural

characterizationwas cani.ed out by meansof opticalmicroscopy,SEM and TEM. The

deteriorationperformancewas investigatedin two aspects:wear and deformation.Both

wear and deformationtests were conductedin an Amsler machineunder rolling/sliding

conditions.The mechanicalpropertiesof the steelswere investigatedusing tensiletesting

and Charpy impact testing. For comparison, a pearlitic rail steel and an austenitic

manganesesteelwere alsoinvestigatedin termsof wearand deformationresistanceunder

rolling/slidingconditions.

xv



The microstructural characterization revealed that granular bainite or carbide-free

bainite was obtained in the Mo-B steels in the hot rolled conditions (except the as-

received 12 that exhibited lower bainite) and with subsequent heat treatments with air-

cooling or water quenching. A faster cooling rate produced more lath ferrite and reduced

massive ferrite. The improved wear resistance was mainly associated with an increase

of lath ferrite in the microstructure.

It was found that carbonplayeda significantrole in determiningmicrostructure,

mechanicalproperties and wear performance. As carbon content increased, more lath

ferrite in bainite was produced, which gave rise to an increasedstrengthand improved

wear performance. A decrease in wear rate with an increase in cooling rate was

attributed to the microstructural changes and the improved mechanical properties.

Carbide-freebainite with high strengthand high deformationresistance was beneficial

to improving wear resistance. This study confirmed that the wear resistance of the

bainitic steelswas comparableto high hardnesspearliticrail steels.The steelof O.26%C

could evencompetewith an austeniticmanganesesteelin termsof wear and deformation

resistance.

xvi



INTRODUCTION

Since the advent of railways, rail materials have been challenged by the rising

speed and weight of traffic. The first material used for rails was wrought iron. However,

around 1850 heavier locomotives twisted and crushed wrought iron rails in Great Britain

so that the development of new rails was essential. After over 57 years, accompanied by

controversy and debate, suitable steel rails were develoPed and 100 lb/yd rails with 45

ft in length were produced by 1914.1

In modern railways, rail steel failures take place as a result of wear, deformation

and fatigue. Accompanied by attempts to increase the strength of rails, improving

resistance to wear, deformation and fatigue has been a big issue in the course of modern

rail steel development. Tremendous work has been done by means of in-track testing,2.3

simulatedfield experiments4-8and laboratoryresearch.9-32

Commercial rail steels with high strength and wear resistance possess pearlitic

structures. It has been shown that fine structure and small interlamellar spacing are very

beneficial to improving the wear resistance. However, it seems that the reduction of the

interlamellar spacing is approaching the extreme.33 Research on other types of

microstructure has been conducted. Because it generally provides a good combination of

strength and toughness, bainite is considered a potential candidate for a rail steel.

Unfortunately, the early studies manifested the inferior wear performance of bainitic

steels with respect to pearlitic steeIS.u.I2,2S.34.3SHowever, a study by Clayton et al.36

revealed that under dry sliding conditions, the wear resistance of bainite could be

comparable to pearlite.

1
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A systematic study encouraged by this result was conducted under rolling! sliding

conditions by Devanathan.37 In that study, a low carbon steel (O.04%C) of granular

bainite exhibited a comparable wear resistance to pearlite. In addition, the relationship

between wear rate and contact pressure suggested that the wear resistance of bainite

might be better than pearlite at high contact pressures above 1220 MPa. It was also

suggested that bainite could be comparable to pearlite under very severe wear

conditions.23 Nonetheless, conflicting results still exist in recent studies. The superior

wear performance of pearlitic steels to bainitic steels were also shown in the studies by

Gamham and Beynon23and Clayton and Devanathan.21

Reviewing these studies, it has been found that the microstructures varied

considerably although they were all termed bainite. The early studies lacked a thorough

microstructural characterization and the research was not systematic in terms of

microstructure, chemical composition and mechanical properties. The microstructure of

bainite is very complicated;thereare manyothertypesbesidesupperand lowerbainite.38

The complexity of bainite is in part brought about by the complication and confusion in

naming bainitic structures. Some nomenclatures have been developed to differentiate

various types of bainite,39-42but none is successful in covering all variations in bainite.

It appears that the conflictingresults of bainite wear resistance could be partly

attributed to the complexityof the bainitic structures. Different types of bainite may

exhibit different wear performance. Therefore, a deliberate characterization of the

bainitic structure is essential.

The studies by Clayton et al.36and Devanathan37indicate a potential for bainitic

steels as a wear resistant material in railroad applications. From the metallurgical

perspective, the potential is associated with non-classical bainite and low carbon content

in the steels. Following those studies, the current work was to further investigate the

wear performance of bainitic steels in association with chemical composition,

microstructure and mechanical properties. The objective of this study is to develop a high
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strength, high wear resistant bainitic steel which is also tough, weldable and fatigue

resistant.

The work was conducted on experimental bainitic steels which provide a matrix

of a wide range of carbon contents (0.03% - 0.25%) and other elements such as Mn,

Cr and Ni (0 - 4 %). The wear testing was carried out in an Amsler machine under

rolling! sliding conditions which can produce the wear mode occurring in in-service

railS.19The mechanical properties were investigated and their effects on wear resistance

were analyzed. Weldability was also evaluated to provide the overall performance of the

steels and shed some light for future work. For comparison, the wear performance of a

pearlitic rail steel and a Hadfields austenitic manganese steel was tested.
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CHAPrER 1

LITERATURE REVIEW AND PROJECf OUTLINE

1.1. BAINITE TRANSFORMATION

1.1.1 Dermition of Bainite

Classically, bainite is defined as an austenite transformation product that forms

in a temperature range bounded above by the end of the pearlite transformation region

and below by the martensite start temperature, Ms.38However, the terminology defining

the transformation products formed in this temperature range is still in disagreement and

even somewhat confusing since the structural morphology has been found to vary

considerably with materials and thermal conditions. Much discussion about the correct

definition of bainite has been made in the context of transformation mechanisms based

on crystallography, kinetics or surface relief.

The most common and familiar types of bainite are upper bainite and lower

bainite. Upper bainite forms at the upper part of the bainitic transformation temperature

range and typically comprises an aggregate of ferrite laths and carbide precipitates lying

along the lath boundaries. The ferrite laths usually form in parallel groups to yield plate-

shape regions, often described as sheaves,43with a low angle misorientation between the

laths. Lower bainite forms at relatively lower temperatures. In this structure, ferrite is

plate-like44and carbides precipitate in the bainitic ferrite at an angle of 55 to 60° to the

long axis of the lath.

4
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Since not all bainitic structures can be simply categorizedinto either upper or

lower bainite, new nomenclaturehas been developedto differentiatetypes of bainite.

Ohmori et al.39proposed a set of terms for low-carbonsteels:

(a) Bainite I (BI), carbide-free bainitic ferrite forming between 600°C and

500°C, consists of bundles of ferrite laths with untransformed austenite

between them; the untransformed austenite can transform to martensite

during subsequent quenching.

(b) Bainite II (BII) is a structure madeup of ferritic laths with a cementite

layer betweenthem, similarto theclassicalupperbainite. In an isothermal

transformation, it forms between SQOoCand 450°C, whereas in

continuouscooling, it forms after the BI reactionat intermediatecooling

rates.

(c) Bainite m (BIll) forms between 500°C and the M. in an isothermal

transformation or on continuouscooling near the critical cooling rate,

above which bainite transformationdoes not occur. The morphologyof

this bainiteis similarto the classicallowerbainite,but its crystallographic

structure is almost the sameas that of upperbainite. Basedon the ferrite

morphology and habit plane investigatedin their study, Ohmori et al.

argued that both BITand BID shouldbe classifiedas upper bainite.

Granular bainite, a term often used to describe a certain type of bainite,

generallyconsistsof ferrite and martensite-austeniteconstituentsand was early reported

in detail by Habraken and Economopoulos.40They used the terms "massive" or

"granular" structuresto depict a structureconsistingof coarse plates and particles with

an almost entirely granular aspect. The latter, delineating the prior austenite grain

boundaries,was identifiedto consistof austeniteand martensiteand has been verifiedby

many investigatorssince then.45-47The term "granularbainite" was accepted gradually
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later, and the regions consisting of martensite and austenite are now called a M-A

(martensite-austenite)island or a M-A constituent. The coarse plates were later

interpreted as sheavesof bainitic ferrite with very thin regionsof austenitebetweenthe

sub-units.48It was also reported that the ferrite couldbe polygonal,massive or acicular

dependingon the type and quantityof the alloyingaddition.46Granularbainite has been

observed in low and medium alloy steels.43It is often produced by continuous

cooling,4O,43but isothermally produced granular bainite has also been reported. 49

In some steels (e.g. silicon-containing steels), separate ferrite subunits divided by

films of carbon-enriched retained austenite are produced without carbide precipitation.

This kind of structure is referred to as carbide-Cree bainite. It is also described as

consisting of packets of heavily dislocated ferritic laths with an interlath martensite-

retained austenite (MA) phase rich in carbon.36However, some investigators used this

term for structures where there is simply no carbide.47

Bramfitt and Speer41proposed a general definition for bainite transformation in

an attempt to describe the full range of bainitic microstructures observed so far. In their

terminology system, the principal bainite morphologies fall into three categories, ~, ~

or B:" depending on whether the acicular ferrite is found in association with (a) intralath

precipitates, (b) interlath particles/films, or (c) discrete regions of retained parent phase

(or secondary transformation product), respectively. Bramfitt and Speer's nomenclature

describes general classes of bainite microstructure as follows:

(a) class 1 bainite ~ incorporatesan intralath(plate)constituent;

(b) class 2 bainite ~ incorporates an interlath(plate) particle or film

constituent;and

(c) class 3 bainite (BJ incorporatesdiscreteregionsof a retainedparentphase

(or secondarytransformationproduct) constituent.
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AUSTENITE

M/ \~

acicularferrite
with

intralath(plate)
precipitation

cementite (B~)

epsilon carbide (BD

PolygonalFerrite

BAINITE

acicularferrite
with

interfath(plate)
particlesorfilms

acicularferrite
with

"discrete-island"
constituent

cementite(B;)

austenite (B;)

martensite(8';)

austenite (B;)

martensite (8';')

pearfite(Bn

Figure 1.1 Proposed morphological system for bainite by Bramfitt and Speer.41
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Thisproposedmorphologicalclassificationsystemfor bainite,illustratedin Figure

1.1, implies that a predominantly lath or plate morphology is essential to the

classification of a microstructure as bainite. Consequently, a structure with an

allotriomorphicor polygonal ferrite would not belong to bainite, nor would granular

bainite.

The aim of developing these nomenclatures is to give an accurate description of

bainitic structures. Unfortunately, none of them are completely successful. Some bainite

nomenclatures are listed and commented on in Table 1.1.50

In the identification of bainitic structures, there are some other problems as well.

The morphological similarity between Widmanstatten ferrite, bainite and martensite does

make it very difficult to identify them unambiguously. It is also a problem to distinguish

between lower bainite and auto-tempered martensite using optical or even electron

microscopy unless more than one crystallographic variant of cementite is present in the

latter structure. Furthermore, there is difficulty in differentiating between martensitic

laths and bainitic laths if no carbides are present, although some work has been done on

this aspect.51,52Consequently, the structure-property relationships of bainite to be found

in the literature may not be entirely descriptive of "real" bainite because of the

complexity and ambiguity of the structural classification and identification.



Table 1.1 Comparison of Classification Schemes for BainiteSO

·Note that the study by Ohmori et al. designated a lath morphology and ferrite crystallography of upper bainitic ferrite rather than
that characteristicof high-carbonlower bainite.

\0

Description of Microstructure Nomenclature Comment

Ohmoriet al.39 Bramfitt and Speer41

Acicular ferrite with interlath Bainite I Class ll, - Araki et al.42identify acicular
austenite ferrite without carbide

precipitates (a-B)

Acicular ferrite with interlath Bainite II Class ll, c Classical upper bainite
carbide

Acicular ferrite with intralath Bainite ill Class I, BIC Classicallowerbainite8
carbide

Above formsof acicular - Class III (for example) Should include various types of
ferrite mixed with separate - = with retained austenite low-carbon HSLA steel, and also
regions of retained austenite B3m = with martensite low alloy creep resistant steels
and/or secondary _,m= with retained with granular bainite
transformation products, for austenite and martensite microstructure
example, pearlite or
martensite
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1.1.2. Mechani4;DIof Bainite Reaction

Similar to the definition of bainite, controversies remain in clarifying the

mechanism. On one hand, bainite resembles martensite in acicular morphology, similar

crystallographic, and surface relief effects. On the other hand, the reaction kinetics are

those of nucleation and growth transformation except for the incomplete transformation

phenomenon. The debates have been concentrated on the transformation by diffusional

or diffusionless process. The diffusional viewpoint is that the lattice rearrangement is

accomplished by long-range diffusion of substitutional atoms, whereas the diffusionless

mechanism is that the lattice rearrangement is carried out in a shear mode like the

martensite transformation.

Since bainite is an aggregate of ferrite and carbide, it was proposed that bainite

forms from austenite by cooperative growth of the two phases.53,54The degree of

cooperationin the growthprocessdistinguishesbainitefrompearlite.54For lower bainite,

the plates lengthen at a rate controlledby diffusionof carbon in austenite ahead of an

advancing ferrite interface. 55 Carbides precipitate from ferrite at a slight distance behind

the interface since the carbon content in ferrite exceeds that for equilibrium with

carbides. Thickening of the plates is accomplished by cooperative growth of ferrite at a

rate controlled by diffusion of carbon through ferrite.56 As an alternative diffusional

mode, Aaronson57described bainitic growth as being non-cooperative and proposed that

the two phases grow alternately rather than mutually, although the interface between one

product phase and the parent phase does provide a favorable site for nucleation of the

other phase.

The surface relief effect, generally taken as evidence for a diffusionless

mechanism, was explained by a so-called ledge theory of growth by Kinsman and

Aaronson.57-59They suggested that the plate-shape of ferrite develops because of a

substantialbarrier to growth at one orientationof the interfacewhere the austenite and

ferrite lattices match sufficientlywell to form a semi-coherentinterface. This interface
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is immobile in a direction normal to itself, but is able to advance in this direction by the

formation and migration of ledges across it. The advance rate is controlled by long range

diffusion.

With the similarities between bainite and martensite, bainite was believed to form

initially as supersaturated ferrite by a lattice shearing process.6(}.64Vilella et al.6S

postulated that the transformation involved an abrupt formation of supersaturated ferrite

plates along certain crystallographic planes of austenite; the ferrite then rejected carbon,

leading to the formation of carbide particles. Klier and Lyman66proposed that prior to

the transformation to bainite, austenite was compositionally unstable, and thus separated

into two regions, carbon-rich and carbon-depleted. The carbon-depleted region

transformed to supersaturated bainite of the same composition by a "martensite-like"

lattice rearrangement, which then rapidly decomposed further by precipitating iron

carbides.

The displacivetransformationof bainitewasexpectedto be pacedby the diffusion

of carbon in austenite. However, the measured bainite growth rate with a hot-stage

microscopewas 100 to 1000 times lower than that permitted by carbon diffusiorr5in

alloy steels. This discrepancy was interpreted by Hehemann55in terms of a subunit

nucleation rate. Based on the observation that an upper bainite needle consists of

sub-structural units, it was suggested that if the subunits grow rapidly (though not

necessarilyat martensiticvelocities),the measuredgrowth rate may refer to the rate of

subunit nucleation rather than the rate at which a unique interface advances under

diffusioncontrol. By a discontinuousgrowthprocess,6UIJeachbainiteneedleappears to

developby the sympatheticnucleationof subunitswhichgrow to only a limitedextent.

In lower bainite, plates generallyexhibit one straightedge and thicken from the other

side only. The subunit direction change was attributed to the periodic carbide

precipitationby interruptingthe advanceof the sub-structuralunits.55,70
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The mechanisms of carbide precipitation were summarized by Christian and

Edmonds.71A possible mechanism proposed earlier was that carbon must diffuse out of

ferrite laths into the surrounding austenite to produce sufficient driving force for upper

bainite growth. The growth rate is thus limited by diffusion. In lower bainite, carbide

precipitation is accomplished by the relief of a full supersaturation in carbon out of the

originally formed bainitic ferrite; the growth rate of a plate may be initially very fast but

decrease to almost zero rapidly until the precipitation releases more free energy to drive

the process. A more recently proposed mechanism is that the initially transformed regions

are supersaturated with carbon in both upper and lower bainite. For upper bainite,

individual regions are assumed to reach a limiting size very rapidly, and the apparent

finite growth of a sheaf is caused by the isothermal nucleation of subsequent laths or sub-

units. Precipitation of carbides occurs by the diffusion of excess carbon into the

surrounding austenite at the place where the subunit of a bainite needle stops growing.

However, no carbide precipitation occurs if the austenite is very stable, for example, in

silicon steels. At temperatures in the lower bainitic range, the increased driving force and

lower mobility of the carbon result in the in-situ carbide precipitation in the bainitic

ferrite.

Few investigations have been found in the literature regarding the mechanism of

bainite transformation during continuous cooling while numerous studies have been made

on upper and lower bainite under isothermal treatment conditions. The mechanism of

granular bainite transformation was proposed by some investigators.4O,45,47It is believed

that fluctuation or dehomogenization in carbon concentration occurs in parent

austenite40,47as in a classical bainite reaction. The bainite nucleates in the carbon-depleted

region similar to the formation of massive martensite in carbon-free ferrous alloys40

whereas the carbon-enriched austenite transforms to twinned martensite.47 Based on

carbon diffusion and the mechanism of carbide formation, Biss and Cryderman4S

proposed that the formation of M-A constituents from the carbon-enriched austenite

depends on cooling rate. At low cooling rates, since there is enough time for carbon to

diffuse in the austenite area, the austenite carbon content is not high enough to produce

-
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carbides, therefore, the austenite transforms to M-A constituent during cooling. If the

cooling rate is high enough, carbon does not have enough time to diffuse in austenite.

A very high carbon concentration area, formed at the interface between bainitic ferrite

and the residual austenite on the austenite side, provides a nucleation site for carbide

precipitation. Atom probe analysis indicates that no redistribution of substitutional

elements occurs in the parent austenite.72.73

1.1.3. Orientation Relationships in Bainitic Steels

In upper bainite, it is generally believed that the long direction of the laths follows

(111)a' There is no general agreement for the habit plane; {111}"y,{223}"y,{569}"yhave

been reported.74-76For lower bainite, the relative orientation between the bainitic ferrite

and the parent austenite reported77is always close to K-S and N-W relationships, Le.,

(Ol1)a II (111)"y

[l1f]a /I [10f1r

for the Kurdyumov-Sachs relationship and

(Oll)a /I (111)"y

[Ofl]a II [10f1r

for the Nishiyama-Wassennann relationship.

In upper bainite, the carbides precipitating between bainitic ferrite laths are almost

always cementite.55.77No carbides have been found inside ferrite. In lower bainite,

carbides are distributed within ferrite in lines at an angle of about 60° to the longest axis

of the ferrite platelet. In addition to cementite, e-carbide is found within the lower

bainitic ferrite,55.67.76.78-30but it is not able to precipitate if the dislocation density is high

in steels containing up to 0.20 wt-%C. 811C-carbidemay form in high-carbon steels82.83and

,,-carbide (F~C) was reported to form in lower bainite of a high-silicon cast iron.84.85The

carbide type is somewhat dependent on dislocation density in the bainitic ferrite. It should

be noted that the precipitation of carbides could also occur between lower bainitic ferrite
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platelets, but this has received little attention. The interplate cementite comes from the

decomposition of residual austenite between the bainitic ferrite platelets.

Shackleton and KellyM.86reported that the most frequently observed orientation

relationship between cementite and bainitic ferrite is the Bagaryatski relationship, i.e.

{001}, /I {211}a

(100), /I (On)a

The next frequent relationship is

{001}, II {2f5}a

(100), within 2.60 of (3n)a

(010), within 2.60 of (131)a

1.2. MECHANICAL PROPERTIES OF BAINITIC STEElS

1.2.1. General Concepts

Mechanical properties of a steel, in principle, may be related to the morphological

features of bainitic structures, for example, to the width of individual laths with low

misorientations between them, to colony size (e.g. a packet or sheaf of laths) defined by

high angle boundaries, and to the distribution and size of carbide precipitates.

Early studies87-96related the colony (or packet) size, D to strength and toughness,

and got the expressions of the type

and
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T =X'-k 'D-1/2
c y

where (Tis the flow stress and Tc the impact transition temperature, the ky and ky' are

parameters similar to those in the Hall-Petch equation, K and K' are material constants.

K includes a number of strengthening components and can be expressed by97

where (Tois a latticefriction stress, and (T..is a result of solid solutionstrengthening.The

contribution factor X is more complicatedand the greatest term arising from other

strengthening factors, such as lath width, dislocation density and precipitation

strengthening. The degree of strengtheningattributableto each factor varies with the
material.

1.2.2. Strength Properties

Four major factors are considered to contribute to the strength of bainitic steels:

1) a term relating to colony (packet)and lath size;

2) a term due to dislocationsubstructurewithin the laths;

3) a term in relationto solidsolutionhardeningfrom substitutionalelements,

suchas Si, Mn, Ni, etc., but additionallyinterstitialhardeningfrom C and

N;and

4) a term arising from the dispersion hardening effect of the carbide

particles.
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1.2.2.1. Colony/lath strengthening

Although the early work has shown that strength has a close relation with D-I12,

where D is generally packet size, other work suggests that lath dimension can be

correlated to the strength. For example, for a low carbon (O.05%C) steel, Brozzo et al.98

showed a clear relationship between lath width and strength in terms of Kyl-lproposed

by Langford and Cohen99,but a weak one between colony size and strength. The generic

relationship can be expressed byl00

where I is the average lath width, (1 and (1 are the contributions from solid solution
SS. SSj

strengtheningdue to substitutionaland interstitialelements, respectively.It appears that

for ultra-low carbon steels, the lath size has a more important influence on strength;

whereas for conventionalquenchedand temperedsteels, which consist of mixtures of

bainite/martensite,a colony size appears to providea better explanationof the changes

in flow strengththan lath size.

However, the validity of describing the effect of microstructure on strength

becomes dubious because of the ambiguous use of the generic term "bainite" (which was

sometimes used for both Widmanstatten ferrite and upper bainite). For this reason, a new

concept was introduced in terms of active slip. It is assumed that strength is controlled

by the active slip that can occur. It has been reported that 75% of all possible slip

systems are oriented at 550 to the lath axis in bainite; the remainder lie parallel to the

lath axis.1°OWhile slipping across the lath suggests that flow stress can be controlled by

lath width, it was also proposed that the lath length may also contribute to strength.101

Naylor101showed that slip band length is a function of both lath and packet dimensions

and introduced a geometric factor M. The strength was then given as
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- 1..-M-l
0-00 +0 SS+O cem+.y-.

where M relates the average slip band length to both lath dimension and packet size,

given by the expression

M=~{1'lntan[o.sarccos(~)+O.2SK]+O.SKD-DaICOS(~)}
~ D D

where I is the lath width and D the diameter of a packet.

Bhadeshia,I02 however, rationalized that the austenite grain size or packet size

(which is dependent on the former) does not have any significant effect on strength. This

is because the carbides and the films of retained austenite make greater contributions to

strengthening for most bainitic steels. Also, the insensitivity of proof stress to grain size

was presumably attributed partly to the gradual yielding behavior of bainitic steels,l03for

which there is no sharp yielding point in the uniaxial tensile curves.

1.2.2.2. Dislocation strengthening

The dislocation density in bainitic ferrite is higher than that of ferrite with

polygonal or Widmanstatten morphology. For this reason, the dislocation configuration

developed in bainite may make a significant contribution to the strength of a steel. It has

been reported that the dislocation density in bainitic ferrite is of the order of 1C1to 1010

cm-2.104.1OSYanglO4estimated that a density of 1010cm-2may cause an increase of 145MPa

in strength. Whiteman97proposed a contribution of dislocations to strength in the form

where (Telis the strength contributed by dislocations, Ot a constant, p. the Young's

modulus, b the Burgers vector, and p the dislocation density. The dislocation density
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increases with decreasing transformation temperature, which leads to an increase in

strength. Some investigators106,I07suggested that part of the dislocation structure in bainite

may be inherited from the prior austenite.

1.2.2.3. Solution strengthening

Although the solid solution strengthening effect of carbon is not expected to be

significant due to its low solubility in ferrite, a supersaturation of carbon in ferrite72,I08-110

has been shown to make a contribution to strength.98It was reported that about 0.01 %C

could be retained in bainitic ferrite. Brozzo et aI.98proposed that the strength arising

from the interstitial elements carbon and nitrogen can be calculated with the equation

0SSj (MPa) = 1900 (C+N) 1/2

where C and N are the concentrationof carbon and nitrogen, respectively, in weight

percent. If the carbon content in ferrite is 0.01 % as reported,72,I08-110a roughly estimated

strength arising from solid solution strengthening would be 150 to 200 MPa, equivalent

to that from a dislocation strengthening mechanism. It has been suggested that the

pinning of interstitial element atoms to dislocations makes a significant contribution to

strength. 100

The solid solution strengthening of substitutional elements has been well

documented,l11showingthat Mo, Si, P, Mn, Ni and Cu are effectivestrengtheners.The

strengtheningeffect, in general,comesfromthe differencein atomicsizeof the elements

from that of iron; the greater the difference, the stronger the effect. In addition, the

differences in the elastic behavior of solute and solvent atoms are also important in

determining the overall strengthening. For industrial steels, however, gaining solid

solution strengthening is often not a major reason for using alloying elements; the

alloying elementsare often added to the steels for other reasons, for example, Mn to

combinewith sulphur, Mo to promotehardenability,and Ni to increase toughness.
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As a matter of fact, many alloying elements are capable of lowering the bainitic

transformation temperature and thereby increasing the strength of steels. An empirical

equation of tensile strength, proposed by Pickering91for bainitic steels with respect to

steel compositions with a carbon range of 0.05 to 0.20%, is as follows:

a" = 15.4 [16+125C+15 (Mn+cr) +12Mo+6W+8Ni+4Cu+25 (V+Ti) ]

where O'uis the tensile strength in MPa and the alloying elements are in weight percent.

1.2.2.4. Carbide strengthening

In upper bainite, carbides do not appear to increase strength through dispersion

strengtheningsince they are coarse and distributedat lath boundaries. However, they

may influence the ability of lath boundaries to impede dislocation motion, thereby

confining slip within the laths and thus raising the lath size contribution to strength. 100

In lower bainite, carbides are distributed within the bainitic ferrite platelets and therefore

take a direct dispersion strengthening effect; this effect is enhanced as the transformation

temperature decreases.112.113The strengthening effect of carbides was also interpretedll4

by the Ashby-Orowan relationship

where Ileis the number of effective carbides per unit area (Le. carbides not at the lath

boundaries) and A and B are material constants.

1.2.3. Toughness

Fractographic analysis, an important approach to understanding toughness, reveals

the nature of cracking and associates toughness with microstructural characteristics which

are in turn related to chemical composition, heat treatment and processing procedure.
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The emphasishereinafter is put on the relationshipsbetween toughnessproperties and

microstructure.Of interestare the effectsof structuralsize, carbidedistribution,retained

austenite, alloying elements and thermal and/or thermomechanica1treatments on

toughness.

1.2.3.1. Structural rermement

It is generally believed that "effective grain size" has an effect on toughness, but

the concept of the "effective grain size" may be referred to as prior austenite grain size,

packet size in bainite and martensite, or even lath size.

Several studies92,l1s-117showed that in upper bainite, the controlling factor for

fracture is prior austenite grain size. Pickering reported that the ductile-brittle transition

temperatureis proportionalto the prior austenitegrain sizeD.92However, a relationship

of the transition temperature being proportional to _D-I12was also reported. 50

The effect of bainite packet size on toughness has been shown in many

investigations.90,91,95,98.117-123In moststudies,a relationshipbetweentransitiontemperature

and structural characteristic size has been reported in the form

1

Ttr (0 C) oc -log (d-"2)

where d is fracture facet size or bainite packet size.

When comparing upper bainite with lower bainite of the same strength, Tetelman

and McEvilyl24pointed out that the impact properties of tempered lower bainite are far

superior to those of untempered upper bainite. In upper bainite, the cleavage facets

traverse several bainite grains and the "effective grain size" for fracture is the prior

austenite grain size. In lower bainite, the cleavage planes in the bainitic ferrite are not

aligned so the effective size for quasi-cleavage fracture is the ferrite needle (sheaf) size.
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As the sheaf size is smaller by one to two orders of magnitude than the prior austenite

grain size, the transition temperature of the lower bainite is much lower than that of

upper bainite at the same strength level.

As far as the relationships between the prior austenite grain size and the

substructureof the products transformedfrom the austeniteare concerned, a study of

Kamadall8showed that the coarseningof austenitegrain size does not necessarilybring

about the coarseningof bainitic subunits.However,other studies88.90.113.125indicatedthat

the substructurecan be associatedwith the prior austenitegrain size.

Although disagreements exist about the controlling factor of toughness in terms

of microstructural size, the general trend is that a finer structure results in a higher

toughness. This concept has been applied to the high-strength low-alloy (HSLA) steels,

to which thermomechanica1 treatments have been used to improve toughness while

maintaining high strengths. 126.127Double heat treatment is another approach developed to

gain higher toughnesS.I28,I29One example of a double treatment is illustrated in Figure

1.2.126
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1100 .C, 1 hr

870 .C, 1 hr

200 -Co 1 hi'

Figure 1.2 Double treatmentfor grain refinement

In industry, there have been two methodsof raising toughnesswith respect to

structuralrefinement:first, processingthe steelto achievea fine austenitegrain size, and

second, promoting a sufficient subdivisionof the parent austenite to produce a small

packet size.

1.2.3.2. Effect of carbides

The size, distribution and shape of carbides are other factors which influence the

toughness of bainite.118In upper bainite, the carbides lying along lath boundaries may

promote brittleness by lowering 'Ym,the work done near the tip of a cleavage crack. In

tempered lower bainite, the carbides, more uniformly distributed in ferrite, raise 'Ymby
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interfering with cleavage cracks and promoting tearing.11SThe increase in 'Ymalso

contributes to the superior toughness of tempered lower bainite compared to upper bainite

at the same strength level.

Coarse carbides are considered to be detrimental to toughnesS.11S,118,13OIn an

A553B pressure-vessel steel, it was found that the carbide size distribution is the most

important single microstructural feature that controls cleavage feature.13OThe coarsest

carbides existing in the steel appeared to be the most deleterious to toughness. The

carbides formed from the decomposition of interlath retained austenite in a bainitic

microstructure also caused a fall in toughnesS.131Similar results have been found in the

medium carbon steels consisting of lath-martensite structure with films of retained

austenite surrounding the laths132and the decrease in toughness is termed tempered

martensite embrittlement since it occurs on tempering near 350°C. The detrimental

effects of carbides have been attributed to carbides providing either crack nucleation

sitesI33-136and/or easy crack paths.I29,133,137It has also been postulated that carbides

obstruct the dislocation motion and thus enhance the stress concentration at the

carbide/matrix interface, thereby giving rise to brittle fracture. 138

A fine distribution of carbides, however, may be beneficial to toughness. Irvine

and PickeringllS reported that the presence of carbides may provide an obstacle to the

fracture path and thereby improve impact properties.

1.2.3.3. Effect of retained austenite

The effect of retained austenite on toughness has been investigated by many

workers. The second-phase austenite regions (in duplex structures) were intended

originally to enhance the fracture toughness of high alloy steelS.139-142The beneficial

effect of retained austenite was later found in the steels with lath martensite,I29,143-147and

in the bainitic steeIS.131,148This effect was associated with the thermal and mechanical

stability of the retained austenite, rather than its amount.148,149It is generally considered
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that the retained austenite can be stabilized by carbon enrichment. Carbon-enriched thin

films of retained austenite between laths were found to be stable and therefore beneficial

to toughness while unstable retained austenite is detrimental to toughness. Decomposition

of retained austenite during tempering results in tempered martensite embrittlement

(TME).128.129.132.137Bhadeshia and Edmonds131found that in the bainitic steels they

investigated, retained austenite in blocky form is thermally and mechanically unstable and

therefore detrimental to toughness. They proposed that a ratio of volume fraction of the

filmlblocky morphology greater than 0.9 would result in the best toughness and strength

combination.

The means by which the beneficial effects of retained austenite on toughness can

be achieved are summarized as follows:129

1. crack branching, resulting in a more tortuous crack propagation and a

consequent increase in energy expended;

2. crack blunting, as a result of plastic flow in austenite resulting in a

decrease in stress concentration requiring higher applied stresses for

unstable fracture;

3. transformation induced plasticity (TRIP), the transformation of retained

austenite to martensite under stress!strain relieves stress concentrations

ahead of a crack in the plastic zone. However, some investigatorsI31,148.1SO

have reported that the transformationfrom austenite to martensite may

cause a drop in toughness because the twinned martensite formed in

transformationis deleteriousto toughness.

The effect of retained austenite on ductility has been addressed by Sakuma et al.151

They found that an improved ductility could be achieved by strain induced transformation

of austenite to martensite without variation in strength.
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1.2.3.4. Effect of alloying elements

1) Carbon

Like its effect on strength, carbon also influences the toughness of steels

considerably. In general, toughnessis deterioratedby increasingcarbon content. Over

a wide range of carbon content (0.1%- 0.8%), an increasein carbon content raises the

impact transition temperature and reduces the absorbedenergy.IS2Also, the transition

temperature range is widened and the upper shelf energy decreased. For high carbon

steels (0.7% - 1.0%C), small variations in carbon content can influence the fracture

toughness significantly.IS3Lowering carbon content increases fracture toughness. This

relationship was associated with the presence of retained austenite. Increasing carbon

content resulted in an increase in retained austenite, which subsequently transformed to

twinned martensite, and thereby deteriorated the toughness. In bainitic steels with 0.14%

- 0.28% C, the deteriorating effect of carbon was attributed to the formation of

carbides.u8

2) Manganese

In low-carbon steels, manganese can substantially reduce the transition

temperature in impact test specimens. With increasing Mn, the transition temperature

decreases and the upper shelf energy increases.l54Manganese content up to 2 % improved

the toughness in Fe-4Cr-C steels by increasing the amounts of retained austenite.l29In

high Cr steels (8 % - 12 %Cr), 1%Mn, added to obtain stable austenite films, produced

a favorable lath martensite structure with interlath films of retained austenite.

Consequently,a good combinationof strengthand toughnesswas achieved.l26However,

in niobium-manganeseand vanadium-manganesesteels, an additionof Mn greater than

2% deteriorates toughnessby increasing the impact transition temperature of bainitic

StruCtures.lSSIn an extra-low carbon (0.003%) Fe-Mn steel, Roberts88found that the

impact transition temperature is insensitive to manganese content (0.01 % - 9.60% Mn).

No reason for the insensitivitywas given in the study, but it is noted that the carbon

content is extremelylow. This probablysuggeststhat for higher carbon steels, Mn may
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influence the toughness by affecting the fonnation of microstructure (for example,

retained austenite), whereas no secondphase was fonned in almostpure-iron steels.

3) Chromium

Chromium is generally used to increase hardenability, and its effect on toughness

has not been well documented. Roe and Bramfittl56pointed out that chromium raises the

transition temperature slightly in plain carbon steels if below 0.90%.156 However,

Dieterl57 suggested that Cr has little effect on transition temperature. Medium carbon,

straight chromium steels suffer tempered martensite embrittlement.l56 It has also been

reported that Cr deteriorates toughness through the promotion of substructural twinning

in martensiteat high C levels.143,158In Mo-Cr steelswith fully martensiticstructures,159

the Charpy impact energy dropped from around 54 J with approximately 9.0% Cr to 42

J with 12% Cr.

4) Nickel

Nickel generally improves toughness properties. An improved toughness with an

addition of 5 % Ni was attributed to its effect of increasing the amount of stable retained

austenite.l29Callenderl60found that the toughness of bainitic steels was improved by the

addition of Ni up to 3 %. He pointed out that this is an effect of nickel by itself, rather

than a result of its interacting with other elements and/or microstructural changes.

5) Boron

The mechanical properties of boron-containing steels, where boron is generally

used to increase the hardenability, have been extensively studied. The detrimental effect

of boron on toughness was found in both fully hardened steels161and non-fully hardened

stee1S.162Maitrepierre et al.161reported that in the fully martensitic steels, toughness

decreased with an increase in boron content. They suggested that this is an intrinsic effect

of boron. Some investigatorsl63simply attributed the decrease in toughness to the increase

in strength through the enhanced hardenability by boron. Some othersl64.165suggest that

the undissolved borocarbides and grain boundary borocarbides provide the sites for crack
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initiation and thereby reduce the toughness of steels. For Fe-Cr-Mo steels with a

martensitic microstructure,l66boron impaired room temperature impact toughnessand

resulted in the temper embrittlementdue to the formationof more or less continuous

cementiteat the martensiticlath boundaries.

However, a beneficial effect of boron on toughnesswas reported for quenched

and temperedstee1S.161A temperedmartensiticstructureexhibitedmuchbetter toughness

than untemperedbainitic structures and mixed structureof martensiteand bainite. The

martensiticstructurewas achievedthroughthe increasedhardenabilityachievedby boron

addition. Roe and Bramfittl56point out that the beneficialeffectof boron appliesonly to

quenched and tempered steels and that boron reduces the toughness of as-rolled, as-

annealedand as-normalizedsteels.

6) Niobium

Niobium is a microalloyingelementwhich is often used to refine grain size. In

this aspect, Nb causes two effects, a solid solution drag effect and strain induced

precipitation. In the Fe-Cr-Mn steels with Nb addition,l67niobium refined the

microstructurebut no precipitateswere found at the prior austenite grain boundaries.

0.02%Nbadditionresultedin an increasein tensileductilityand Charpy toughnessin the

steels. In Fe-1.5Mn-O.06C steels, 0.05%Nb changed the microstructure from

ferritelbainite to acicular ferritelmartensitel68and the impact energy at 20°C was 15

joules lower in the Nb bearing steel than in the Nb-free steel. Roe and Bramfittl56

reported that the Nb effecton impacttoughnessis influencedby the hot-rolling-finishing

temperature. Below 925°C, Nb improves toughnessby refining the ferrite grain size;

above 925°C, it may deteriorate toughness.However, a detrimentaleffect of Nb was

found in a steel with a finishingtemperatureof 800°C.I68

7) Silicon

Silicon, used in amountsof 0.15% - 0.30% to deoxidizesteels, generallylowers

the ductile-to-brittlefracture transition temperature and raises upper shelf energy.156
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However, in bainitic steels, over 1%Si has been used to impede or depress carbide

precipitation and thereby improve toughness due to the absence of carbides, as in silicon

steels.169

1.3. WEAR BEHAVIOR OF STEELS

1.3.1. General Concepts

The term tribology was introduced in 1966 and defined as "the science and

technology of interacting surfaces in relative motion".170 Wear, according to the

Webster's New World Dictionary,171is defined as the gradual impairment, loss, or

diminution from use, friction, etc. Mechanical wear is caused by disintegration of

interacting machine componentsas the result of over-stressingof the material in the

immediatevicinityof the surface.In In a wearingsystem,manyfeaturescontributeto the

system wear characteristics. First, it is necessary to define the general shape of the

contacting bodies. The relationship between the bodies determines the degree of

conformityand thusthe stress system.Secondly,it is necessaryto definethe appliedload

and the associated friction forces. In a lubricated system, a film of lubricant can be

produceddue to the interactionbetweenspeedand load. Thepresenceof foreignparticles

in the lubricant may cause seriousdamageto one or both of the interactingsurfaces.

Wear takes many forms. BarwenIn categorizes wear into four main types:

adhesive wear, abrasive wear, surface fatigue, and corrosion. However, corrosion is

generally regarded as an independentdamagemodeand not includedin wear.

Adhesive Wear is characterized by the interaction of asperities, causing metal to

be transferred from one surface to another. A particular severe form of this kind of wear

is known as scuffing. A feature of scuffing is a marked tendency for material to be

removed from the hotter surface and deposited on the cooler surface.
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Abrasive Wearmaybe definedas damageto a surfaceby a harder material. The

hard materialmay be introducedbetweentwo rubbingsurfacesfrom outside, or formed

in situ by oxidationand other chemicalprocesses, or the material forming the second

surface. Resistance to abrasive wear is often related to the hardness of a material but

many studies have shown that hardness is not always an indicator for wear resistance.

Some steels are more resistant than others, irrespectiveof hardness. The type of the

microstructureof a steel definitelyinfluencesabrasivewear resistance.

Surface Fatigue is caused by the repeated intense loading of a counterformal

contact area. Cracking is initiateda little way below the surface where the maximum

shear stress occurs due to the distributionof Hertzian stress. The crack subsequently

propagatesto the surface, leading to a piece of metaldetachedand a pit. Hence surface

fatigue is also called a "pitting failure".

1.3.2. Damage of Rails

The damage of railroad tracks is known to be caused by plastic deformation,

rolling contactfatigue(RCF), corrugations,wearand internalfatigue.l73A failureof rail

is often a result of the combinationor interactionof these factors.

1.3.2.1. Plastic deformation

Rails almost invariably suffer from plastic deformation due to the rolling/sliding

contact between rail and wheels. The deformation, driven by the high normal and

tangential stresses acting between wheels and rails, is accumulated by each successive

pass of a wheel over the rail, which causes a small increment in the plastic strains and

results in the so-called incremental plastic flow or "ratchetting". The degree to which the

deformation occurs varies with situation. On heavy haul lines, deformation is particularly

severe and rails may collapse by ratchetting under high wheel loads. On high speed lines,

a thin layer of material formed near the surface is sheared relative to the bulk material,
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but it does not generally cause any serious problems.l73 It is believed that the plastic

deformation near the surface may contribute to both sliding wear and the initiation of

contact fatigue cracking. 174

1.3.2.2. Cormgation

Corrugation is surface damage in which periodical ripples are produced. These

ripples are parallel to each other and perpendicular to the moving direction of the

component. Although there are no consensus theories for the mechanism of

corrugation,175,176it is generally conceded that corrugation is a direct result of periodic

stick-slip (Le. rolling-sliding) process of some wheel-rail contact patch, such a process

being consistent with observed rail corrugation surface striations.177Corrugation can be

divided into two categories: long wavelength and short wavelength. The long wavelength,

150 to more than 600 mm, is generally related to heavy haul corrugations, whereas short

wavelength, Le. 25 to 100 mm, is typical of the transit and passenger service

corrugations. Heavy haul corrugations exhibit plastic deformation, severe cold working

and in some cases fatigue cracks and lateral flow.178Transit-passenger corrugations show

the surface effects of wheel stick-slip and severe heating.

1.3.2.3. Rolling contact fatigue

Pits may be formed on the surface of rolling elements by a fatigue process.

Generally speaking, the phenomenon, which is termed rolling contact fangue, is

characterized by the sudden removal of surface material. A process of rolling contact

fatigue involves three phases: pre-conditioningof the materialprior to cracking, crack

initiation, and crack propagation.

In the pre-conditioning period, deformation takes place due to normal pressure

and combined rolling/sliding action. The deformation results in a pileup of material ahead

of the contacting area. Subsequently, fatigue cracks initiate due to the plastic
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deformation. Suhl79.180proposed a mechanism of near-surface plastic deformation.

According to this mechanism, plastic flow nucleates voids and microcracks at defects just

below the surface. As the deformation continues, the microcracks grow and join up.

Finally, a wear flake is formed at the surface or a fatigue crack is initiated. The

microcracks may propagate by a low cycle fatigue mechanism, driven by the cyclic

plastic strains; alternatively, the failure process may be of ductile shear caused by the

progressive shear deformation of the surface layer.

Dikshit et al.181investigated the rolling contact fatigue of a head-hardened rail.

They found that cracks initiated on the surface of a rail in the early stage of its service

life as a result of the formation of a white etching layer. The white etching layer was

formed at the surface of rail and cracks propagated through the layer.

White etching layers have been frequently found in service rails. Dikshit182

proposed that the white layers are of a martensitic structure because of their hardness.

Newcomb and Stobbs183presumed that the white layer was of fully martensitic structure

in a BS 11 rail. However, a question arises whether austenitization of the rail head could

occur at 1% slip in the real situation because neither enough heat nor pressure could be

generated for such an occurrence. Therefore, an alternative explanation is that the layer

has a ferrite structure with dislocations supersaturated by carbon transfer from carbides

during the high frequency pulsed shear fatigue of the rail surface. In various machining

processes with similar white etching layers, Griffithsl84points out that the white etching

layers could have different structures and be formed by different mechanisms even

though they have similar hardness and appearance. They could be formed by high

temperatures, surface reactions, plastic deformation or some combination of these events.

Although the nature of the layers has not yet been fully understood, the hardness of such

layers was reported to be around 900 HV to 1000 HV.I85.186
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1.3.3. Laboratory Investigations

1.3.3.1. Abrasive wear behavior of bainitic steels

There have been many investigationsof the abrasive wear behavior of bainite

comparedwithother microstructuresin steels.Thosestudieshaverevealedthat a bainitic

structure exhibitsgood wear performance.

The wear resistance of lower bainite was found to be higher than tempered

martensite at the same hardness level.l87.188Krushchov and Babichev188reported that

bainitic structures exhibited superior wear resistance to annealed structures of the same

hardness. Serpik and Kantor pointed out that lower bainite is a structural component of

steels with maximum abrasion resistance.189They also proposed that wear resistance

increases in the structural sequence from spheroidite to pearlite and from tempered

martensiteto bainite,l90which was later confirmedby other investigators.191-193

In a study of Karl94 on medium carbon low alloy steels with different

microstructures, lower bainite exhibited better abrasive wear resistance in a 3 %Ni steel

over the whole tempering temperature range. However, the wear rates of a steel without

Ni were almost identical for different microstructures and hardness over the same range

of tempering temperatures.

The presence of retained austenite is believed to enhance the wear resistance in

bainitic struCtures.191,194It was claimed that lower bainite contains three to four times the

amount of retained austenite present in martensite struCtureS.191Hurricksl9Shas suggested

that the degree of cohesion between austenite and carbides is greater than that between

martensite and carbides, thereby enhancing wear resistance. Zum Gahrl96,l97attributes the

beneficial effect of retained austenite to (i) the presence of ductile austenite films around

ferritic laths, which tend to impede microcrack formation and growth associated with

abrasion, (ii) the increase in work hardening rate with strain because of the austenite to
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martensite transformation and (ill) the surface compressive stresses arising from the

transformationof austeniteduring wear.

In three-body abrasive wear, it was reported198that when a steel was used as a

grinding media, its wear resistance increased as the worn surface hardness increased for

the microstructures of bainite, pearlite, spheroidite and tempered martensite. At the same

hardness level, the bainitic structure was less wear resistant than the tempered martensite.

This differs from the results given above for two body abrasive wear conditions.

1.3.3.2. Wear behavior under rolling/sliding conditions

The investigationof wearbehaviorof steelsunderrolling!sliding'conditionsarises

from the wear of wheel and rail steels in railroads service. The rolling/slidingwear in

wheel and rail steels was classifiedinto three regimes developedin laboratory tests:18

Type I, Type ll, and Type ill. In Type I, very pronouncedlarge thin metallicflakesare

formed at the surfaceof the specimens,accompaniedby oxidation.Type II wear, more

severe than type I, often exhibits ripples withoutlarge flakes. The much smaller wear

particles are produced predominantlyin the troughs of the ripples. The type ill wear,

equivalent to the severe wear classificationof Archard and Hirst,l99shows extremely

rough surfacecomparedwithboth type I and II wear. Large particlesare tom awayfrom

the surface and plowing tracks are very evident.

In railroad applications, low carbon bainitic steels have been successfully used as

the nose in a crossing because of a good resistance to impact wear or "batter".23 Under

rolling/sliding conditions, early studiesll.12.25.34.3Sshowed that bainitic steels are less wear

resistant than conventional pearlitic steels. The results, obtained by Heller and

Schweitzer,34showed that O.07%C and 0.3%C bainitic steel rails wore faster than

conventionalpearlitic steel rails at the same hardnesslevel in service tests. Masumoto

et al.25evaluatedan as-rolled0.33%Cbainiticsteel in a laboratorytest and reached the

same conclusion. Their study indicated that the bainitic steel wore even faster than a
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tempered martensitic steel. Unfortunately, no reasons for the poor wear performance of

bainite were discussed in their studies. Ichinose et al.35obtained similar results for hot-

rolled 0.3%C bainitic steels. They found that at the same hardness level, the wear

resistance of a microstructure in an order from the best to the worst is pearlite, tempered

martensite and bainite. They attributed the differences in wear resistance to the

distribution, shape, and size of carbides in the microstructures. They proposed that the

carbides distributed minutely at the surface layer by rolling contact are important to

improve wear resistance.

Kalousek et al.11used a 0.72%C Cr-Mo steel of different microstructureand

hardnessto investigatewearperformance.They foundthat thewear resistanceof pearlite

is better than that of bainite and that bainite is better than temperedmartensite. In their

study, the superiorwear performanceof pearlite was attributedto the very pronounced

work hardening near the wear surface. Such work hardening was related to the

morphologyof carbides: the lamellar cementitein pearlite gives rise to the best wear

resistance because the carbides reinforce the ferrite in pearlite effectively, thereby

improve wear resistance. The spheroidalcarbidesin the temperedmartensite results in

the worst wear resistancebecauseshear stressesin the ferrite are not transferred to the

cementite, which then does not deform. Since the carbide morphology in bainite is

intermediatebetween that of pearlite and tempered martensite, an intermediate wear

performance is achieved.

Although many studies showed that bainitic steels did not exhibit good wear

resistance,an investigationof Claytonet al.36indicatedthatunderdry slidingconditions,

wear resistanceof bainitic steelsare comparableto that of high hardness (> 260 HV30)

pearlitic steels and much better than that of low hardness (140 - 220 HV30) pearlitic

steels. Systematic studies under rolling!sliding conditions have been conducted in recent

years. A studf! of a commercial chromium-molybdenum rail steel demonstrated that at

a hardness of 39 HRC, a pearlite structure showed much better wear resistance than
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upper bainite. The superior wear resistanceof the pearlitic steel was attributed to the

resistance to deformationand/or fracture in the type ml8 wear process.

Garnham and Beynon23evaluated three bainitic steels (O.04%C - 0.52%C) and

a pearlitic steel under rolling-sliding conditions with slip/roll ratios from 1.5 to 10% and

contact pressures from 500 to 1800 MPa. The wear resistance of the pearlitic steels,

found to be superior to the lower carbon bainitic steels, was attributed to a

microstructural modification, i.e. the alignment of microstructure near the wear surface.

Pearlitic steels, capable of considerable microstructural modification under rolling-sliding

conditions, lead to a superior wear resistance. Once the microstructural realignment

breaks down, the wear behavior of pearlitic steels with respect to bainitic steels is more

likely to depend on their bulk hardness. The bainitic steels exhibited a wear resistance

comparable to that of pearlitic steels at contact pressures above 1300 MPa. This

comparability was associated with the realignment break-down. The wear resistance of

the bainitic steels was found to be dependent on the volume fraction of hard phases,

carbide and martensite-austenite phase.

Devanathanand Clayton16investigatedthree bainitic steels with carbon contents

of 0.04%,0.1 % and 0.54%, respectively,under rolling/slidingconditions.They found

that the O.04%C steel with a granular bainitic structure and a hardness of 29HRC,

appeared to have comparablewear resistanceto a conventionalpearlitic eutectoidrail

steel with a hardness of 33 HRC. Two possibleexplanationswere proposed for such a

performance. First, the O.04%Cbainitic steel, with a higher work hardening rate than

the pearlitic steels, achieveshigher surfacehardnessas a result of plastic deformation.

The effect of work hardening was also found in a study of Liu et al.2°OSome

investigationssuggestedthat the wear resistancecouldbe better correlated with surface

hardnessrather thanbulk hardness.201-204Second,the resistanceof the bainiticsteel to the

type m wear is influencedby strain resistance. The reduction in area of the O.04%C

bainitic steelof almostfour times thatof a pearliticsteelreflectsa superiorabilityof the

former to sustain strain, which was assumedto enhancewear resistance.
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Their study also showed that wear resistance increases with a decrease in carbon

content due to the respective microstructural changes.37The O.04%C and 0.1 %C steels

both consist of granular bainite with the latter containing more M-A islands. It was

postulated that the M-A islands lead to a deterioration in wear resistance since the

interface between the matrix and an island is weak:for cracks to initiate. Hence, the wear

resistance of the 0.1 %C steel was decreased by the greater number of M-A islands. For

the 0.52 %C steel, a banded structure consisting of upper bainite and twinned martensite

was believed to contribute to the lowest wear resistance since cracking occurred along

the interfaces between the bands and at the prior austenite grain boundary precipitates.

The same study also showed that the wear rate of pearlitic steels increases

parabolically with contact pressure, whereas that of bainitic steels linearly. It was,

therefore, suggested that the bainitic steels mightbe more wear resistant than pearlite

steels at higher contact pressures.

1.3.3.3. Effects of alloying elements

Clayton et al.36conducted a systematic investigation of the wear behavior of a

series of low-carbon (0.1 % - 0.3% C) bainitic steels under dry sliding conditions. The

results showed that in a hardness range 230-300 HV30, the wear resistance of bainitic

steels was comparable to that of higher carbon pearlitic steels. They found that the wear

rate could be associated with the contents of the steels in the following form:

wear rate (rnm3/em) oc (C+Cr+ Mn) wt%
33

This equation suggests that Cr is an important element with respect to wear resistance.

The reason for the effect of Cr on wear resistance was not clear, but it was assumed to

be brought about by a combined improvement in strength, ductility and toughness. It was

concluded that Cr is an important alloying element in producing a tough, wear resistant

bainitic steel. For the steels with microstructures of martensite, and ferrite and pearlite,
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carbon, silicon and chromium were found important elements to improve wear

resistance.20S

1.3.4. Snmmary

Some investigations have revealed that pearlitic steels exhibit better wear

resistance than bainitic steels of the same hardness under rolling sliding conditions. Other

studies, however, have indicated that bainitic steels are comparable to pearlitic steels and

could even be better if the contact pressure is high enough. It should be noted that the

test conditions were quite different in those studies and that the microstructures could

also vary significantly although they are all bainitic. Upper and lower bainites are the two

most common and well understood microstructures. They can form through isothermal

transformation in medium and high carbon steels. Nonetheless, the bainitic structures

which form on continuous cooling are more complex and an accurate definition has not

yet been reached.

The conclusion that pearlite is better than bainite in wear resistance was

challenged by Clayton and Devanathan on the grounds that the previous studies had

lacked systematic investigation with respect to test conditions, chemical composition and

other mechanical properties. Furthermore, the characterization of the steels had not been

sufficientlydetailed.The studymadeby Devanathanand Clayton16 revealeda promising

potential of an extra low carbon steel (O.04%C), which possessed a granular bainitic

structure, with respect to wear resistance under rolling-sliding conditions. The results

were quite encouraging in that granular bainite exhibited a comparable wear resistance

to pearlite and indicated that better wear resistance might be achieved at higher contact

pressures than 1220 MPa. A similar result, that wear resistance of bainite is comparable

with that of pearlite, was also obtained by Garnham and Beynon23at high contact

pressures and large slide/roll ratios.
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The insufficient description of microstructural characterization in some studies

brings out questions as to what type of bainite was investigated and what affects the wear

performance in that type of bainite. Thorough microstructural characterization was

carried out in some other investigations. But it is still difficult to reach a general

conclusion that pearlite is better than bainite in wear resistance or that bainite is

comparable to pearlite because testing parameters, such as slide/roll ratio and contact

pressure, were quite different in various studies and because the type of bainite may also

be different in those studies.

Consequently, a systematic study is still necessary to investigate the wear behavior

of bainitic steels, which should involve a thorough characterization of the microstructure

of steels and consistent test conditions. The purpose of the current study is to continue

to evaluate the wear resistance of bainitic steels and to try to reveal the factors which

may control or influence the wear performance of bainite. Effects of alloying elements,

microstructure, and mechanical properties are investigated with respect to wear

performance.

1.4. PROJECT OUTLINE

Since previous studies had shown the potential of bainite in low carbon steels in

terms of wear resistance, further investigations of this kind of steel were necessary to

cover a wider spectrum of composition and mechanical properties. A project was

proposed to study the properties of bainitic steels for the application in wheel/rail

systems. The objective of the project was to develop high strength, wear resistant steels

which are also tough, weldable and cost effective.

To accomplish the above objectives, six alloys were designed. The composition

of the designed alloys is given in Table 1.2. Mo and B were used to ensure bainite

transformations on continuous cooling. The variations of C, Mn, Cr and Ni are of most
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significance in the alloy design. Low carbon levels were used to achieve good toughness

and weldability. A low carbon content was also beneficial in achieving granular bainite

and improving wear resistance.16 Ni is beneficial to toughness. 4 % Mn was used to see

if it can replace Ni and Cr to reach similar or better mechanical properties since Mn is

much cheaper than Cr and Ni. Cr was expected to contribute to an improved wear

resistance and fatigue resistance according to a previous investigation.36

Table 1.2 Composition of Designed Bainitic Steels (wt-%)

In the current study, the following aspects were examined:

1) Microstructuralchangeswith alloyingelementsand heat treatment;

2) Wear, deformationand mechanicalproperties of the bainitic steels;

3) Effect of carboncontentat low levels(< 0.3%) on wear performanceand

mechanicalproperties;

4) Effect of alloyingelementson microstructureand mechanicalproperties;
and

5) Weldabilityof the low carbonbainitic steels.

6) Interactionof wear resistancebetweentop and bottom rollers in Amsler

wear tests.

Steel C Mn Ni Cr Si Mo B

I 0.2 2 0 2 1.0 0.5 0.003

2 0.12 4 0 0 0.25 0.5 0.003

3 0.12 2 2 2 0.25 0.5 0.003

4 0.04 4 0 0 0.25 0.5 0.003

5 0.04 2 2 2 0.25 0.5 0.003

6 0.25 2 0 2 2.0 0.5 0.003
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The project was carried out in two phases. In the first phase, the first five steels

were investigated. In the second phase, the sixth alloy was designed on the basis of

results from the first five steels and the properties of this alloy were then investigated.

For this reason, chapters two through four cover the first five steels and chapter six deals

with the sixth alloy exclusively.



CHAPTER 2

EXPERIMENTAL PROCEDURES

2.1. MATERIALS

Three kinds of steels were investigated with respect to microstructure, mechanical

properties, wear performance and weldability. These steels were:

. Fiveexperimentallow-carbonMo-Bsteels,

. A pearlitichead-hardenedrail steel,and

. An austeniticMn steel.

In addition, as a counter part materialfor wear testingin an Amsler machine, a

class C wheel steel was used for bottomrollers.

The low-carbon Mo-B steels, designated as 11,12,13,14 and 15, were produced

by Bethlehem Steel Corporation. All 500 lb heats were made in a vacuum induction

furnace backfilled with argon. The ingots, approximately 9" x9" x24", were soaked at

2350 OF(1288 °C) for at least 2 hours and then rolled to 3" x3" bars in 23 passes. The

finishingtemperaturesranged between 1725- 1750 of (940 - 954°C).

The chemicalcompositionsof the liquidsteels,providedby the manufacturer,are

listed in Table 2. 1(a), while the chemistryof the solid steels (products), analyzed by

Oregon Steel Mills using a spark spectrum technique is listed in Table 2.1(b). The

41
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alloying contents obtained from both analyses were quite similar but the carbon contents

of the solid steels were generally lower than those of the liquid steels.

X136 is a pearlitic head-hardened rail steel investigated for wear performance.

The composition of this steel is given in Table 2.2(a) and the mechanical properties in

Table 2.2(b). Table 2.3 gives the composition of a class C wheel steel that is a pearlitic

steel designated as W5. The hardness of W5 was 31 HRC.

The chemistry of an austenitic Mn steel, provided by the Association of American

Railroads, has not been provided. However, the typical composition of Hadfield's steel

is 1.2% carbon and 12% manganese.206This kind of steel is generally used for a frog

steel. In this investigation, the steel was in the as-wrought condition.

2.2. HEAT TREATMENT OF THE Mo-B STEElS

In order to investigate the effect of cooling rate on materials properties, some of

the steels were re-austenitized and then cooled in air or quenched in water. Eventually,

the experimental specimens were divided into three categories on the basis of thermal

history: as-received, air-cooled and water-quenched. The heat treatment parameters are

given in Table 2.4.

2.3. MICROSTRUCTURAL CHARACTERIZATION

The microstructural characterization was carried out using optical metallography

and transmission electron microscopy (TEM). For the optical metallography, the

specimens were polished and etched with Vilella's reagent and 5% Nital. The

observations were carried out on a Nikon Epiphot microscope.

The TEM specimens were prepared by mechanically thinning the 3 mm diameter

disks to approximately 100 J.'mon abrasive papers. Then the disks were electro-polished
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and perforated in a solution of 5% perchloricacid in methanolat a temperaturebelow

-40°C. The TEM observationswere carried out in a HitachiH800 with an accelerating

voltage of 200 kV and a Jeoll00cX with 100kV.

2.4. GRAIN SIZE l\1EASUREMENT

The prior austenite grain sizes of some samples were measured using a circular

interceptproceduredefinedin ASTMstandardNo. EI12-88.2C17However, the numberof

fields used was less than required since the grain boundaries were not well revealed in

all specimens. Therefore, the results represent a rough estimation rather than an accurate

determination.

In a grain size measurement, for each field at a given magnification, the number

of intersections (N) of grain boundaries and a three-ring pattern was counted while.
scoring intersections at the junction of three grains as 2 counts rather than the theoretical

1 1/2. An average number of intersections (N) was derived by

N=

where Nt is the number of intersectionin the ith field, and n the number of fields

measured. Using the equation

G = ASTH No. = 10.00 + 21092(N/L)

where L is the total length of circumference in the three-ring pattern, a nominal ASTM

number G at that magnification was obtained. The real ASTM number defined at lOOx

was then obtained by subtracting Q from G, where Q is a correction factor calculated

with the equation
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where M is the magnificationusedand Mbthe basicmagnification,Le., 100x. The final

grain size was reported by convertingthe real ASTM No. to the nominaldiameterof

average grain sectionaccordingto Table 2 in ASTM standardEl12-88.w

2.5. HARDNESS MEASUREMENT

The hardness of the steels was measured on the Rockwell C scale for the Mo-B

steels, X136 and W5. Brinell hardness of the Mo-B steels was also measured. For these

steels, the measurements were performed on a lateral side of Amsler rollers, indicated

by the dark area in Figure 2.1.

2.6. DETERMINATION OF PHASE TRANSFORMATIONTEMPERATURES

The phase transformationtemperaturesof the Mo-Bsteelswere determinedusing

a Gleeble 1500 thermal simulator. During thermal cycle running, the dimensional

changes of the specimenwith temperaturewas recorded by means of dilatometryand

therefore a curve of dilation versus temperature was obtained. The transformation

temperaturewas determinedat the point where the curve began to deviatefrom a linear

relationship between dilation and temperature of the specimen. Figure 2.2 shows a

dilationcurve, illustratinghow the transformationtemperaturesare determined.

The setup of a Gleeble experiment is schematically illustrated in Figure 2.3. In

the vacuum specimen chamber, a sample was held at the two ends by copper fixtures and

heated in the center through electrical resistance. A thermocouple, welded in the center

of the specimen working area, was connected to a control panel to monitor the specimen

temperature and provide information for temperature control. An L-shaped dilatometer

was attached to the center of the specimen, measuring the dimensional change of the

specimen in the y direction with temperature change. The specimen geometry is shown

in Figure 2.4 and the configuration of specimen setup shown in Figure 2.5.
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A computer was used to define controlling parameters for Gleeble thermal cycle

runs, acquire data during the thermal cycle runs, and process the data after testing. A

plotter is used to represent results graphically.

The ACIand AC]temperatures of the Mo-B steels were determined by dilatometry

with a heating rate of 0.2778 °C/s (1000 °C/hr).

To investigatephase transformationsduring continuouscooling, a sample was

heatedat 2 °C/s to 970°C, held for 15minutesand thencooledat 0.4, 2, 10or 25 °C/s

controlled by computer programs. The transformationtemperatures were determined

from the dilationcurves as describedabove.

2.7. ROLLINGISLIDING WEAR TESTS

2.7.1. Amsler Machine

The wear performance of the materials was investigatedunder rollinglsliding

conditions.An Amsler machinewas used to generaterolling/slidinginteractionwith two

cylindricalspecimensas a pair for each test.

Figure 2.6(a) showsa photographof the machine.This machinehas two shafts

with the lower shaftrotating 1.104timesfasterthanthe upperone. Cylindricalspecimens

or rollers, are fixed at the end of each shaft. The two rollers contact each other with a

contactpressure appliedthrougha springloadingmechanism.The contactconfiguration

is shownin Figure 2.6(b).

Due to the difference in tangential speed between top and bottom roller surfaces,

sliding occurs at the contact surface. With the rolling/sliding movement, a slide/roll ratio

or creepage (-y)is defined as
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Is
'Y = Tr

where 1. is the sliding distance relative to contact surfaces and lr the average rolling

distance of the top and bottom rollers. Since the bottom shaft rotates 1.104 times faster

than the top, the creepage is given by

where d1and d2 are the diameters of top and bottom rollers, respectively. The creepage

can be adjusted by changing the roller diameter.

A maximum Hertzian contact pressure was obtained through a load applied to the

rollers usingHertzian theory.208 The maximum Hertzian contact pressure Pois calculated

using the equation

where L is the nonnal load applied to the rollers, W contact width of the rollers, E

Young's modulus, and R given by

where R1 and R2 are the roller's radii. In this investigation, a Young's modulus of

2.1 XIOSMPa was used for all Amsler rollers.



--- ------

47

2.7.2. Wear Tests

The geometry of the rollers are shownin Figure 2.7. For the Mo-B steels, the

rollers were taken from the rolled bars with the roller's axis parallel to the longitudinal

direction of the bars. For X136, the rollers were taken from a rail with the axisparallel

to the longitudinaldirectionof the rail. The rollers of the austeniticMn steelwere taken

from a plate with the roller axis parallel to the height direction. The orientationsof

rollers to the bulk materials are shown in Figures 2.8(a)-(c). The bottom rollers were

taken from a class C wheel with the orientationshownin Figure 2.8(d).

Prior to running a test, the rollers were cleaned with soap and the contact surfaces

were degreased with ethanol and acetone. During a test, both top and bottom rollers were

removed periodically to measure the weight on an electronic balance with a precision of

0.1 milligram. The weight loss due to wear was then calculated and a curve of weight

loss against revolutions was plotted. The wear rate was obtained using linear regression

from the steady wear stage indicated by the plot. During the test, a compressed air blast

was used to minimize an increase in temperature by removing heat generated by friction

on specimen surfaces of and thereby minimized oxidation of the worn surfaces.

The initial wear rate obtained from the test was expressed in the unit of

grams/revolution.This was then convertedand normalizedto p.gImlmm, the wear rate

being expressedby the weight loss after unit slidingdistancein unit contact width.

In each weight measurement interval, diameter and width measurements were also

taken. An average diameter was obtained from two diameter measurements perpendicular

to each other. An average width was obtained from four points which were used for

diameter measurements. The procedure is illustrated in Figure 2.9.

In each test, the top roller is the material to be investigated and the bottom roller

a counterpart, always being W5. The maximum contact pressures used in the tests were
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500, 900, 1220, 1450 and 1700 MPa and the slide/roll ratio was set at 35%. The

materials of top rollers, heat treatments and the contact pressures are summarizedin

Table 2.5.

2.8. ROLLING/SLIDING DEFORMATION TESTS

The deformation tests under rolling!sliding conditions were also conducted in the

Amsler machine. The tests were carried out with a slide/roll ratio of 10% and at the

maximum Hertzian contact pressures of 1295 and 1600 MPa. The test configuration is

similar to that of the wear test, but the gear system of the machine was adjusted to allow

the upper shaft to oscillate in its axial direction. The top roller, when fixed on the upper

shaft, moved approximately 3 mm on either side of the centerline of the bottom roller

every 3 seconds. Both top and bottom rollers were of the same materials. The geometry

profile of the specimens was the same as that used in wear testing except that only 35

mm diameter rollers were used to get a 10% longitudinal slide/roll ratio. To achieve

deformation without wear, drops of lubricant were applied uniformly on the surface of

the rollers before starting the test and before resuming the test after taking measurements.

During a test, both top and bottom specimenswere removed from the machine

periodically to measure the variations in diameter and width. The measurement

procedures for diameter and width of rollers were the same as that for wear testing

rollers. Curvesof variationsin widthanddiameterof the rollers againstrevolutionswere

obtained to represent the deformationbehavior of the materials under rolling!sliding

conditions.

2.9. TESTING OF MECHANICAL PROPERTIES

The tensile tests and CharpyV-notchimpact tests were carried out on the Mo-B

steels under as-received and water-quenchedconditions. The geometry of a tensile

specimen is shown in Figure 2.10, complying with ASTM standard ES-91.209The
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dimension of a Charpy V-notch sample is shown in Figure 2.11, in accordance with

ASTM standard E23-92.210 The impact toughness tests were carried out at room

temperature in a drop pendulum tester with a capacity of 264 ft-Ib.

2.10. WELDABILITY TESTING

The weldabilityof steels was evaluatedby conductingTekken tests. The testing

method, officially named the Method of Y-groove Cracldng Test, was initiated and

developedby the Japaneseand is definedin theJapaneseIndustrialStandardns Z 3158.

The Tekken test is used to evaluate the susceptibilityof a material to cold cracking

inducedby hydrogenin the heat affectedzone (HAZ)as well as in the weldmetal. Since

the welding groove is in the "y" shape, it providesvery severeconstraint for cracking.

The configurationof a Tekken sampleis shown in Figure 2.12. An entire test

piece was composedof two parts that were weldedtogetherbefore testing. After the test

piece had been pre-heated to 200 °C using the flameof a torch, the test weldmentwas

made in the center portion of the groove. To avoid toe and crater crackingin the testing

section, the welding was run in the path shown in Figure 2.13. After welding, the

specimenswere stored for more than 72 hours to allowtime for cracks to develop. The

samplewas then slicedinto six piecesin the transversesectionrelativeto the weldswith

a uniformspacingalong the weld, Figure2.13. Metallographicspecimenswereprepared

on the transversely sectioned surfaces and the surfaces etched with 5% Nital were

observed for cracking occurrencein the HAZ and the weld metal.

The welding method used was gas metal arc welding (GMAW). Solid wire 120S-1

of 1/16 inch in diameter was used as filler material. The specifications of this material

are listed in Table 2.6 according to the L-Tec Catalog. The shielding gas used in the tests

consisted of 95 % argon, 2 % oxygen and 3% carbon dioxide. For the as-received steels

II and air-cooled 12, the heat input was 100 kJ/in and for the water-quenched II, the
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heat input was 71 kJ/in. It was estimatedthat the coolingrate between 800 and 500 °C

wouldbe slowerthan 10 °C/s. A summaryof the weldingtestdata is givenin Table2.7.

2.11. ANALYSISOF AMSLER WEAR ROLLERS

The features of worn surfaces of the Amsler rollers were observed in a Zeiss

SEMwith an acceleratingvoltageof 20 kV. Subsurfacecharacteristicswere observedby

means of optical metallography in the section cut perpendicularly to the roller axis

(Figure2.14). To protect worn surfacefrombeing distortedby cuttingand grinding, the

samplewas plated with nickel beforehand.

The microhardness of the section from the worn surface towards the center was

measured using a microhardness tester on the Knoop scale with a load of 1000 grams.

The path of measurement is also illustrated in Figure 2.14.

2.12. FRACTOGRAPHIC ANALYSIS

The fracture surface of Charpy impact specimens was examined macroscopically

in a stereo-microscope and microscopically in a scanning electron microscope.



Table 2.1 Composition of the Experimental Mo-B Steels (wt-%)

(a) Analysis of Liquid Steels

IJ\-

Steel No. C Mn P S Si Ni Cr Mo AI Ti B

11 0.21 2 0.013 0.01 0.97 0 2.01 0.51 0.025 0.038 0.003

J2 0.13 4.04 0.013 0.008 0.28 0 0 0.51 0.023 0.035 0.003

J3 0.09 2.04 0.013 0.01l 0.28 2.03 1.98 0.5 0.02 0.039 0.003

J4 0.034 2.1 0.014 0.009 0.29 2.1 2.1 0.53 0.019 0.035 0.003

J5 0.039 4.1 0.012 0.009 0.29 0 0 0.51 0.019 0.037 0.003



Table 2.1 Composition of the Experimental Mo-B Steels (cont.)

(b) Analysis of Solid Steels

· Oxygen and nitrogen were analyzed by Esco corporation using Leco approach.

IJ\
t..,)

SteelNo. C Mo P S Si Co Ni V Nb AI Cr Mo

11 .181 2.01 .010 .0131 1.13 <.001 .008 <.005 <.005 .029 1.94 .482

J2 .115 3.97 .009 .0133 .270 <.001 .015 <.005 <.005 .028 .017 .474

J3 .077 2.03 .009 .0082 .270 <.001 1.93 <.005 .006 .028 1.97 .475

J4 .023 2.02 .009 .0071 .268 <.001 1.93 <.005 .006 .026 1.96 .475

J5 .026 4.04 .009 .0137 .272 <.001 .019 <.005 <.005 .025 .018 .469

SteelNo. Ti So B Zr Ca As Pb Sb Bi O.

11 .025 .001 .0027 <.0040 .0042 <.0004 .0061 <.0020 .0022 .00074 .0013

J2 .038 <.001 .0027 < .0040 .0017 .0010 .0100 <.0020 .0023 .001 .0027

J3 .026 <.001 .0031 .0046 .0016 <.0004 .0073 <.0020 .0024 .00092 .0033

J4 .023 <.001 .0030 .0047 .0016 <.0004 .0075 <.0020 .0025 .001 .0038

J5 .037 <.001 .0030 < .0040 .0016 .0016 .0110 <.0020 .0024 .00095 .0028
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Table 2.2(a) Composition of the Pearlitie Rail Steel X136 (wt-%)

Table 2.2(b) Mechanical Properties of the Pearlitie Rail Steel X136

8 Thehardnesswas determinedon a lateral side of an Amsler roller by measuring12
points along periphery of the roller. Hardness readings varied from 33.9 to 38.1 HRC
with an average of 36.3 HRC. Thepopulation standard deviation was 1.631 and sample
standard deviation was 1. 711.

Table 2.3 Composition of the Class C Wheel Steel W58

8 The hardness of W5 was determinedin a similar mannerfor X136 by measuring8
points along the periphery of an Amsler roller. The average hardness was 30.8 with the
lowest hardness reading of 28.3 HRC and the highest 33.5 HRC. The population and
sample standard deviations were 1.589 and 1.699. respectively.

C Mn P S Si Cr

0.794 0.913 0.018 0.010 0.663 0.473

Y.S. UTS RA E1 Hardness
8

Steel
(ksi) (ksi) (%) (%) (HRC)

X136 126 191 40 13.3 36

C Cr Mo Mn Si S P Cu Ni V

0.66 .036 .014 .684 .528 .022 .002 .089 .029 .009
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Table 2.4 Heat Treatmentof the Mo-BSteels

· After the sample was put into the furnace, the holding time commenced when the
furnace temperature came back to the austenitizing temperature.

Steel Austenitizing Holding Time Air Cooling Water Quenching
Temperature (OC) (minf

11 910 15 ,/ ,/

12 900 15 ,/ ,/

J3 900 15 ,/ ./

J4 900 10 ,/ ,/

J5 930 15 ,/ ,/
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Table 2.5 Contact Pressures Used in the Amsler Wear Tests with a SlideIRoll Ratio of
35%

Key:
as - as received
ac - air cooled
wq- water quenched

.........-

Contact Pressure (MPa)

Steel 500 900 1220 1450 1700

J1-as ,/ ,/ ,/ ,/ ,/

J2-as ,/ ,/ ,/ ,/ ,/

J3-as ,/ " ,/

J4-as ,/ ,/ " ,/ ,/

J5-as ,/ " ,/

J1-ac "
J2-ac ,/

J3-ac "
J4-ac "
J5-ac "
J1-wq ,/ " ,/

J2-wq ,/ ,/ ,/

J3-wq "
J4-wq ,/ ,/ ,/

J5-wq "
X136 ,/ ,/ ,/.

Mn steel ,/ ,/
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Table 2.6 Chemistry and Properties of 120S-1

(a) Chemical Composition of 120S-1 (wt-%)

(b) Mechanical Properties of 120S-1

C 0.06-0.08

Mn 1.20-1.35

Si 0.30-0.40

Ni 2.40-2.70

Cr 0.30-0.50

Mo 0.40-0.50

Tensile Strength (ksi) 120-125

Yield Strength (ksi) 110-115

Elongation (%) 15-18

Reduction of Area(%) 50-65

Charpy V-Notch

@ O°F (ft-lbs) 95-110

@ -60°F (ft-lbs) 70-80
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Table 2.7 WeldabilityTest Conditions

As-received 11

Materials Air-cooled J2

Water-quenched 11

Type of Test Tekken test

Welding Method Gas Metal Arc Welding

Filler Material 120S-1

Shielding Gas 95%Ar + 2%02 +
3%C

Heat Input (kJ/in) 100 (for 11-as and J2-ac)

71 (for 11-wq)

Preheat Temperature (OC) 200
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The surface on which
hardness measurement was made

Figure 2.1 Hardnessmeasurementon an Amsler roller
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100 mm 5mm

Figure 2.4 Geometry of a Gleeble specimen
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FIxture
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Figure 2.5 Specimenset-up for a Gleeblethermal run with a dilatometer
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a

(a)

(b)

Figure 2.6 Amsler machinefor wear and deformationtesting
(a) Overviewof the machine (b) Roller set-up for a wear test



lOmm

E
E.
o
C')

E
E
10
C')

16mm

E
E-
o
"'"

E
E
10
"'"

5mm

Figure 2.7 Geometryof Amslerrollers for wear testing

63

-

--- - -.
-

-
--- ,- -

-

J



64

a b

c d

Figure 2.8 Orientation of Amsler rollers taken from bulk: materials
(a) Rollers from Mo-B bainitic steel bars

(b) Rollers from a X136 rail steel
(c) Rollers from an austenitic Mn steel

(d) Bottom rollers from a wheel of class C wheel steel
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Figure 2.9 Dimensional measurements on an Amsler roller
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Figure 2.10 Geometry of a tensile specimen
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Figure 2.12 Configurationof a Tekken specimen

2 1/2

l

--A 2 1/2

--+B
II.J'TII' ......... ........'"'..

--+A
B

8



68

5 cuts

8

Dimension in inches

Figure 2.13 Welding path and sectioning of a Tekken specimen
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Microhardness
measurement
array

Cross section
for subsurface observation

Figure 2.14 Cross section of an Amsler roller for subsurface analysis



CHAPTER 3

EXPERIMENTAL RESULTS

3.1. MICROSTRUCTURE OF THE Mo-B STEELS

3.1.1. Metallography of the As-ReceivedSteels

The microstructure of the as-received steels was examined in an optical

microscope. As shown in Figure 3.1, packets characterizedby features with different

contrast and orientations were found in prior austenite grains. Due to the limited

resolutionof the opticalmicroscopeand the complexityof microstructureon continuous

cooling, no further detailsof phases were identifiedwith these micrographs.Therefore,

the microstructureof these steels was characterizedby means of transmissionelectron

microscopy.

3.1.2. Transmission Electron Microscopy of the Mo-B Steels

3.1.2.1. The as-received steels

The TEM observationsrevealed that in the as-received11, a lath structure was

predominant although there is some massive ferrite. The lath ferrite was heavily

dislocated as shown in Figure 3.2(a). Retainedaustenite was found in elongated and

blocky forms as shownin Figures 3.2(b) and 3.2(c). The retainedaustenitewas clearly

revealed by a dark field image in Figure 3.2(c) with a reflection of (020)-y(Figure

3.2(d». The elongatedretained austenitewas locatedin the lath ferrite boundariesand

70



71

the blocky retained austenite could cross the ferritic lath. A twinned structure shown in

Figure 3.2(e) was found in the steel, but only occasionally and at generally high

magnifications (>50,OOOx). Although its crystallography was not identified due to its

small size, this feature is presumably a twinned martensite-retained austenite island (M-A

island) since its morphology resembles the M-A islands reported in the literature. The

structure of this steel is therefore predominantly carbide-free bainite with some blocky

retained austenite, M-A islands and non lath ferrite, i.e., a mixture of carbide-free bainite

and granular bainite.

The microstructure of the as-received 12 was more complex. In most areas,

carbidesprecipitatedin ferrite laths at an angle to the long axis of the laths, showinga

morphologyof lower bainite. Such a structurewas predominantand is shownin Figure

3.3(a). It was found, however, that in some ferrite laths there were no carbide

precipitates (Figure 3.3(b». In addition, in some areas, carbidesformed in the massive

ferrite. In these areas, as shown in Figure 3.3(c), carbides precipitated in a single

direction. M-A islands (Figure 3.3(d» were found occasionally. This steel has a

microstructureof predominantlylowerbainitewithsomemassiveferritewithand without

carbides.

A microstructure of massive ferrite with high density dislocations was found to

be predominant in the as-received 13. M-A islands were produced in this steel. Figure

3.4(a) presents a highly dislocated massive ferrite and Figure 3.4(b) shows a M-A island.

This steel consists of granular bainite.

The microstructure of J4 is quite similar to 13, but with a greater number of M-A

islands. This structure is shown in Figure 3.5.

Lath ferrite is well developed in IS. At the lath boundaries retained austenite was

found. No carbides or M-A islands were revealed. The microstructure of this steel is
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basically carbide-free bainite, consistingof lath ferrite and retained austenite (Figure

3.6).

3.1.2.2. The air-cooled steels

The microstructure of the air-cooled steel 11 is shown in Figure 3.7. Figure 3.7(a)

shows that ferrite laths were well developed and the retained austenite thin films were

located in the lath boundaries. In this steel, a needle-shaped structure was very distinct

(Figure 3.7(b», but the morphology was different from a M-A island. This structure is

presumably martensite like that reported by Narasimha Rao et al.211The microstructure

of this steel is carbide-free bainite with needle-shaped martensite.

Figure 3.8 shows the microstructure of the air-cooled 14. A heavily dislocated lath

ferrite was revealed but no M-A islands were found (Figure 3.8(a». The cell structures

formed by tangled dislocations were found in some areas and are shown in Figure 3.8(b).

3.1.2.3. The water-quenched steels

In the water-quenched 11, heavily dislocated lath ferrite was predominant (Figure

3.9(a». The thin films of retained austenite were entrapped in the lath boundaries, as

shown in Figure 3.9(b). Figure 3.9(c) shows the corresponding dark field image of

Figure 3.9(b) using the 022 diffraction spot of austenite (Figure 3.9(d». In this steel,

more needle-shaped martensite was found than in the air-cooled 11. Usually the needles

are agglomerated and juxtaposed in groups, as shown in Figure 3.9(e). The

microstructure of this steel was similar to that of the air-cooled 11, but the features of

the ferrite laths and martensite were much enhanced. This steel consists of carbide-free

bainite with martensite.
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The microstructure of the water-quenched J2 was composed of lath ferrite (Figure

3.10(a» and massive ferrite, Figure 3.10(b). Needle-shaped martensite was found in

some areas (Figure 3.10(c» and no carbides were detected.

The microstructure of the water-quenched J3 consisted of lath and massive ferrite,

but the former was greater than the latter. Figure 3.11 shows the microstructure of this

steel.

The water-quenched J4 achieved a microstructure consisting of predominant ferrite

laths (Figure 3. 12(a» and some massive ferrite (Figure 3. 12(b». The diffraction pattern

(Figure 3. 12(c» shows that only ferrite existed in this structure.

The microstructure of the water-quenchedJ5 was also composed of lath and

massive ferrite (Figures 3.13(a) and (b». No thin films of retained austenite were

discerned in the lath boundaries.

The water-quenched13, J4 and J5 are basicallybainitic ferrite in both lath and
massiveforms. Sucha microstructurewasalso foundin the ultra-lowcarbonweld metals

in a study of Singh.212



3.2. CCT DIAGRAMS OF THE Mo-B STEELS

The phase transformations of high carbon 11 and low carbon J4 were investigated

using a Gleeble thermal simulator over a wide range of cooling rates between 0.4 and

25 °C/s. Each temperature-dilation curve indicates that only one transformation happened

since the geometric expansion of a specimen caused by phase transformation appeared

only once. It was found that for each steel, the transformation temperature generally

remained constant, regardless of cooling rate. The transformation start temperature of 11

was measured to be about 435°C and that of J4 about 550°C. Since the transformation

was able to occur at 0.4 °C/s at such a low temperature, the transformation was believed

to be a bainite transformation. Therefore, the transformation start temperatures were
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The microstructures of the Mo-B steels are summarized below.

As-received Air-cooled Water-quenched

11 lath ferrite lath ferrite lath ferrite
retained austenite thin films of retained thin films of retained
massive ferrite austenite in lath austenite in lath
few M-A islands boundaries boundaries

needle-shaped needle-shaped
martensite martensite

12 lower bainite lath ferrite
lath ferrite w/o massive ferrite
carbides needle-shaped
massive ferrite wI martensite
carbides
few M-A islands

13 massive ferrite lath ferrite
M-A islands massive ferrite

J4 similar to 13-as but lath ferrite lath ferrite
more M-A islands massive ferrite

J5 lath ferrite lath ferrite
thin films of retained massive ferrite
austenite in lath
boundaries
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designatedas B.. The measurementresults are listed in Table 3.1. It is seen that the B.

was significantlydepressedin the high carbon steel11.

Figures 3.14 and 3.15 show the ccr curves for 11 and J4, respectively. The

curves indicate that only bainitic structureswere obtainedover a wide range of cooling
rate since no martensitetransformationwas detected.

3.3. GRAIN SIZE OF THE STEElS

The prior austenite grain size measurements were taken only on some steels

because not all steels would etch well enough to show grain boundaries. Table 3.2 lists

the grain size of J2, J4 and J5 in the as-received state. The as-received steels have almost

the same grain size, leading to an assumption that the grain size of all the as-received

steels was about 55 ",m. The grain size of the air-cooled J4 was found to be greater than

90 ",m, suggesting that the grains grew significantly by furnace heat treatment.

3.4. ACt AND ACJOF THE BAINITIC STEELS

Since the grain size of the air-cooled J4 exhibited a large grain size of greater

than 90 ",m, it was felt necessary to reduce the grain size by lowering the austenitizing

temperatures. Hence, the ACIand AC]were measured so that an austenitizing temperature

just above the AC]could be used in subsequent heat treatments. Unfortunately, the results

shown in Table 3.3. indicate that the measured AC]was very close to the austenitizing

temperatures used in the previous heat treatment. Therefore, no further action was taken

to adjust austenitizing temperatures.

Table 3.3 also contains the calculatedAC3temperatures for comparison. The

calculated temperatures were obtained using the equation developed by Andrews,213
shownbelow:
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AC3 (OC) = 910-203y'C-15. 2Ni+44. 7si+l04V+31. 5Mo+13.1W

- (30Mn+llCr+20CU-700P-400Al-120As-400Ti) (wt-%)

It is seen that the calculated values are consistently lower than the measured ones. This

suggests that the empirical equation is generally limited to the range in which the

materials were tested.

3.5. MECHANICAL PROPERTIES OF THE BAINITIC STEELS

The mechanical properties of the bainitic steels were examined in terms of

strength, ductility, impact toughnessand hardness. The results are given in Tables 3.4

and 3.5.

3.5.1. Hardness of the Steels

The hardness of the bainitic steels is tabulated in Table 3.5. and shown in Figure

3.16. It is apparent that the hardness of the steels was increased by heat treatment, but

the degree varied with steel. Water-quenching resulted in almost the same hardness as

air-cooling did for 11, 12 and 14, but led to a substantially higher hardness for 15.

Figure 3.17 showsa linear relationshipof hardnessvaluesbetweenRockwelland

Brinell scales as measured for these steels. With linear regression, the relationship is

given as

or
HRC = 2. 75 + O. 10 HB,
HB = 10 HRC - 27. 5

(r = 0.97)

where HRC is the hardness on the Rockwell scale, HB the Brinell scale and r is the

correlation coefficient.
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3.5.2. Strength and Ductility

The strengths of the steels are shown in Figure 3.18. It is seen that water

quenchingincreasedboth ultimatetensile strengthand 0.2% proof stress. The extent of

improvementwas evaluatedusing the equation

a -a
!1aill (%) = wq as X 100%

aas

where !1O"iDis the strength increase by percentage, O"wqis the strength of water-quenched

steels and O"uis the strength of as-received steels. Figure 3.19 shows that the

improvement of yield strength was greater than that of ultimate tensile strength.

Figure 3.18 also demonstrates that the strength of higher carbon steels was greater

than that of lower carbon steels for both as-received and water-quenched steels.

The ductilityof the steelsare shownin Figure 3.20. Both reductionof area and

elongation were reduced by water quenching. The degree to which water quenching

decreased ductility is illustrated in Figure 3.21. For both elongationand reduction of

area, the high carbon steel11 exhibitedthe greatestchangeby water quenching.There

was no significantchange in reductionof area for J3.

It seems that ductility was decreased by an increase in carbon content since higher

carbon steels showed lower elongation and reduction of area than lower carbon steels.

3.5.3. Impact Toughness

The results of Charpy impact toughness at room temperature are shown in Figure

3.22. For the as-received steels, 11 showed the lowest toughness. The toughness of J2,

13 and J4 were quite similar and at a higher level.
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Water quenching did not exhibit a consistent influence on toughness. The

toughnesses of 11 and 15 were increased by water quenching, but those of the rest were

decreased. After quenching in water, 11 through 14 exhibited similar toughnesses and 15

showed the highest toughness.

Brittle features were revealed on all fracture surfaces at low magnification (only

a few times of magnification)and no ductile areas were found on the these surfaces. SEM

observations revealed that the fracture belonged to a quasi-cleavage mode. Figure 3.23

shows the fractography of some steels. In some areas, ductile dimples were found, as

shown in Figure 3.24. In the SEM, the packet size on the fracture surface was not

generally revealed, but could, in some instances, be measured and found to be about 20

I'm.

3.6. WEAR PERFORMANCE OF STEELS - BAlNITE, PEARLITE AND

AUSTENITE

The wear resistance of the steels was evaluated at various contact pressures with

a slide/roll ratio of 35%. The wear rates of all the steels tested are given in Table 3.6.

3.6.1. Re-evaluation of the Reproducibility of the Amsler Machine

Although no systematic tests were performed to investigate the reproducibility of

the Amsler machine in the present study, the data of wear rates for reproducibilitf14

were re-processed. The evaluation of the reproducibility with 95 % confidence was then

achieved in terms of relative error.

Assumingthat the data followa normaldistribution,the original data214and the

re-evaluationresults are tabulatedin Table 3.7. The maximumrelative error obtained

was 10%. In the current study, sometests were performed twice using the as-received
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11 and 14 at a contact pressure of 1220 MPa, the relative error for these tests was

calculatedusing the equation

where 8 is the relative error, Wmaxand wa are the mCQdmumand minimum wear rates,

respectively. The maximum relative error was found to be 6.7%, falling within the

presumed 10%. Therefore, ::I:10% was considered to be the scatter band for a wear rate

for each test.

3.6.2. Rolling/Sliding Wear of the Bainitic Steels

Wear rates were obtained based on weight loss measurements. Figure 3.25 shows

the wear rates of the bainitic steels tested at 1220 MPa. Heat treatment exhibited a great

influence on the wear rate of the steels. For each steel of a given composition, the as-

received steel showed the highest wear rate and the water quenched steel the lowest wear

rate. However, the degree to which the wear rate was decreased by heat treatment varied

with the steel. 11 experienced the greatest change while J4 the slightest. Consequently,

the relative wear resistance also varied with heat treatment. Herein the relative wear

resistance refers to the ranking of wear resistance of the steels in each heat treatment

group (or at each contact pressure level as will be mentioned later on) and wear

resistance is reciprocal to wear rate. 11, for example, did not show an outstanding wear

resistance in the as-received steel group, but it exhibited the highest wear resistance in

the water-quenched group.

The variation in wear rate with contact pressure for the as-received steels is

presented in Figure 3.26. The wear rate of 11 increased with an increase in contact

pressure in a linear manner. For J2 and 13, however, the wear rate did not increase at

high contactpressures as fast as at low contactpressures. For J4 and J5, the wear rate
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increased with contact pressure increasing at lower pressures, but at high contact

pressures over approximately 1220 MPa, the wear rate tended to be decreased by

increasingcontactpressure.

The relative wear resistance also varied with contact pressure level. At 500 MPa,

the as-received 11 exhibited the best wear resistance, but at 1700 MPa its wear resistance

was much lower than that of 14.

As at 1220 MPa, water quenching increased the wear resistance of 11 and 14 at

500 MPa and 1700 MPa. It is apparent in Figure 3.27 that this effect was much stronger

for 11 than for 14. For 11, water quenching reduced the wear rate about 80%, while for

14, its wear rate was reduced about 28 %. Because of the significant reduction in wear

rate, the water-quenched 11 excelled over all other steels at each contact pressure in

terms of wear resistance.

3.6.3. Wear Resistance of Xl36 and Mn Steels

It is well known that for pearlitic rail steels, high hardness indicates high wear

resistance. For this reason, a high hardness pearlitic steel X136 was chosen to be

investigatedwithrespect to wear resistanceand a comparisonwas madewith the bainitic

steels. Further, the wear performanceof an austeniticmanganesesteel, which is often

used to makefrog steels, was also investigated.The wear rates of X136 and the Mn steel

are shownin Figure 3.28. Comparedwiththe as-receivedbainiticsteels, X136 exhibited

the lowest wear rates at each contactpressure. However, its wear rate was higher than

that of the water-quenched11. It was noted that there was a variation of 4 - 5 HRC in

hardness in the periphery of the X136 rollers, but no abnormal wear behavior was

observed with reference to the other steels. The austeniticMn steel exhibited superior

wear resistanceto all the other steelsand the wear rates were almost zero even at 1700

MPa.
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3.6.4. Wear Behavior of the Pearlitic Wheel Steel WS

The pearlitie wheel steel W5 was used to make bottom rollers as a counterpart

materialin the Amslerwear testing. Althoughthe weightloss of the top rollers increased

linearly with revolutions after a break-in period in most tests, the weight loss vs.

revolutions eurves for the bottom rollers did not always exhibit a linear relationship.

Figure 3.29(a) showsexamplesof a linear curve for a top roller and a non-linearcurve

for a bottom roller. For a bottom roller, if the curve is not linear, the wear rate was

derived through the data points whichcorrespondto their counterpartpoints for the top

roller, as shownin Figure 3.29(b). The wear rates of the bottomrollers are also listed

in Table 3.6.

Figures 3.30 and 3.31 show the wear rates of both top and bottom rollers for a

wide range of contact pressure 500 - 1700 MPa. Coupled with top rollers of the bainitie

steels, the wear rates of bottom rollers were generally far lower than those of their top

counterparts. It was noted that for the water-quenched 111W5 pair, Le., the top roller is

the water-quenched 11 and the bottom roller W5, the differences in wear rate between

the rollers were not significant and that the bottom roller W5 even exhibited a higher

wear rate than the top roller (water-quenehed 11) at 1700 MPa. For the X1361W5 pairs,

the difference in wear rate between the rollers decreased as contact pressure increased.

Wear rates of both rollers were very close for the Mn stee1lW5 pairs.

3.7. ROLLING/SLIDING DEFORMATION REBAVIOR

The resistance to deformation under roningf sliding conditions was tested in the

Amsler machine. With oil on the surface of the rollers, wear was effectively prevented.

During a test, the rollers were deformed by stretching the surface to both sides of the

rollers and the diameter of the specimens was reduced accordingly. The deformation in

terms of roller width increase or diameter decrease of both top and bottom rollers at

1295 MPa is plotted in Figures 3.32 and 3.33 as a function of revolutions. The results
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indicate that the as-received J4 experienced a significant deformation, but the other steels

exhibited quite good deformation resistance. The top roller of J4 suffered slightly more

deformation than the bottom one.

The effectof contactpressureon deformationwas investigatedfor the as-received

J1. Figure 3.34 indicates that deformation was increased by increasing the contact

pressure. It was found that at 1295 MPa, the deformationaccumulationbecame very

small after an initial period of time. At 1700 MPa, however, deformationcontinued

substantiallywith revolutions.By definingthe deformationrate as widthincreasedivided

by revolutions, the deformation rate was derived using a linear regression. The

deformationrate was 1.5x 1Q-6mm/revat 1295MPa, and 1.8x1O-smm/rev at 1600

MPa. With the contactpressure increasedfrom 1295MPa to 1600MPa, the deformation

rate was increasedby an order of magnitude.

The subsurface of wear test rollers was investigated. The microstructures in

Figure 3.35 indicate that a deformationlayer was generatedbelow the worn surfaces.

The microstructureof the subsurfacewas distortedtowardsan orientationparallel to the

surface in the rolling direction. Although the depth of deformation layer was not

uniform, especiallyat high contact pressure, the measurementstaken under an optical

microscopeindicate that the deformationdepth of the as-received11 at 1220 MPa was

about 30 #£mand 40 - 60 #£mat 1700 MPa. It is not surprising that higher contact

pressure produced greater deformation. In rolling!sliding wear, the deformed layers were

work hardened. Figure 3.36 shows the variation in hardness from the surface towards the

center of the specimen. The maximum hardness produced near the surface was about 480

HK and that of bulk material about 420 HK.
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3.8. WORN SURFACE OF THE AMSLER WEAR ROLLERS

The worn surface of the Amsler wear rollers were observed in a SEM. In the

bainitic steel category, 11 and 14 were investigated. 11, a high carbon steel (O.18%C),

demonstrated good wear performance in the water-quenched condition. 14, chosen as a

representative of low carbon steel (O.023%C), showed better wear resistance at higher

contact pressures than 11 in the as-received conditions.

The worn surface morphologiesof the rollers with differentheat treatmentsand

contact pressures are shown in Figures 3.37(a) - (g) for the bainitic steels. Generally

speaking, the wear mode of these rollers was Type ill wear, as first characterizedby

Bolton and Clayton18in pearlitic steels and later applied to bainitic steels.37In these

steels, large flakeswereproduced.Thedeformationon the surfacewasdiscernedthrough

the gouginggrooves in the rolling direction.The photographsindicatethat the degree of

deformationvaried with heat treatmentand contactpressure. Since there is no way to

measure the surface deformation (semi-)quantitativelyin the wear situation, the

observationwas only qualitative.

Comparedwith the as-received11 at 1700MPa, the worn surface of the water-

quenched 11 was much smoother (Figures 3.37(c) and (g». The as-received steel 11

showed large thin flakes attached to the surface and evidence of the accumulative

deformationwas indicatedby the gouging traces and ridges on the surface. The water-

quenched11 surface was smooth, Figure 3.37(g), with far fewer deformed ridges and

large flakes. This suggeststhat less deformationwas experiencedand muchless material

was removed during wear. Concurrently, the wear rate of the water-quenched11 was

much lower than that of the as-receivedII.

In the water-quenched11, small pits and cracks perpendicular to the rolling

direction were observed (Figures 3.37(g) and 3.38). Since the deformationoccurred in

the rolling/slidingdirection, it is likely that the pits were produced by stretching the
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microcrack in this direction. Figure 3.39 shows the close up of a pit and the illustration

of a possible formation mechanism.

The worn surfaces of the pearlitic steel X136 are shown in Figure 3.40. Typical

Type ill wear was produced at 1700 MPa as demonstrated in Figure 3.4O(a). Figure

3.4O(b) reveals the worn surface generated at 1220 MFa after 450 revolutions, for which

wear rate continuously decreased as the wear process continued. The weight loss curve

for this test is shown in Figure 3.41. It was noted that the wear rate reported in this

investigation came from the linear portion of the curve during the early period of the test.

The worn surfaces of the Mn austeniticsteel were very smooth, corresponding

to its low wear rates. At the beginning of the wear test, small dents were uniformly

produced on the surface. For a short period of time, the numberof dents continued to

increase and the surface becamerougher. After this period, however, the worn surface

was rolled smoother and the dents gradually disappearedas the test continued. As a

result, the final worn surface was quite smoothand the wear rate was very low. Figure

3.42 shows the morphologyof the worn surfacesof the Mn steel rollers. No Type ill

wear was produced on this steel.

The observations revealed that the worn surface of the bottom rollers always

presentedthe samefeaturesas the top rollersalthoughthe wear rate of the bottomrollers

was generallylower than that of the top rollers.

3.9. WELDABILITY OF THE BAINITIC STEELS

The weldability of steels is often indicated by carbon equivalent (CE). Yurioka215

reported that there are at least eight formulae for CE currently being used. These

formulae are divided into three groups (A, B and C) according to their applicability to

various types of steels.215In group A, the CBs are characterized by 1/6 as the coefficient

of Mn. This group includes CE(llW), CE(WES) and CE(Stout ll), which are applicable
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to plain carbon and carbon-manganese stee1S.216Pcm, CE(Graville) and CE(Duren) are

classified in Group B. These CEs are believed to have better assessment for low-carbon

low-alloy steels. The CEs in Group C, including CE(Stout I) and CEN, have taken into

account the interactions between carbon and other elements and therefore have a wider

applicability.

Of these formulae, three CEs that are most important and frequently use are given

below:

C

CE (IIW) = C + Mn + CU+Ni + Cr+Mo+V.6 15 5'

Pcm = C + si + Mn+CU+Cr + Ni + Mo + ..!.. + 5B. and
30 20 60 15 10 '

CEN = C + A(C). [Si + Mn + CU + Ni + Cr+Mo+Nb+V + 5B]24 6 15 20 5

where A(C) = 0.75 + 0.25 tanh[20(C-0.12)].

A

B

In the above equations, the alloyingcontentsare expressedin weightpercentage. In the

current study, the CEs of the bainitic steels, given in Table 3.8, were calculatedusing

these equations. It is evident that for a given steel, the CEs could be quite different

dependingon which equationwas used. CE(llW) values seemto be always the highest

and Pcm the lowest.

To prevent cold cracking, preheating is sometimes necessary. Using the

methodology developed by Yurioka et aI., 217 the preheat temperatures for the bainitic

steelswas estimatedfor Tekkentestingusingtheprogramdevelopedby Dighde.218Based

on the assumptionsthat the hydrogencontentis 5 ml/l00gm and that heat input is 1.7

kJ/mm, the lowest preheat temperaturewas predictedto be 144 °C for 15. No preheat

temperaturewas obtained for 11 because the program was terminatedduring execution

due to overflowof someintermittentvaluesin calculation.The resultsobtainedwith this

program are given in Table 3.8 using CEN.
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As far as experimentsare concerned,Ashtonand Johnson219reported that for a

fully bainitic structurewith a hardnesslevel about420 HV10 (-42 HRC), an excellent

weldabilitywas achieved with a minimumof 100 °C preheat temperature. With the

compositionprovidedby Ashton and Johnson,219the CEN of the steel was calculatedto

be 0.63.

Based on the above analysis, the susceptibilities of 11 and J2 to cold cracking

induced by hydrogen were evaluated using Tekken testing with a preheat temperature of

200°C. After welding, the examination of weldments in cross sections was carried out.

No evidence of cold cracking was found in either heat affected zone or in the weld metal

for all specimens. The result indicates that even under a water-quenching condition, the

high carbon steel 11 still has a good weldability. However, lack of fusion was found at

the beginning of the weld and then disappeared in all test specimens. Figure 3.43(a)

shows the weldment of the as-received 11 without cracking. Figure 3.43(b) reveals the

lack of fusion found in the same steel.
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Table 3.1 B. of the Mo-B Bainitic Steels (OC)

Table 3.2 Grain Size of the Mo-B Steels

Table 3.3 AC1and AC-jwith Austenitizing Temperatures (OC)

· Thedata in parentheses are calculatedvalues usingAndrews' equation.213

0.4 °C/s 2 °C/s 10 °C/s 25 °C/s

11 441 434 436 440

J4 560 551 554 545

Steel No. ASTM Grain Dia. Heat Treatment
No. m)

J2-as 5.2 60 as-received

J4-as 5.3 59 as-received

J5-as 5.5 54 as-received

J4 >90 furnace, 870°C, air cooled

J4 >90 furnace, 900°C, air cooled

ACl AC-j Austenitizing
Temperature

11 758 896 (823f 910

J2 677 865 (777) 900

J4 722 865 (816) 900



Table 3.4 Mechanical Properties of the Bainitic Steels

Key:
as - as received
wq - water quenched

0000

STEEL UTS 0.2% YS ELN. RED. OF IMPACT
No. AREA TOUGHNESS

(ksi) (MPa) (ksi) (MPa) (%) (%) (ft-Ib)

Il-as 197.2 1359 122.8 847 14.5 39.3 6.5

J2-as 167.0 1151 120.4 830 16.0 55.0 13.0

J3-as 167.5 1155 114.8 792 16.3 58.8 12.3

J4-as 137.0 945 104.6 721 18.0 69.5 12.8

J5-as 130.4 899 93.5 645 18.0 70.3 10.3

Il-wq 237.3 1636 168.1 1159 10.3 33.5 9.3

J2-wq 204.8 1412 155.6 1073 13.3 50.0 8.5

J3-wq 182.4 1258 138.5 955 14.3 59.0 9.5

J4-wq 150.2 1036 122.0 841 14.8 67.3 8.5

J5-wq 150.5 1038 124.5 858 15.3 65.8 12.0
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Table 3.5 Hardnessof the Mo-BSteels

Steel Heat Treatment HRC HB

Il-as 40 363

I2-as 35 319

I3-as as-received 35 302

I4-as 27 242

I5-as 26 237

Il-ac 44 401

I2-ac 41 363

I3-ac air-cooled 37 321

I4-ac 28 243

I5-ac 27 241

Il-wq 43 415

I2-wq 40 375

I3-wq water-quenched 40 363

I4-wq 29 271

I5-wq 34 288



Table 3.6 Wear Rates of Steels at Various Contact Pressures with a Slide/Roll Ratio of 35% (pg/mImm)

as - as received
ac - air cooled

wq - water quenched

\0
o

Contact Pressure (MPa)
Steel 500 900 1220 1450 1700

Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom

11-as 1555 337 6735 1271 13489 2857 18173 4344 20313 6091

J2-as 2794 309 10943 1034 17807 2445 20641 3056 21018 4341

J3-as 4691 420 15790 2037 16843 3827

J4-as 3254 205 8593 452 11608 1133 10140 1033 9786 1818

J5-as 3858 118 17449 828 12614 591

11-ac 8172 2348

J2-ac 11925 2680

J3-ac 13611 2156

J4-ac 10759 1161

J5-ac 13816 750

11-wq 346 167 2374 1697 4429 5227

J2-wq 6454 2167

J3-wq 9418 2159

J4-wq 2274 257 8334 894 7112 257

J5-wq 9524 894

X136 928 27 6439 2940 8149 7545

Mn steel 126 82 156 247
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Table 3.7 Wear Rates (p.g/m) and Statistical Analysis for Reproducibility Evaluation
of the Amsler Machine under Rolling/Sliding Conditions

lOO(I-a)%: confidence
n: number of tests

s: sample standard deviation
x: average value
ta/2,n-l:upper loo(al2) percentile point of the t distribution
RE: relative error

t a/2,II-l...!..

RE= V;
x

'.-:- .. oJ". .:..

Test 1220MFa 900 MFa
Rail Wheel Rail Wheel
(top) (bottom) (top) (bottom)

1 116100 12200 69600 7100

2 162200 13300 63600 6900
3 140700 13800 61700 6100
4 153900 13100 66000 7100
5 137600 12400 65600 7100
6 141000 12600 66000 6900
7 136400 14000

a 0.05 0.05 0.05 0.05
n 7 7 6 6
x 141128.57 13057.14 65416.67 6866.67
s 14540.48 692.48 2658.13 388.16

ta/2,n-l 2.4469 2.4469 2.5706 2.5706

tan,n-l(sIn) 13447.64 640.43 3055.81 446.23

RE 9.5% 4.9% 4.7% 6.5%



Table 3.8 Carbon Equivalents and Preheat Temperatures (T.,..)Prediction of the Bainitic Steels

\0N
'!

11 J2 J3 J4 J5

CE(IIW) 1.001 0.876 1.033 0.975 0.798

Pcm 0.462 0.369 0.365 0.310 0.285

CEN 1.026 0.684 0.625 0.506 0.434

Tph,°C - 275 247 212 144
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(a) 11 25 I'm

(b) J2

Figure 3.1 Optical micrographs of the as-received Mo-B steels
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(c) 13 25 I'm

(d) 14 25 I'm

Figure 3.1 Optical micrographs of the as-received Mo-B steels
(continued)



(e) 15 25 #Lffi

Figure 3.1 Optical micrographs of the as-received Mo-B steels
(continued)
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(a) IJtm

..

(c) 0.25 Jtm

(b) 0.25 Jtm

Figure 3.2
Microstructure of the as-received J1 in TEM.

(a) lath structure
(b) microstructure with retained austenite
(c) dark field image revealing the retained

austenite in bright area
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Figure 3.2
Microstructureof the as-received11in TEM.
(d) diffraction pattern
(e) M-A island
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(a)

(b)

Figure 3.3 Microstructure of the as-received J2 in TEM
(a) microstructure of carbide precipitates lying at an angle to laths,

exhibiting a morphology of lower bainite
(b) lath structures without carbides
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0.5 JLm

(d) 0.1 JLm

Figure 3.3 Microstructureof the as-received12 in TEM
(c) carbide precipitatesin massiveferrite

(d) twinned structurein the steel
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(a) 0.2 JLm

(b) 0.2 JLm

Figure 3.4 Microstructureof the as-received13 in TEM
(a) massiveferrite

(b) a M-A constituent

-:0.,,;
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0.5 ILm

Figure 3.5 Microstructureof the as-receivedJ4 in TEM
massiveferrite with twinnedmartensite
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Figure 3.6 Microstructureof the as-received15 in TEM
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(a) 0.3 JLm
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(b) 0.2JLm

Figure 3.7 Microstructure of the air-cooled11 in TEM
(a) lath ferrite and retainedaustenite

(b) needleshapedmartensite



104

(a) 0.5 I'm

(b) 0.5 I'm

Figure 3.8 Microstructureof the air-cooledJ4 in TEM
(a) lath structure (b) cell structure



(a) 1ltm

(c) 1ltffi

(b) 0.5 Itm

Figure 3.9
Microstructure of the water-quenched 11 in TEM

(a) lath structure
(b) retained austenite
(c) dark field revealing the retained austenite
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Figure 3.9
Microstructure of the water-quenched J1 in TEM

(d) diffraction pattern corresponding to (c)
(e) needle shaped martensite

(e) 0.5 ~m -o0'1
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(a) 0.3ILm

(c) 0.5 ILm

(b) 0.2 ILm

Figure 3.10
Microstructure of the water-quenched J2 in TEM

(a) lath structure
(b) massive structure
(c) martensitic twins
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(a) 0.5 ",m

(b) 0.5 ",m

Figure 3.11 Microstructure of the water-quenched J3 in TEM
(a) lath structure (b) massive structure
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Figure 3.12
Microstructureof thewater-quenchedJ4in TEM

(a) lathstructure
(b) massivestructure
(c) diffractionpattern
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(a)

~~-
(b) 0.5 JLm

Figure 3.13 Microstructure of the water-quenched15 in TEM
(a) lath structure (b) massivestructure
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~ As-received ~ air-cooled ~ water-quenched

Figure 3.16 Hardness of the Mo-B bainitic steels
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Figure 3.17 Relationship of hardness between
the Rockwell C and the Brinell scales
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Strength Properties of Steels
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Figure 3.18 Strength of the bainitic steels



Figure 3.19 The improvementof strengthby water quenching
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Ductitlity of Steels
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Figure 3.20 Ductility of the bainitic steels
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Figure 3.21 The deterioration of ductility by water quenching
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Charpy Impact Toughness
Room Temperature

J1 J2 J3
Steel

J4 J5

~ as-received .. water-quenched

Figure 3.22 Charpy impact toughnessof the bainitic steels
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(a) 10 JLm

(b)

Figure 3.23 Fracture surfaces of the impact specimens
(a) J1-as (b) J2-as
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(c) 20 JLm

(b) 10 JLm

Figure 3.23 Fracture surfaces of the impact specimens
(c) J4-as (d) J1-wq
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(c) 20 I'm

Figure 3.23 Fracture surfacesof the impact specimens
(e) J4-wq
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21 I'm

Figure 3.24 Dimpleson the fracture surface
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Figure 3.25 Wear rate of the as-receivedbainitic steels at 1220MPa
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As-received BainiticSteels
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Figure 3.26 Variation of wear rate with contact pressure
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Jl air-cooled
1220MPa, 35% slide/rollratio
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TOP ROLLER

i
o

Wear rate obtained from
the linear f.~lationshipbetween
weight los~ and revolutions

BOTTOM RQLLER.

i J~
Assuming a linear relationship
in the region:corresponding to
that for the data points of the top
reller ~.
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Figure 3.29 Weightloss vs. revolutionsduring wear test
(b) an illustrationas to how a wear rate is obtained
from a non-linearwear curve for a bottomroller
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Figure 3.31 Comparison of wear rates between the top and bottom
rollers at variouspressures

(b) 900 MPa

20

E
E- -
E en 15- "C0> c::J co
cD en

:J
15 0
a: ..r:: 10I-
co -
CD

5



133

25

lLb. llll.,), U .', l

5

o
J1-as J3-as J5-as J2-ac J4-ac J1-wq J3-wq J5-wq Mn

J2-as J4-as J1-ac J3-ac J5-ac J2-wq J4-wq X136

_ Top Rollers _ BottomRollers

Figure 3.31 Comparisonof wear rates betweenthe top and bottom
rollers at variouspressures

(c) 1200MPa

20

E
E-
E _ 15- '"
0)
::J 1ij'"
Q) ::I

0
Cti .=:
a: c 10...
CU
Q)



20

E
E- -
E en 15-""0
0> c:
:J co

en
Q) :J
10 0
CL .c 10

t::..co
Q)
~

5

134

25

o
J1-as J2-as J4-as
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Figure 3.31 Comparison of wear rates between the top and bottom
rollers at various pressures

(d) 1450 MPa
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Figure 3.31 Comparison of wear rates between the top and bottom
rollers at various pressures
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WIDTH CHANGE FOR TOP ROLLERS
1295 MPa, 10% slide/roll ratio
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Figure 3.32 Width change of rollers during deformation test
(a) top rollers
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WIDTH CHANGE FOR BOTTOM ROLLERS
1295 MPa, 10% slide/rollratio
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DIAMETER CHANGE FOR TOP ROLLERS
1295 MPa, 10% slide/roll ratio
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DIAMETER CHANGE FOR BOTTOM ROLLERS
1295 MPa, 10% SLIDE/ROLL RATIO
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Figure 3.34 Effect of contact pressure on deformation
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(a) 200 ILffi

(b) 200 ILffi

Figure 3.35 Subsurface of worn rollers
(a) 1700 MPa (b) 1220 MPa
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(a) 200 J.tffi

(b) 200 J.tffi

Figure 3.37 Worn surfaces of the bainitic steels
(a) J1-as 500 MPa (b) J1-as 1220 MPa
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(c) 200 ILm

(d) 200 ILm

Figure 3.37 Worn surfaces of the bainitic steels
(c) J1-as 1700 MPa (d) J4-as 500 MPa
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(e) 500 #LID

(t) 500 #LID

Figure 3.37 Worn surfaces of the bainitic steels
(e) J4-as 1220 MPa (t) J4-as 1700 MPa
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(g) 200 ~m

Figure 3.37 Worn surfaces of the bainitic steels
(g) J1-wq 1700 MPa
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10 ",m

Figure 3.38 Microcrackson a worn surface
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(a) 200 I'm

(b) 200 I'm

Figure 3.40 Worn surfacesof X136
(a) 1700 :MPa (b) 1220 :MPa
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(a) 200 ILm

(b)

Figure 3.42 Worn surfaces of the austenitic manganesesteel
(a) 1220MPa (b) 1700MPa
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(a)

(b)

Figure 3.43
(a) no cracking

Weldment of 11
(b) lack of fusion



CHAPfER 4

DISCUSSION

4.1. MICROSTRUCTURE OF THE Mo-B STEELS

The optical micrographsin Figure 3.1 show the very different microstructural

morphologies of the as-received steels. However, it is difficult to use them to

characterizeor identifythe microstructure.Therefore, an electron microscopewas used

to reveal finer structures. The TEM work has demonstratedthat the matrix of the

microstructure is bainitic ferrite in two morphologies:lath-like and massive. Other

constituentsfound in the steels include M-A islands, retained austenite, carbides and

needle-shapedmartensite. The presenceand distributionof these constituentsvary with

the compositionand heat treatmentof the steels.

Figures 3.15 and 3.16 suggest that for 11 and J4, the transformation product is

bainite over a wide range of cooling rate. Furthermore, the bainite start transformation

temperature does not change much with cooling rate. This is consistent with what Ohmori

et aI. reported.39 They found that for Cu-Ni-Cr-Mo-V alloy steels with carbon contents

between 0.12 % and 0.22 %, the B. did not change with cooling rate. Bramfitt and SpeerA1

also stated that bainite with an almost constant transformation start temperature can be

produced over a wide range of cooling rates.

The relationship between B. and the composition of steels was not determined

experimentally in the present study since there had not been enough number of steels

153
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with various alloying element levels for statistical analysis. However, it was still an

interesting topic and the relationship between B. and composition was evaluated using

empirical equations developed by other workers.37,220-222Steven and Haynes220developed

an equation for isothermal transformations in the form

Bs (OC) = 830 -270C-90Mn-37Ni -70Cr-83Cr (wt-%) (1)

For continuous cooling transformations, Bodnar and Taylor221obtained an equation in the

form

Bs (OC) = 719 - 127C - 50Mn - 31Ni - 27Cr - 61Mo (wt-%) (2)

Another equation Bodnar et al.222proposed is

Bs (OC) = 844 - 597C - 63Mn - 16Ni - 78Cr (wt-%) (3)

In a recent investigation, Devanathan37 found under continuous cooling the bainite

transformation follows the relationship

Bs (OC) = 721 - 598C - 85Mn - 43Cr (wt-%) (4)

The B.'s of the steels II through 15 calculated using these equations are given in

Table 4.1 and illustrated in Figure 4.1 along with the experimental data for II and 14.

It is shown that great differences were produced in calculating the B. with these

equations. The discrepancy in B. for a given steel could be as great as 210°C. In

addition, the relative values of B. for these steels varied with the equation used. Table

4.1 and Figure 4.1 reveal that these equations generally are not able to predict the B.'s

of the steels in the current study although equation (3) gave the closest results to the

measured ones. These variations and disagreements suggest that the empirical equations
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are not universally applicable to all steels while each one may fit well for the steels used

to derive it. Generally speaking, the derivation of an empirical equation is strongly

dependent upon the composition, metallurgical conditions and processing procedures of

steels.

It has been found that microstructure varies with cooling rate for steels within the

bainite transformation region in a ccr diagram.39-41,223,224Some observations have been

well documented by Bramfitt and Speer.41The variation in morphology of continuously

cooled bainite could be considerable, depending on the composition of the steel. It was

reported that the microstructure changes from auto-tempered martensite to lower bainite

to upper bainite and finally to granular bainite as the cooling rate decreases.39,41,223

Ohmori et al.39found that type BI, BII or Bill bainite could be produced by changing the

cooling rate. It should be mentioned, however, that the tenninology for depicting bainite

produced under continuous cooling conditions has never been consistent and led to some

confusion.

The microstructural variations with cooling rate was also found in the current

study. For the bainitic ferrite, more lath ferrite is produced and the amount of massive

ferrite decreased as the cooling rate increases. Also, the lath boundaries are better

defined by faster cooling. In the present study, massive refers to the structure where no

boundaries can be defined on a comparable scale with respect to a lath structure.

Although the term massive has been frequently used in the literature, confusion still

exists. In the early investigations, a microstructure without acicular features was termed

massive with the limited resolution of optical metallography and early electron

microscopy, and a "granular bainite" was described as consisting of massive ferrite with

M-A islands40. As TEM techniques were improved, this massive structure was later

found to be composed of laths on a much finer scale.45,225-229However, non-lath matrices

have also been found on such fine scales in the TEM and the term massive is still used

in the literature. 38,46,49,230,231
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The morphology of retained austenite also changes with cooling rate. In the as-

received 11, the retained austenite exists in either blocky or elongated forms. In the

water-quenched 11, only thin films of retained austenite were found between ferrite laths.

This kind of structure was reportedly obtained by quenching medium carbon steelsl29,232

or by isothermal treatment in Si steels. 131,150,169It is believed that the thin films of retained

austenite, which are thermal and mechanical stable, lead to a good combination of

strength and toughness. From the viewpoint of transformation thermodynamics,

Bhadeshia and Edmonds15Osuggest that this kind of microstructure can be optimized by

(1) reducing the overall carbon content of the alloy so that a critical concentration in the

austenite, at which displacive transformation becomes impossible, is reached at a later

stage in the transformation; and (2) modifying substitutional alloying additions such that

the To curve, which is the locus of points where the austenite and ferrite free energy

curves intersect,131is shifted to higher austenite carbon contents. With the above theory,

they obtained a steel that exhibited a better combination of strength and toughness by

reducing carbon content and replacing Mn by Ni. 131.150

No carbides were found in the as-received 11 although the carbon content was

0.18%. This is attributed to the addition of 1.13%Si. Due to the relative insolubility of

Si in cementite, Si is rejected by a diffusion control mechanism at the transformation

front. A subsequent silicon concentration built-up during the early stage of growth

increases the activity of carbon locally, which reduces the carbon flux and finally inhibits

the further development of the cementite embryo.233

In the as-received 12, the presence of a large number of carbides is attributed to

0.12 %C and a low silicon content. In this steel, 0.27% Si was not able to inhibit the

precipitation of carbides. The absence of carbides in the water-quenched specimens

suggests that fast cooling can suppress the formation of carbides.

The martensite-retainedaustenite islands (M-A islands) were found in the as-

received11 through J4. But only in J3 and J4, were these islands frequentlyobserved.
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Increasing the cooling rate reduced the number of islands. In the water-quenched steels,

the M-A islands were completely suppressed by the fast cooling rate.

The M-A islands were found by Habrakenand Economopoulo~ in association

with granular bainite. They proposed that the formationof M-A islands was associated

with a dehomogenizationof the parent austenite.When the cooling rate is low, large

carbon-enrichedclusters would be formed and subsequentlytransformedto martensite-

retained austenite islands. Buchi et al.223found that the islands of retained austenite in

a matrix of acicular ferrite look like the granular bainite mentionedby Habraken and

suggested that this structure forms because carbon quickly diffuses away from the

ferrite/austenite interface at slow cooling rates, preventing the formation of interlath

cementite. The increased carbon concentrationin the remainingaustenite stabilizes the

austenitefrom further transformation,leadingto the formationof ~ular bainite.

Biss and Cryderman45proposed a similar model, suggesting that at faster cooling

rates within the bainite transformation region, a steep carbon concentration gradient is

developed on the austenite side with a high carbon supersaturation at the ferrite/austenite

interface. This supersaturation leads to the precipitation of cementite at the interface as

the transformation proceeds. At slower cooling rates, the carbon concentration gradient

is lower and carbon supersaturation at the interface is also lower. This low

supersaturation makes it more difficult, or even unlikely, for carbides to precipitate and

thereby leads to the formation of M-A islands. A schematic representation of the carbon

concentration at the ferrite/austenite interface is shown in Figure 4.2. In the present

study, the M-A islands were found in the as-received steels which experienced relatively

slow cooling rates in comparison with the air-cooled and water-quenched steels. This is

consistent with the general result that granular bainite forms at slow cooling rates within

the bainite transformation region.

Katsumata et al.234investigated the formation of a granular structure in a O.06%C-

1.5 %Mn-Q.5%Cr-Q.022%Ti-Q.0022%B steel at a cooling rate of 1.7°C/s. They found
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that at the early stage of the transformation, lath-like bainitic ferrite formed. As the

transformation continued, parts of neighboring laths of bainitic ferrite coalesced and then

the length of untransformed austenite shortened during slow cooling. Finally, the island-

shaped retained austenite formed when the transformation finished. They estimated that

60% of the untransformed austenite transformed to martensite and 40% was retained as

austenite at temperatures below the transformation finish temperature of 460°C.

It is known that carbides form at high cooling rates and M-A islands form at slow

cooling rates. However, no systematic study has been reported on the critical cooling

rate, that is, the lowest cooling rate to inhibit the formation ofM-A islands. It seems that

the critical cooling rate is a function of the composition of the material. In the present

study, carbides precipitated only in the as-received 12, where a mixed structure with

predominantly lower bainite was produced. This suggests that the alloying contents,

especially carbon content, influence the transformation characteristics of steels. With the

composition of 12, lower bainite can be produced at the cooling rate produced by air

cooling. Furthermore, the mixed microstructure of 12 also suggests that various

transformations can occur at the same cooling rate. The transformations may take place

in different temperature ranges and/or even in the same temperature range during

cooling. Since the current study did not concentrate on transformation mechanisms, no

further investigation has been carried out on this aspect. The microstructure of the as-

received 12 indicates that the air cooling rate was much faster than that required for the

formation of granular bainite. It is inferred that martensite is likely to form if cooling

rate is further increased. This idea is supported by the needle-shaped martensite was

observed in the water-quenched 12 and 11, Figures 3.9(e) and 3.10(c).

The presence of retained austenite and the formation of needle-shaped martensite

is associated with the carbon enrichment in austenite. When a steel is cooled down from

the austenitic region, the partition of carbon results in the supersaturation in the

remaining austenite during transformation. However, the degree of supersaturation

varies. If the supersaturation is high enough to suppress the M. below room temperature,
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the remaining austenite is retained and observed at room temperature. When the carbon

content is not high enough to suppress M. to lower than room temperature but is high

enough to activate the martensite transformation above room temperature, martensite is

produced at fast cooling rates. A carbon content in the retained austenite, which was

reported to be about 3 at_%232or 1.55 wt_%,235is high enough to produce twinned

martensite.

4.2. MECHANICAL PROPERTIES OF THE BAINITIC STEELS

The strengths of the bainitic steels in the as-received condition are fairly high with

respect to conventional HSLA steels. The yield strengths are in the range 93.5 - 127

ksi (644 - 846 MPa) and the ultimate tensile strengths 130 - 197 ksi (899 - 1360

MPa). Water-quenching further increases the strengths of these steels to 124.5 - 168

ksi (858 - 1159 MPa) yield strength and 140.5 - 237 ksi (1037 - 1636 MPa)

ultimate strength. These strengths are much higher than conventional HSLA steels which

have yield strengths in the range 290 - 550 MPa and ultimate tensile strengths in the

range 415 - 700 MPa.236Hot rolled 0.15 %C steels with a bainitic structure was reported

to possessyield strengthsin the range 450 - 900 MPa,237which are comparable to the

as-received bainitic steels in the current study.

Of bainitic steels, a high dislocationdensity makesa significantcontributionto

strength. In the present study, high density dislocationswere detected in the bainitic

ferrite matrix although no quantitativeanalysis was made. It was reported that the

dislocation density in upper bainite are in the range 1()9- 1010cm-2 105and that a

dislocation density of the order of 1()' m-2may contribute to an increase in strength of

145 MPa.104Garcia et al.238point out that in the ultra-low carbon bainitic (ULCB) steels,

whose microstructure is generally lath ferrite with a network of high density dislocations,

high strengths mainly arise from solid solution and dislocation strengthening.238The

heavily dislocated structure in bainite may be partly inherited from the prior

austenite. 106,107
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For bainitic steels, strength is also associated with the change in the bainite

transformation temperature. It has been well documented that strength increases as Bso

decreases.92Bsois the temperature at which 50% bainite transformation is accomplished.

Steven and Haynes220empirically established the relationships between Bsoand B. by

where B. was correlated to the alloying elements using eqn. (1) mentioned earlier in this

chapter.

As far as the alloying elements are concerned, carbon content was found to play

a significant part in determining the strength for the bainitic steels 11 through 15. As

carbon content increases, strength increases. The interaction between interstitial elements

(C, N) and dislocations makes a great contribution to strength.98Substitutional elements

also influence the strength of bainite. Mn, Cr, Mo, Ni, Ti, V, and W were found to

increase strengths, but their effects are far less than carbon.91 Using the linear

relationship between strength and transformation temperature and between B. (or Bso)

and composition, Pickering91 related tensile strength to composition in the following

formula:

a (Mpa) = 15.4 [16 +125C+15 (Mn+Cr) +12Mo+6W+8Ni+4Cu+25(V+Ti)]

where (1is the tensile strength in MPa and all the element concentrations are in weight

percent. It should be noted that the equation was derived by combining the relationship

between the strength and the 50% bainite transformation temperature and that between

the 50% bainite transformation temperature and the composition of bainitic steels, not

an empirical equation obtained by direct correlation between the strength and

composition. The range of carbon content for the equation is 0.05 - 0.20%.
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In the present study, the effects of alloying elements of C, Cr, Ni, and Mn on the

0.2 % yield strength and ultimate tensile strength were quantitatively analyzed using

multiple element linear regression. In regression, the estimated strength u could be

expressed in the form

where C, Cr, Ni and Mn are elementconcentrationsin weightpercent and their values

are known variables. Table 4.2 gives the results for the coefficientsbo through b4.

Retainingone decimalpointfor the coefficients,theempiricalequationsare givenbelow:

For the as-received steels,

ay (ksi) = 479.7 + 226.3C - 105.1Cr + 10.7Ni - 96.6Mn (wt-%)

all (ksi) = -421.4 + 515.5C + 133.4Cr + 9.0Ni + 132.6Mn (wt-%)

For the water-quenched bainitic steels,

ay (ksi) = 266.7 + 320.3C - 42.3Cr + 3.0Ni - 37.l.Mn (wt-%)

all (ksi) = 180.8 + 601.2C - 15.3Cr + 4.3Ni - 11.3Mn (wt-%)

where fTyand fTuare yield and ultimate tensile strengths, respectively. The strengths

estimated using the above empirical equations are given in Table 4.3, along with the

measured values. The estimated values exactly match the measured values, indicating that

the linear relationship is very good.

The equations indicate that carbon is the dominant element in controlling strength.

Ni does not make a great contribution to strength. It is noted that a negative effect of Cr

and Mn on strength has been found in three equations. This effect is stronger on the yield

strength of the as-received steels than the water-quenched steels because of greater

.-
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absolute values of the coefficients. No reports of the negative effect of Cr and Mn have

been found in the literature for bainite structures. For polygonal ferrite structures,

however, a negative effect of chromium was reported by Pickering in a study on the solid

solution hardening effects of alloying elements.239In an earlier study, Irvine and

Pickering2M'found that 1%Cr could reduce yield strength by 4.5 ksi in ferrite. In a solid

solution, manganese addition generally increases strength by a solid solution

strengthening mechanism. In the current study, solid solution strengthening is believed

an important mechanism since there are no carbides in most steels. However, manganese

bears a negative coefficient in the above strength equations. One possible reason for the

negative coefficients in the present study is that there were not enough variations in Cr

and Mn contents in these steels. Consequently, the statistical approach might not be able

to produce a result that represents the general trend of alloying element effects on

strength in a wider compositional range.

It is worthwhilenoting that water quenchingexerts more impact on increasing

yield strengththan increasingtensile strength,with the formera critical considerationof

material selection in most mechanical designing. Faster cooling yields a significant

increase in yield strength, as indicatedin Figure 3.19.

The variationin ductilityis associatedwith the changein strength.Ductilitiesare

decreased while strengths are increased by water quenching. Figure 3.21 shows that

cooling rate has greater influence on elongation than on reduction of area. Carbon

content also seems to have a great influenceon ductility.A linear relationshipbetween

carbon content and ductilityis presented in Figure 4.3. For the as-received steels, we
have

6 (%) = 18.4 - 22.1(%C)

1ft (%) = 74.6 - 190.3(%C)
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For the water-quenchedsteels, we have

& ( %) = 16. 0 - 28. 9 (%C)

t/I (%) = 72.6 - 207.9(%C)

where 0 is elongation and t/Ireduction of area. These equations clearly indicate that

carbon content exerts a much strongereffect on reductionof area than on elongation.

Table 3.4 shows that 14 and 15 have similar strengths and ductilities in both the

as-received and water-quenched conditions. These mechanical testing results indicate that

4%Mn yields similar mechanical properties to 2%Mn, 2%Cr and 2%Ni at an ultra low

carbon level (- 0.025%). At a higher carbon level (- 0.1%), 4%Mn in 12 achieved

similar mechanical properties compared to 2%Mn, 2%Cr and 2%Ni in 13 in the as-

received conditions. By water quenching, 12 yielded a slightly higher strength than 13.

This may be attributed to the higher carbon content in 12. The carbon content exhibited

a stronger effect on strength in the water-quenched condition as shown in the strength

equations derived above. These results appear to suggest that at the same carbon level,

4%Mn may have a similar effect to 2%Mn, 2%Cr and 2%Ni on mechanical properties.

From the strength equations at a given carbon content, the contributions of Mn,

Cr and Ni to the yield and ultimate tensile strengths are given below:

Strength 4%Mn 2 %Mn-2%Cr-2%Ni Difference
(ksi)

(1.U -386.4 -382 4.4y

(1.U 530.4 550 -19.6u

(1.wq -148.4 -152.8 -4.4y

(1.wq -45.2 -44.6 0.6u



164

where ayand auare yield and ultimate strengths, respectively and the superscripts as and

wq refer to as-received and water-quenched conditions, respectively. 4%Mn produces

similar strengths to what 2 %Mn-2%Cr-2%Ni do.

Fractographic analysis has shown that the Charpy impact specimens experienced

brittle fracture at room temperature. Water-quenching can either increase or decrease

impact toughness, depending upon the composition of the steel (Figure 3.22). The

fractographs (Figures 3.23(a) and (b» show that the water-quenched 11 exhibits more

ductile features than the as-received 11, in agreement with the measured toughness. The

increase in toughness of the water-quenched 11 could be attributed to the thin films of

retained austenite. The retained austenite in the lath boundaries absorbs energy and

retards the propagation of cracks from one lath to another. Quasi-cleavage fracture

revealed by means of SEM causes the low toughness of these steels.

The ductile-brittle transition temperature of the bainitic steels has been estimated.

Using Figure 4.4(a)so and assuming a prior austenite grain size of 60 ILm (close to the

actual grain size of the steels), the transition temperature was calculated to be 60°C.

Assume the facet size is 20 ILm (based on the fractographic observation), using Figure

4.4(b) for the bainitic StruCtures,120the transition temperature was estimated to be 75°C,

close to the former estimation of 60°C. This analysis suggests that the fracture at room

temperature should be brittle, which is consistent with the experimental results.

According to the equations used, reducing grain size or facet size could effectively

reduce the transition temperature, thereby leading to ductile fracture and higher

toughness. Therefore, the large grain size is probably one reason for the low toughness

of the steels.

Another possible reason for the low toughness is the presence of B and Ti in the

steels. Boron (coupled with Mo) is often used to produce bainitic structures on

continuous cooling since it retards the formation of proeutectoid ferrite and the pearlite

transformation. Maitrepierre et al.161noted that both B and Ti are detrimental to
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toughness. Thomas and Chen also found that boron-treated (0.0016%B) steels exhibited

inferior impact toughnessto boron-freesteeIS.I66For lowcarbon steels « 0.2%C)with

0.5%Mo, 0.003%B might be excessive for ensuring a bainitic structure. Titanium is

generally used to protect boron from being combined with nitrogen to form boronitrides.

Thelning241proposed that the amount of titanium needed to combine with nitrogen can

be estimated using the equation

Ti = S(N- 0.002) (wt-%)

In steels 11 through J5, the nitrogen contentsare in the range 0.00074% to 0.001%.

Therefore, no titaniumis neededaccordingto this equation.However, the actualcontent

of titanium is 0.023% or more in these steels. The excess titanium might lead to low

toughness.

The mechanism by which B or Ti deteriorates toughness is not fully understood.

Maitrepierre et al.161cited that boron has an intrinsic adverse effect on toughness. The

detrimental effect on toughness in weld metals was reported to be attributed to the

presence of finely dispersed TiN in ferrite.242,243A deteriorating impact toughness is often

associated with the presence of boronitride or titanium nitride particles. However, in the

present study, such particles were not found.

Compared with the bainitic steels reported in the literature, the toughness of the

steels in the present study is comparable to that of some steels,23,I44,244but lower than that

of others.115,245,246Although they are not as high as expected, the toughnesses of these

bainitic steels are significantly higher than those of conventional pearlitic rail steels. The

toughness of pearlitic steel is generally in the range 2 to 4 ft-lb at room temperature.247
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4.3. ROLLING/SLIDING WEAR BEHAVIOR OF BAINITIC, PEARLITIC AND

AUSTENITIC STEELS

In the current study, wear resistance is evaluated on the basis of weight loss.

when The relative wear resistance (wear resistance of one steel compared with the other

steels) of the as-received steels varies with contact pressure (Figure 3.26). This indicates

that the relative wear resistance can be influenced by operating conditions. To evaluate

the wear performance of a material, operating conditions must be considered in addition

to the properties of the material.

It has been noted that the wear behavior of the as-received bainitic steels is

differentiatedby carbon content. For high carbon steels (11 and J2), the wear rate

increases with an increase in contactpressure. For low carbon steels (14and 15), a fall

in wear rate occurred at high contact pressures. This fall leads to a superior wear

resistanceof low carbon steelsat high contactpressures. J3, whichhas a carbon content

at a medium level, exhibit an intermediatewear rate at high contact pressure. Such

behavior with respect to carbon content is associatedwith mechanicalproperties and

deformation resistance of the steels. It was found that the low wear rate of the low

carbon steelsat high contactpressureswas achievedat the expenseof great deformation.

To understand the wear performance of the steels, deformation behavior must be

investigated. Under rolling/sliding conditions, deformation can be depicted in two

aspects: macro and micro. The macro deformation refers to the geometric changes of

Amsler rollers that can be measured with respect to dimensional changes of the

specimens. The micro deformation refers to the deformation of surface and subsurface

of the rollers on much smaller scales, and generally observed in optical and scanning

electron microscopes. The deformation behavior in the current study was investigated in

both wear tests and deformation tests. Unfortunately, the macro deformation behavior in

the current study were not well defined for the specimens in the wear tests because the

measurements of dimensional changes could not always reflect the geometric changes of
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the specimens accurately or comprehensively. In contrast, the deformation behavior of

the steels was well defined in the deformation tests. To isolate deformation from wear,

specifically designed deformation tests were conducted in the Amsler rig. In these tests,

wear was eliminated by lubricating the contact surfaces of the Amsler rollers. The results

indicate that lower carbon steels experience larger deformation than higher carbon steels

(Figures 3.32 and 3.33) at the same contact pressure. This is consistent with ductility

results obtained in tensile tests. A higher ductility for low carbon steels than high carbon

steels indicates that low carbon steels experienced larger deformation before rupture.

These results suggest that lower carbon steels would experience greater deformation than

high carbon steels in rolling! sliding wear at a given contact pressure.

The difference of steels in enduring deformation before fracture may explain the

variation in the relative wear resistance with contact pressure. It is known that material

loss comes from the fracture of surface material. The more fracture that occurs, the more

material loss, and the higher the wear rate could be. At a low contact pressure, the

deformation of both high carbon and low carbon steels is low. In this case, the fracture

of the surface material is determined by the strength of the material. High strength results

in less fracture, thereby leading to a low wear rate. At a high contact pressure, a low

carbon steel experiences much higher deformation than a high carbon steel before

fracture occurs. The large deformation retards the detachment of fractured flakes from

the bulk material and thereby reduced the wear rate of the material. The observation of

the worn surface revealed that the a fractured flake could experienced further deformation

in the subsequent wear process by rolling/sliding and overlapped by other fracture debris.

The relationship between bulk hardness and wear rate is shown in Figure 4.5 for

the bainitic steels. The data presented in this figure come from all bainitic steels used in

the present study, regardless of heat treatment. At each contact pressure, there is a rough

trend that wear rate decreases with an increase in hardness. However, since scatter bands

are very large, especially at 1220 MPa, such a trend is very weak. Generally, bulk

hardness is not a strong indicator of wear resistance for these steels.
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It was reported that wear resistance could be improved with an increase in impact

toughness under a dry sliding condition.248In the current study, the wear resistance of

the steels was also correlated to the impact toughness as shown in Figure 4.6. Figure 4.6

shows that no simple relationship between wear rate and toughness could be established.

As the range of toughness variations is very narrow and all impact fracture happens only

in a brittle mode, it would be very difficult to establish a clear relationship in this

situation.

It has been seen that cooling rate has a great influence on wear resistance; faster

cooling rate consistently decreases wear rate at all contact pressures investigated. This

is associated with the microstructural changes caused by various cooling rates. For the

high carbon steel 11, water-quenching increased the wear resistance dramatically. This

effect is conspicuously demonstrated at 1700 MPa. The significant change in

microstructure by fast cooling in 11 is that thin films of retained austenite have been

developed at the ferrite lath boundaries, suppressing the formation of blocky retained

austenite within bainite laths. In addition, needle-shaped martensite (rather than M-A

islands) was produced by fast cooling. It is hypothesized that these factors contributed

to an improvement in wear resistance. For 12, faster cooling changed the microstructure

from lower bainite to lath ferrite plus needle-shaped martensite. Such a structure also

increases wear resistance significantly (Figure 3.25). It seems that the needle-shaped

martensite plays a role in improving wear resistance to some extent.

In 13 and 14, the formationof M-A islands was suppressedby fast cooling and

more lath ferrite was producedat the expenseof massiveferrite. Thesechangesresulted

in a decrease in wear rate of the steels. For low carbon bainitic steels, DevanathaIf1

found that a O.04%Csteel with fewer M-A islands exhibiteda lower wear rate than a

0.1%C steel that had more M-A islands. He proposed that the hardness difference

between matrix and M-A islands possibly leads to cracking at their interface, thereby

leading to higher wear rates. However, there has been no report providing direct

evidenceof interfacialcrackingduringa wear process. Under tensionconditions,Xu et
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al.231found that microcracks nucleated at the M-A island/ferrite interface. In contrast,

Zhang et al.230found that M-A islands deformed and failed in a ductile manner in room

temperature straining.

Althoughboth needle-shapedmartensiteandM-Aislandscontainmartensite,they

seem to exert opposite influences on wear resistance. The reason for that is unclear

because there is no direct evidence to indicate how they act during a wear process.

However, it is noted that the morphologyof the needle-shapedmartensite is different

from that of a M-A island. The separateneedlesin the former may reduce local stress

concentrationunder the wear surface and thereby improve wear resistance. Also, this

structure improves the overall strength of the material, which in turn enhances wear

resistance.

Despite the fact that no substantial change in microstructure for 15 has been

found, the wear rate was still decreased by fast cooling. The increase in wear resistance

may be associated with the increase in strength. A higher dislocation density produced

by a faster cooling rate could contribute to decreasing the wear rate. No reports about

the effect of dislocation density on wear resistance have been found in the literature, but

there are studies regarding dislocation cell StruCtures.249-253In lubricated wear, the cell

walls were believed weak and could generate cracks resulting in wear particles. 253

In summary, the following tendencies of microstructural changes have been

observed with an increase in cooling rate in the current study:

1) more lath ferrite is producedwith reducedmassiveferrite;

2) thin films of retained austenite are developed while blocky retained

austenite is suppressed;

3) carbides are suppressed;and

4) needle-shapedmartensiteforms.
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If one associates the wear rates with these microstructural changes in the bainitic steels,

it seems that lath ferrite, thin films of retained austenite and needle-shaped martensite are

potentially beneficial to wear resistance whereas carbides and M-A islands may

deteriorate wear resistance.

It is very significant that the water-quenched11 demonstrates the best wear

resistanceof all the bainitic and pearlitic steels tested. This outstandingperformanceis

attributed to the relatively high carbon content and the correspondingmicrostructure

consistingof carbide-freebainiteplus needle-shapedmartensite.It is possiblethat better

wear resistance could be achievedby adding more carbon to the steel if this kind of

microstructureis retained.

The wear resistance of a pearlitic rail steel X136 was found to be better than all

the as-received bainitic steels at each contact pressure in the investigation although the

mechanical properties of X136 are quite similar to those of the as-received 11 (see Tables

2.2(b), 3.5 and 3.4). This result agrees with the finding in some studiesll.21.25.34that with

similar hardness (or mechanical properties), the wear resistance ofpearlitic steel is better

than bainitic steel. Gamham and Beynon23attributed the better wear resistance of pearlitic

steels to a structural alignment. They found that in pearlitic steels, a large fraction of

carbide plates were aligned in the rolling direction and exposed to the surface due to

deformation. The exposed carbide plates improve wear resistance. Once the alignment

breaks down, the wear resistance of pearlitic steels with respect to bainitic steels is more

likely to depend on the bulk hardness. Ichinose, et al.35also attributed the better wear

resistance than bainite to the carbide distribution at the surface.

Devanathan and Clayton2S4investigated the relationship between wear rate and

contact pressure for pearlitic and bainitic steels. They found that at contact pressures in

the range 500 - 1220 MPa at a slide/roll ratio of 35%, the wear rate of bainitic steels

increases linearly with an increase in contactpressure while a parabolic trend is shown

for the pearlitic steel, Figure 4.7. In an earlier study, the parabolic relationship for
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pearlitic rail steels was also reported by Danks.214With this trend, Devanathan and

Clayton2S4inferred that at higher contact pressure than 1220 MPa, the wear resistance of

bainitic steels could be better than that of pearlitic steels. To gain some insight of this

issue, the wear tests were carried out at 1450 MPa and 1700 MPa for bainitic steels and

1700 MPa for a pearlitic steel in the present study. The results have shown that even at

1700 MPa, the as-received bainitic steels wore faster than the pearlitic steel, especially

for high carbon steels. However, the water-quenched 11 showed a better wear resistance

than the pearlitic steel. In the investigation by Devanathan and Clayton,2S4the bainitic

steels shows a structure of granular bainite or carbide-free bainite. The difference in the

water-quenched 11 is that needle-shaped martensite was produced. Furthermore, for the

pearlitic steel in the current study, a linear relationship is established between wear rate

and contact pressure (Figure 3.28), inconsistent with the parabolic relationship reported

by Devanathan and Clayton2S4or Danks.214For the bainitic steels, although a linear

relationship is established at contact pressures between 500 and 1220 MPa, it cannot be

extended to higher contact pressures (Figure 3.26).

A strong effect of carbon content in bainitic steels was shown in the study by

Devanathanand Clayton,2S4wherewearrate increasedwithan increasein carboncontent.

In the current study, however, no consistenteffect of carbon content on wear rate was

found as the relative wear resistance varied with contact pressure. As far as the

microstructureis concerned, a generaltrend foundin the current study is that the wear

resistance is improvedby more lath ferrite and fewer M-A islands, suggestingthat the

more carbide-freebainite that is produced,the better the wear resistance.This is also in

disagreementwith the observationthatgranularbainiteproducedin the low carbon steel

possessesbetter wear resistancethancarbide-freebainite.'nSincemore steelsanda wider

range of microstructuralchangesand contactpressureshavebeen involvedin the current

study, the previous results can now be viewedin a broader context.

The wear rates of the bainitic steels are compared with those of pearlitic steels

in Figure 4.8. The steels presented in this figure were tested at 1220 MPa with a
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slide/roll ratio of 35%. The X136 is one of the highest wear resistant steels in the

pearlitic steel group. Generallyspeaking, the I-series bainitic steels investigatedin the

present study are comparableto the high hardness pearlitic steels. The wear rates of

bainitic steels investigatedby Devanathan37(designatedas D-bainite) fall within the

overall bainitic steel scatter band. The wear rate of pearlitic steels is sensitive to

hardness, whereas the link betweenwear rate of bainitic steelsand hardness is tenuous.

A similarpattern was reported by Claytonet aI.36under pure slidingconditions,but in

their study the scatterbands were muchnarrower for both bainitic and pearlitic steels.

The austenitfc manganese steel has shown superior wear resistance to all the other

steels tested. This can be attributed to its tremendous work hardening capability under

heavy loading conditions. Such work hardening produces a high strength layer near the

working surface, which in turn protects the surface from further deterioration, whether

from wear or deformation. The analysis of worn surfaces indicates that no Type ill wear

occurred. During wear testing, it was found that small pits were produced on the surface

at the beginning of the test. The number of pits increased as the test proceeded, but

eventually saturated. Continuing the test, the debris produced early on were removed

subsequently and no more pits produced. Meanwhile, the rough worn surface arising

from previously formed pits was rolled repeatedly and the surface became smoother and

smoother. This process is obviously different from the Type ill wear mode.

The deformation behavior under rolling!sliding conditions was investigated in the

current study. High carbon steels (11 and 12) demonstrated much better resistance to

deformation than did low carbon steel (14). This is consistent with the strength and

ductility of materials under tension conditions. Tensile tests revealed that the high carbon

bainitic steels are able to withstand high stress and experience small deformation before

fracture. It is inferred that under rolling!sliding conditions, the steels behave the same

way. High strength and low ductility suggests high deformation resistance.
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The Amsler deformation behavior of the bainitic steels in the current study is

compared with that of the bainitic steels investigated in a previous study.37Figure 4.9.

shows that 11 and J2 exhibit a similar deformation resistance to the DO.52%C steel and

is much better than the DO.1%C steel. Although the carbon contents of J1 and 12 are

quite different from that of DO.52%C steel, their hardnesses are almost the same. The

hardnesses of the as-received 11, air-cooled J2 and DO.52%C steel are 40, 41 and 40

IIRC, respectively. The deformation resistance of the as-received J4 is lower than the

DO.04%C steel although they have granular bainite. There is a slight difference in

hardness between the as-received J4 (27 IIRC) and the DO.04%C steel (29 HRC).

The deformation of the bainitic steels was also compared with that of the CrMo

pearlitic steels, Figure 4.10. In this figure, the deformation is expressed in terms of

diameter change of the rollers with a formula (Do-D)/Do, where Do and D are the initial

diameter and the diameter during test, respectively. 11 and J2 demonstrate the best

deformation resistance and the as-received J4 shows the most severe deformation. This

figure also shows that the deformation resistance increases with an increase in hardness.

The above comparison suggests that the Amsler deformation behavior is associated

with tensile properties. High deformation resistance could be achieved with high strength

and low ductility. Hardness could be an indicator for judging deformation resistance,

irrespective of microstructure.

4.4. INTERACTION BETWEEN TOP ANDBOTTOM ROLLERS

Although all bottom rollers were made from the same material, i.e. W5, their

wear rates varied with the change in material of the top rollers (Figure 3.30). This

suggests that the wear performance of a material is not only determined by its own

properties, it is also a functionof its matingmaterial. Wearratio is used to indicatethe

relationshipof wear betweenthe top and bottomrollers. Here, the wear ratio is defined

as the wear rate of the top roller dividedby that of the bottom roller. The greater the
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ratio (if it is greater than 1), the faster the top roller wears than the bottom roller. If the

wear ratio is less than 1, the top roller wears slower than the bottom roller.

Figure 4.11, showing the wear ratios for the bainitic stee1/W5pairs at 1220 MPa,

indicates that the bainitic steels always wore faster than the pearlitic steel W5 since the

wear ratios are greater than 1 in all cases. This figure seems to suggest that a faster

cooling rate of the top roller would reduce the wear ratio or the difference in wear rate

between the top and bottom rollers. A similar effect of water quenching of the top rollers

was found at the other contact pressures, as shown in Figure 4.12. At 1220 MPa, the

wear ratio appears a function of carbon content in each heat treatment category of the top

rollers. Lowering carbon content could increase the difference in wear rate between the

two rollers. The lower the carbon content of the top rollers, the faster it wears with

respect to the bottom roller. At the other contact pressures as shown in Figure 4.12, the

lower carbon steel J41W5 pair showed higher wear ratios than the higher carbon steel

JlIW5 pair, similar to that at 1220 MPa. It seems that there might be some relationship

between wear ratio and heat treatment and carbon content of the top rollers. However,

a big difference in wear ratio was revealed in Figure 4.11 and Figure 4.13 between J4

and J5 although their carbon contents are quite similar. Furthermore, the strengths and

ductility of J4 and J5 are also very close. It suggests that the variation in wear ratio

cannot simply be interpreted in terms of carbon content or mechanical properties.

Microstructure could be another factor considered to influence the wear interaction

between the top and bottom rollers. It is noted that the microstructure of the as-received

J4 is granular bainite and that the as-received J5 exhibits a microstructure of carbide-free

bainite. Probably, various microstructures respond differently to wear under a given

condition. However, no conclusions can be drawn in this study since only two steels

were compared. Further investigations are needed to get more insight into this issue.

The wear ratios of all the materials at the contact pressures tested are illustrated

in Figure 4.13. Figure 4.14 highlights the wear ratios of the as-received bainitic steels

at various contact pressures. Figures 4.12 and 4.14 indicate that for the bainitic stee1/W5
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pairs, the wear ratio decreases as the contact pressure increases. X1361W5 and MnlW5

pairs exhibited fairly low wear ratios in comparison with the bainitic stee1lW5 pairs

(Figures 4. 13(c) and (e».

Figures 3.30 and 3.31 demonstrate that a high wear rate of the top roller does not

always result in a high wear rate of the bottom roller. For the as-received 151W5 pair,

for instance, the wear rates of the bottom roller were lower than that for the as-received

141W5 pair although the wear rates of IS were higher than that of 14 at the contact

pressures investigated (Figures 3.31 (a), (c) and (e». This gave rise to a higher wear

ratio for the 151W5 pairs than that for the 141W5 pairs. Although the wear rate of the

bottom rollers varied inconsistently with that of the top rollers, Figure 3.31(c) appears

to show that heat treatment of the top rollers did not change the wear rate of the bottom

rollers much at 1220 MPa.

Generally speaking, the wear rate of the bottom rollers is far less than the top

rollers for the bainitic stee1lW5pairs. Only for the water-quenchedJlIW5 pair, was the

wear rate of the top roller close to that of the bottomroller and at 1700MPa the wear

rate of the top roller was slightlylower than that of the bottomroller (Figures 3.31(a),

(c) and (e». For the Mn stee1lW5pair, the differencein wear rate betweenboth rollers

was very small (Figures 3.31(c) and (e». The wear ratio was 1.5 at 1220MPa and 0.6

at 1700MPa (Figures 4. 13(c)and (e». For these pairs, the wear rates were also very

low, no severewear or Type ill wear was generated.In the current study, there was not

the situationwhere the wear rate of the bottomroller was much higher than that of the

top roller. This suggests that the total wear rate of a pair would be controlledby the

wear of the top roller and that the wear rate of the bottomroller was constrainedby the

top roller.

The above analysis indicates that under rolling/sliding wear conditions, the wear

rate of an individual specimen is dependent on both its own properties and the properties

of the counterpart roller. Even though the bottom rollers are always from the same
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material, their wear rate varies with the change in material of the top rollers. In the

current study, on one hand, no consistentpattern has beenfoundas to how the top roller

material influences the wear rate of the bottom roller. On the other hand, the wear

resistance of top rollers is obviouslyinfluencedby heat treatment, microstructureand

mechanical properties. The wear rate of a material is also closely associated with

operatingconditions.At variouscontactpressures, the relativewear resistancecould be

changed. Wear ratio is an indicator of relative wear performanceof the materials in a

wear pair. When a wear systemcomprisestwo materials,the wear ratio will tell which

materialwears faster than the other.

4.5. WEAR MECHANISM

For the bainitic steels, Type ill wear was generated on all wear specimens under

the conditions used in this investigation. The analysis of worn surfaces has shown that

the wear features on the pearlitic bottom rollers were always the same as that on the top

rollers. The observation of worn surfaces during wear tests reveals that wear begins on

both top and bottom roller surfaces simultaneously and at the same contact areas. This

result is consistent with what was observed by Devanathan. 'rIIt was also found that if the

steels for the top rollers had the same composition, the initiation period was increased

by a faster cooled top roller. Hereafter, the initiation period refers to the period from the

beginning of test to the point when surface break-down just begins. It appears that the

initiation period is influenced by the properties of the top roller. Since the material

strength is increased with an increase in cooling rate, it is suggested that raising strength

can improve the resistance to surface break-down. However, the simultaneous break-

down of both top and bottom roller surface obscure the effect of strength because the

strengths of the bottom rollers are different from those of top rollers. If strength were

the factor that determines the break-down of surface, only one surface, for which the

material strength is lower, should be broken down first. However, this is not observed.

The simultaneous break-down of both surfaces would probably be attributed to three body

abrasive wear. In the current study, the abrasive debris found on the worn surface
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(Figure 4.15) indicate that abrasive wear is involved in the rolling/sliding process. It is

possible that once one surface is broken down, the resultant debris could immediately

penetrate the other surface with very high loc~1i7.edpressure. As a result, the surface of

the other rollers begins to break down in a very short time. The three-body wear was

also addressed by Devanathan37for the rolling/sliding wear where the debris produced

by wear act as foreign particles.

Rolling/slidingwear is also associatedwith the deformationof materials. High

capabilityof deformationwoulddeferthe fractureof materialand therebyreducethe rate

of weight loss. In Type ill wear, significantdeformationoccurson the worn surface.An

example of the surface deformationis shownin Figure 4.16 by grooving traces in the

rolling direction. The overlap of debris seen in the figure is a result of deformation.

Once debris is formed, it may not be detached from the bulk material immediately.

Rather, it could be rolled several times before detaching.During this time, new debris

will be formed and deformedin the sameprocess. As a result, an overlap of deformed

debris is produced. Large debris could furtherbe broken down to smallerpieces during

rolling/slidingprocess as shownin Figure 4.17. A severe overlap suggestsa slow rate

of materialdetachmentand a resultantlow wear rate.

The phenomenonthat wear rates of top rollers are far higher than their paired

bottom rollers was also reported by other investigators.15,23,37However, the reason for

suchbehaviorwas not clear. As far as the mutualinfluenceof both rollers in an Amsler

wear test was concerned, Clayton and Danks255conducteda series of experimentsto

determine the effect of the hardnessdifferentialof matingrollers on wear behavior. In

that investigation, a CrMo rail steel was heat treated to provide a wide range of

hardnesses 10 - 45 HRC. Then the steelwas used to makeboth top and bottom rollers

and the tests were conductedat a contactpressure of 1220MPa with a slide/roll ratio of

35%. The results, given in Table 4.4, indicate that in most cases, the top roller wore

faster than the bottom roller. The only tests where the top roller wore slower than the

bottom roller were REW numbers 6 and 13. In addition, in REW 9, the wear rates of
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the both rollers were very close. From these results, no consistent effect of hardness on

wear rates of both top and bottom rollers were observed. C1aytonand Danks concluded

that the overall picture is not obviously self consistent as to how hardness difference

between mating rollers affects the wear behavior of any individual steel.

In the current study, the hardnessof the bottomrollers was 32 HRC and that of

the bainitic steelswas in a range 26 - 44 HRC. Whether the hardnessof the top roller

is greater or less than that of the bottom roller, the bottom roller always wore slower

than the top roller for the bainitic stee1/W5pairs. Therefore, no consistent effect of

hardnesson wear rate of the matingrollers was found, in agreementwith that obtained

by Clayton.25SAlternatively,it was suspectedthat the differentwear rate arises from the

positionof the rollers rather than materialproperties.To answerthis question,Clayton25S

conductedanotherset of tests. In these tests, the samematerialwas usedfor both top and

bottom rollers, the only difference was the roller size. The results indicated that the

smaller roller wore faster, whether it was on the top or the bottom position. This

suggests that the size of roller does have an influenceon wear behaviorof the rollers.

However, it was failed to use this to explainwhy in somecases the biggerbottomrollers

wore faster than the smaller top rollers found both in the current study and that by

Clayton and Danks.25sThe factors which would lead to a faster wear of the top roller

seem to be far more complicatedthan expected.

It was found in somewear tests of the current study that at the beginningof the

test, the weightof the bottomroller had increasedwhile that of the top roller decreased.

This suggeststhat materialtransfermayoccur during the test. The debris detachedfrom

the top roller could be depositedon the bottom roller, reducing the weight loss of the

bottom roller and consequently leading to a lower wear rate of the bottom roller.

Therefore, materialdepositmightbe a reasonfor lowerwear rate of bottomrollers. This

may partially explain why the wear ratio decreased as the wear rate of the top roller

decreased.A decreasedwear rate of the toproller indicateslessdepositionof wear debris

of the top roller on the bottom roller and thereby reduces the possibilitythat the wear
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rate of the bottom roller would be reduced by the deposition of the debris from the top

roller. In this situation, the difference in wear rate caused by the deposition between the

rollers could be reduced. However, to fully understand this phenomenon, further study

must be carried out.



Table 4.1 B. (OC) of 11 through J5 Using Empirical Equations and Experimental Data

-
00
o

Steven220 Bodnar221 Bodnar222 Devanathan37 Experimental

11 424 513 457 358 438

J2 401 476 524 314

J3 377 466 486 418

J4 394 473 519 451 553

J5 418 484 572 361



Table 4.2 Determination of b Values for the Bainitic Steels with Various Heat Treatments

Key:

CfyU - yield strength of as-received steels
CfuU - ultimate tensile strength of as-received steels
Cfywq- yield strength of water-quenched steels
Cfuwq- ultimate tensile strength of water-quenched steels

-00-

CfyU o:U 0: wq 0: wqu 'y u

bo .4796935e+03 -.4214021e+03 .2667381e+03 .1807664e+03

bl .2262690e+03 .51551800+03 .3202742e+03 .6012168e+03

b2 -.1050664e+03 . 1333770e+03 -.4232959+02 -.1525977e+Ol

b3 .1073784e+02 .8989594e+Ol .29792800+01 .4328491e+Ol

b. -.9658105e+02 . 1325625e+03 -.3707373e+02 -.1130664e+02



Table 4.3 Estimated Strengths in Comparison with Measured Strengths Using Empirical Equations

Key: as - as received
wq - water quenched
(I - measuredvalues
q - estimatedvalues

-
~

" "
(ly (ly (lu (lu

ksi MPa ksi MPa ksi MPa ksi MPa

It-as 122.8 847 122.8 847 197.2 1,360 197.2 1,360

J2-as 120.4 830 120.4 830 167.0 1,151 167.° 1,151

J3-as 114.8 792 114.8 792 167.5 1,155 167.5 1,155

J4-as 104.6 721 104.6 721 137.0 945 137.0 945

J5-as 93.5 645 93.5 645 130.4 899 130.4 899

It-wq 168.1 1,159 168.1 1,159 237.3 1,636 237.3 1,636

J2-wq 155.6 1,073 155.6 1,073 204.8 . 1,412 204.8 1,412

J3-wq 138.5 955 138.5 955 182.4 1,258 182.4 1,258

J4-wq 122.0 841 122.0 841 150.2 1,036 150.2 1,036

J5-wq 124.5 858 124.5 858 150.5 1,038 150.5 1,038
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Table 4.4 Wear Rate of the AmslerRollers with Variationsin Hardness for a CrMo
Steel

Test Nomenclature

REW Test Number
Upper Roller HardnesslLower Roller Hardness (Rc)

Upper Roller Wear Rate/Lower Roller Wear Rate (p.g/m)
Wear Type

TOP ROLLER

A (45) B (28) C (16) D (10)

E (45) REWI REW2 REW3 REW4
46/45 27/42 15/40 9/41
230/78 60000/13000 87000/6500 45000/2900

I m m m

B F (28) REW5 REW6 REW7 REW8

0 45/28 28/29 16/27 10/26

T 31000/19000 16000/26000 20000/12000 129000/65000

T m m m m
0

G (16) REW9 REWI0 REW 11 REW 12
M 43/19 26/15 IS/IS 10/16

17000/16000 119000/35000 128000/25000 91000/18000
m m m m

H (10) REW 13 REW 14 REW15 REW 16
46/0 28/7 16/6 10/0

4300/11000 44000/26000 107000/23000 124000/17000
m m m m
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Figure 4.2 Carbon concentration at the austenite/ferrite interface
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Bainitic Steels
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Bainitic Steels
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Bainitic Steels
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Bainitic Steels
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Bainitic Steels
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Bainitic Steels
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Bainitic Steels
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Bainitic Steels
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Bainitic Steels
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Figure 4.13 Wear ratio at various contactpressures
(b) 900 MPa
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Figure 4.13 Wear ratio at variouscontactpressures
(d) 1450MPa
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As-received Bainitic Steels
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Figure 4.15 Abrasivedebris formedduring rolling!slidingwear
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100 Ilffi

Figure 4.16 Deformedwear surface
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50 JLm

Figure 4.17 A fractured flake with severe deformation



CHAPTER 5

EXPERIMENTAL STEEL J6

5.1. ALLOY DESIGN

Steel 16 was developed on the basis of the investigations of the first five

experimental bainitic steels 11 through 15. Of those steels, the water-quenched 11

exhibited the best overall properties in terms of mechanical properties and wear

performance. Analysis has suggested that carbon is a predominant element in controlling

the properties and that a microstructure consisting of carbide-free bainite and needle-

shaped martensite is favorable.

Because of the superior performance of 11, its compositionwas modified to

further improve the wear resistance. The carbon contentwas increased to 0.26 %. To

prevent the precipitationof carbides,Si was increasedto 1.8%. The additionsof Mn and

Cr remained the same as in 11. A chemicalanalysiswas carried out on both liquid and

solid steel and the results are given in Table 5.1.

5.2. EXPERIMENTAL PROCEDURES

5.2.1. Manufacturing of Steel J6

Steel 16was made in a vacuum induction furnace by Bethlehem Steel Corporation.

An ingot, approximately 9" x9" x 16" in dimension and about 500 lb in weight, was

213
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soaked at 2350 OF(1288 °C) for at least 2 hours and then rolled in 23 passes to a 3" x3"

square bar. The finishing rolling temperature was 1620 of (882°C).

5.2.2. Heat Treatment

The steel was investigated under two heat treatment conditions: as-received and

water-quenched. The as-received condition refers to the hot-rolled condition referred to

above. For the water-quenched condition, the steel was re-austenitized at 920°C for 15

minutes and then quenched in water.

5.2.3. Microstructural Observations

The microstructural characterization was carried out using an optical microscopy,

SEM and TEM. For the optical metallography, SPeCimenswere etched with 2 % Nital and

observed in a Nikon Epiphot microscope. The microstructure of the steel was also

observed in a Zeiss scanning electron microscope using the metallographic SPeCimens

with an accelerating voltage of 20 kV. The TEM specimens were prepared as described

in Section 2.3 and the microstructure investigated in a Hitachi H800.

5.2.4. Chemical Analysis with EDS

To investigate the element distribution in a banded structure found in the steel,

the chemistry of the as-received J6 was analyzed using EDS in SEM with an accelerating

voltage of 10 kV. A non-window mode was used in collecting SPeCimenSPeCtraand the

ZAF correction employed in a semi-quantitative analysis of element concentrations.
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5.2.5. Hardness Measurement

The hardness of the steel was measuredon the RockwellC scale on the bulk

material or an Amsler roller as described in Chapter2. The microhardnesstests were

carried out on the Knoopscale with loadsof 100, 500 and 1000grams, respectively,on

the metallographicspecimens.

5.2.6. Testing of Mechanical Properties

The tensile tests were conductedby Koon-Halltesting corporation, complying

with ASTM standard ES-91.209 The V-notch Charpy impact tests were conducted at room

temperature on the as-received and water-quenchedsteels in accordance with ASTM

standardE23-92.2IOThe geometryof a tensilespecimenis shownin Figure 2.10 and that

of a Charpy V-notchsample in Figure 2.11.

5.2.7. Wear Testing

The wear tests of the as-received J6 were conducted using an Amsler machine

under rolling/sliding conditions. The steel was tested at contact pressures of 1220 and

1700 MPa, respectively, with a slide/roll ratio of 35%. During a wear test, the width and

diameter changes of both top and bottom rollers were measured while the measurement

of weight loss of the rollers was taken. The details of the testing procedure are described

in section 2.7.2.
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5.3. RFSULTS AND DISCUSSION

5.3.1. Microstructure of the Steel

The optical micrographs in Figure 5.1 show the microstructure of the as-received

J6. A banded structure is clearly revealed in Figure 5. 1(a) at a magnification of 50x.

Bright narrow stripes run in the rolling direction. Figure 5. 1(b) shows an evident lath-

like feature at a magnification of 400 x for the dark matrix. Figure 5.2 is a micrograph

of the matrixobtainedin the SEM at a magnificationof 2000x. The orientation of lath-

like ferrite is characterized by packets, in each of which the ferrite laths are parallel. A

prior austenite grain boundary is also revealed in the micrograph. The microstructure of

the white stripes observed in SEM looked similar to that of the matrix, but the contrast

was much less.

In the TEM, carbide-free bainite was found in the as-receivedJ6 as shown in

Figure 5.3(a). Lath ferrite was heavily dislocatedand thin films of retained austenite

were locatedin the lath boundaries.In addition,very fine twinnedmartensitewas found

frequentlyat highmagnificationsabove100,000x. The twinnedmartensite,shownin Fig

5.3(b), usually has a shape resembling a M-A island in granular bainite. It was not

knownif the microstructureobservedwas in the matrixarea or in a white stripebecause

the features of the area around the hole of a TEM specimencould not be determined

during specimenpreparation. The SEM observationsseem to suggest that lath ferrite

could also be predominantin the white stripes. However, it is worthwhileto investigate

the difference between the matrix and white stripes because they have different

microhardnessand couldaffectthe mechanicalpropertiesof the steelas will be discussed

in the followingsections.

Basically, the microstructure of the as-received J6 is composed of carbide-free

bainite and fine twinned martensite islands.



217

The microstructure of the water-quenchedJ6 was observed in an optical

microscope.Figure 5.4(a) shows that a banded structure was still present after water-

quenching. The acicular featureof the matrixwas not as evidentin the water-quenched

J6 as in the as-receivedJ6 (Figure 5.4(b». A micrographof the white stripe in Figure

5.4(c) showsa more granular structure.

5.3.2. Wear Performance of the As-receivedJ6

The wear rates of the as-received J6 are illustrated in Figure 5.5 accompanied by

those of the water-quenched 11 and the wrought austenitic Mn steel. Table 5.2 gives the

wear rates of both top and bottom rollers at contact pressures of 1220 and 1700 MPa.

It is shown that the wear rate of the as-received J6 was much lower than that of the

water-quenched 11 and comparable to that of the Mn austenitic steel.

Since the Mn steel exhibited the best wear resistance of the steels investigated

before J6, a further comparison of J6 with the Mn steel is made. Figure 5.6 represents

the overall wear performance of a wear system. In this figure, the "top" represents the

top roller, Le. J6 or Mn steel and the "bottom" refers to the bottom roller, which is a

class C wheel steel W5. The "total" is the total wear rate of a wear pair, obtained by

summing the wear rates of top and bottom rollers. At a contact pressure of 1220 MPa,

the wear rate of the as-received J6 was lower than that of the Mn steel by about 40%.

At 1700 MPa, the wear rate of the as-received J6 was slightly lower than that of the Mn

steel. Figure 5.6 also shows that the bottom roller of the as-received J61W5 pair wore

faster than that of the Mn steellW5 pair at both contact pressures although the top roller

(the as-received J6) of the former wore slower than that (the Mn steel) of the latter. For

the as-received J61W5 pair, the top roller (the as-received J6) wore slower than the

bottom roller (W5) at both 1220 and 1700 MPa. For the Mn steellW5 pair, the top roller

(the Mn steel) wore slower than the bottom roller (W5) at 1220 MPa, but faster at 1700

MPa.
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The behavior that the top roller wore faster than the bottom roller for the as-

received J61W5pairs is different from that of the first five bainitic stee1lW5pairs, for

which the top roller wore much faster than the bottom roller (Figure 3.31), except for

the water-quenchedJlIW5 pair. It appearsthat the top roller could wear slower than the

bottom roller when the wear rate of the top roller is low enough, as shownby the as-

received J6 and the Mn steel. The transitionof the relative wear between the top and

bottomrollers is also influencedby the contactpressureas indicatedby the Mn stee1lW5

pairs (Figure5.6). However,no conclusivestatementsshouldbe reachedwithoutfurther

study.

Figure 5.6 shows that the total wear rate of the as-received J61W5 pair is lower

than that of the Mn stee1lW5 pair at 1220 MPa, but higher at 1700 MPa. For both

stee1lW5 pairs, higher contact pressure generated higher wear rate for both top and

bottom rollers.

For the as-received16, no Type ill wear was generatedon the worn surfacesof

the rollers at both 1220and 1700MPa. During the early period of a test, wear debris

were generatedand removed,givingrise to an increasednumberof pits producedon the

roller surface as the test proceeded.Meanwhile,the surfacesof the rollers were getting

rougher. After this period, however, no large amount of debris was produced and the

numberof pits decreasedas the testproceeded.The worn surfaceswere rolledto become

smootherand smoother. Figures 5.7 and 5.8 showthe worn surfacesof the as-received

J6 at 1220 and 1700MPa, respectively.Fracture flakes producedon the surface were

small and shallow. No large, overlappedand deformedfracture flakeswere found. On

the worn surfaces, there were no evidentgrooves, indicatinglittle deformationduring

wear on a micro scale.

The dimensional changes of the as-received 16 rollers were investigated during

the wear test. Unlike steels 11 through 15, the as-received 16 experienced a uniform

spread of contact width and the edge of the spread surface was very smooth. Figure 5.9
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shows the width increase of the as-received 16 rollers as well as the Mn austenitic steel

rollers. At 1220 MPa, the width increase of the as-received 16 was nearly zero and at

1700 MPa, it was only about 0.1 mm. At a given contact pressure, the increase in width

of the as-received 16 was much smaller than that of the Mn steel. The result indicates

that the as-received 16 experienced very little deformation on a macro scale. Worn

surface observations and width curves suggest that 16 is a deformation resistant material.

5.3.3. Mechanical Properties

Tensile tests and Charpy impact tests were conducted to evaluate the mechanical

properties of the as-received 16 and water-quenched 16. Table 5.3 gives the hardness,

strengths, ductility and toughness of 16 in both as-received and water-quenched

conditions. With a carbon content of 0.25 %, both yield and ultimate tensile strengths

were increased with respect to 11. Water-quenching further increased the strengths of the

steel. For 16, water-quenching also increased the ductility. 16 exhibited the highest

strengths of the bainitic steels 11 through 16.

For the as-received16, the hardnesson the RockwellC scale was not influenced

by the banded structure in both longitudinaland cross sections of the steel bars with

respect to the rolling direction. A constant hardness of 45 HRC was obtained in the

longitudinal section and 46 HRC in the transverse section. However, microhardness

varied significantlybetweenthe matrixand whitestripes. In the longitudinalsection,the

hardness of the matrix was about 459 HK and that of the white stripes about 541 HK.

In the cross section, the white stripes were in the form of discrete blocky islands or

network to some degree and are referred to as white areas hereafter. In this section, in

addition to the difference between the matrix and white area, the microhardnessalso

varied in each area. The microhardnessof the matrix was in a range of 438 - 501 HK

and that of the white area in a range of 539 - 595 HK. The microhardnessof the matrix

was consistentlylower than that of the white stripes.
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By water quenching, the hardness of the steel was increased to 53 HRC. The

microhardness was also increased, but the situation was more complicated than that of

the as-received 16. Since a banded structure still existed, the microhardness measurement

was carried out on both matrix and white stripes/areas. In a longitudinal section, the

microhardness of the matrix and white stripes was 591 and 604, respectively; the

difference was small. Moreover, the microhardness of the white stripes was not always

higher than the matrix. In a cross section, the microhardness varied considerably in both

the matrix and white area. The microhardness of the matrix varied in a range of 481 -
634 HK and that of the whitearea 518 - 687 HK. Statistically, the hardness of the white

area was higher than that of the matrix. An average microhardness of the matrix was 552

HK and that of the white area 601 HK.

The microhardness difference between the matrix and white stripes is 82 HK in

the longitudinal section for the as-received 16 and 13 HK for the water-quenched 16.

Water quenching reduced the difference in microhardness between the matrix and white

stripes although it did not eliminate or ever reduce the banded structure. It is believed

that austenitizingat 920°C before water quenchingreduced the inhomogeneityof the

steel and imposed a favorable effect on mechanical properties.

The strengths of 16 in both heat treatment conditions were estimated using the

strength equations developed on the basis of 11 through 15. In doing this estimation, the

coefficient for each element was quoted from Table 4.2. The result given in Table 5.3

shows that the estimated values are very close to the tested ones. This suggests that the

strength equations could be extrapolated to a higher carbon content and that they could

provide estimations as a reference for further compositional modifications. However, it

should be mentioned that compositional range and manufacturing procedures must be

considered when the equations are applied to the steels in question. There is no universal

equation that could fit all steels.
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The estimation of the ductility of 16 is far away from the measured values. For

the as-received 16, the estimated ductility is lower than the measured values and for the

water-quenched 16, it is higher than the measured. It seems that the ductility cannot be

determined only by the carbon content.

The V-notch impact toughness of 16 investigated at room temperature was 9.8 ft-

lb for the as-received 16 and 6.5 ft-Ib for the water-quenched 16. Water quenching

decreased the toughness of the steel by 35% although it improved the toughness of 11.

Interestingly, the toughness of the as-received 16 was close to that of the water-quenched

11 and the water-quenched 16 showed the same toughness as the as-received 11. The

macro fracture surface observation showed that only brittle fracture occurred. The impact

absorbed energy values were in the lower shelf of the impact curves for both the as-

received and water-quenched specimens of 16.

5.3.4. Effect of Microstructure on Mechanical Properties

It has been shown that the strength of the as-received steel 16 is superior to that

of the as-received 11. Increasing the carbon content as well as silicon content changes the

microstructure of the steel. In the as-received 11, blocky retained austenite is present in

the bainitic ferrite laths and elongated retained austenite is located along the ferrite lath

boundaries. In addition, the ferrite laths are not as well developed as in the as-received

16. In the as-received 16, ferrite laths are well developed and thin films of retained

austenite are well defined in the lath boundaries. This is a typical carbide-free bainitic

structure. Moreover, there are very fine twinned martensite islands in the ferrite matrix.

These islands could also contribute to enhancing the strength. It is postulated that the

twinned martensite islands act as second-phase particles and increase the strength through

a dispersion strengthening mechanism.

The effect of carbon is considered in two aspects. First, carbon is an element that

increases the strength of a steel through solid solution strengthening. Second, carbon-
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enriched austenite transforms into fine twinned martensite islands as a strengthening

constituent.

A banded structure caused an inhomogeneity in J6 and would inevitably influence

the mechanical properties of the steel. An EDS analysis of the as-received J6 was carried

out in a SEM and the result shown in Figure 5.10 indicates that manganese segregation

might have occurred. Microhardness of the white stripes (541 HK) was much higher than

that of the matrix (459 HK) in the as-received J6, but it is suspected that the manganese

segregation alone cannot produce such a great difference in microhardness. Carbon

enrichment is, therefore, considered another reason to cause such a high hardness.

Unfortunately, no indication of carbon enrichment was found with the EDS analysis. This

is probably due to the insensitivity and inaccuracy ofEDS in quantitatively detecting light

elements.

5.3.5. The Influences of Microstrocture and Mechanical Properties on Wear

Performance

It is undoubted that an increase in carbon content has resulted in a considerable

improvement of the wear resistance of the as-received J6 with respect to 11. This

improvement is associated with the microstructural changes and mechanical properties.

As suggested for the first five bainitic steels, carbide-free bainitic structure would be

beneficial to enhancing wear resistance. The microstructure of the as-received J6 turns

out to be carbide-free bainite as expected and the wear resistance of this steel is improved

in consistence with microstructural changes. High strength and low ductility suggest that

J6 is highly resistant to deformation. This was confirmed by the small width changes of

Amsler rollers experienced in the rolling!sliding wear tests and the smooth worn surfaces

of the rollers. From the results of the first five bainitic steels, it was suggested that a

high strength steel experiencing a small deformation under rolling!sliding conditions

could lead to a low wear rate in terms of weight loss as for the water-quenched 11. The

low wear rates of the as-received J6 are in agreement with this suggestion.



--- --- --- - -

223

The effect of the banded structure on wear has not been investigated. It is

assumed that the white stripes could act as a strengthening component and a deformation

resistant element. In an Amsler roller, the white stripes were oriented in the roller axis

direction and parallel to the roller surface. To understand the behavior of the banded

structure under roller/sliding conditions, it is necessary to carry out a subsurface analysis

of the worn roller in both longitudinal and transverse sections.

Although a banded structure was produced in 16, the strength, wear resistance and

deformation resistance have been effectively improved by increasing the carbon content

to 0.25 %. The ductility of the as-received 16 was decreased dramatically compared with

11, but it was improved by water quenching. The toughness of 16 is comparable to that

of 11. Carbide-free bainite is a favorable microstructure in terms of strength and wear

performance. The effect of a banded structure on mechanical properties and wear

performance is not clear and further study is needed.



Table 5.1 Composition of the Mo-B Steel J6 (wt-%)

(a) Analysis of liquid steet

(b) Analysis of solid steel..

· The composition was analyzed using spark spectrum and provided by Bhethlehem steel corporation.
.. The composition was analyzed by Esco corporation using a spark spectrum technique.
... The elements were analyzed by Esco corporation using Leco approach.

~.J:o.

C Mn P S Si Ni Cr Mo Al Ti B

0.26 1.99 0.013 0.009 1.77 - 1.95 0.50 0.046 0.038 0.003

C Mn Si Cr Ni Mo Cu S 0...

0.258 2.00 1.81 1.93 0.00 0.49 0.00 0.010 0.0022

P Al Ti Zr Co Nb V W N...

0.009 0.040 0.042 0.003 0.00 0.006 0.006 0.006 0.0013

B Pb Sn As Sb Ca Ce

0.003 0.003 0.005 0.002 0.001 0.0016 0.004



Table 5.2 Wear Rates of the As-received J6/W5 Wear Test Pairs (Jlg/m/mm)

Table 5.3 Measured and Predicted Mechanical Properties of J6

· Predicted values using the strength and ductility equations presented in Chapter 4.

t-..>t-..>VI

ContactPressure J6-as W5
(MPa) (fop roller) (Bottom roller)

12208 78 106

1700 136 348

Hardness UTS 0.2% YS ELN. RED. OF IMPACT
(HRC) (%) AREA(%) TOUGHNESS

ksi MPa ksi MPa (ft-Ib)

J6-as 45 222.1 1,531 145.4 1,003 4.2 6.7 9.8

J6-wq 53 284.9 1,964 199.2 1,373 10.2 30.2 6.5

J6-as. 236.5 1,631 141.5 976 12.9 27.0

J6-wq
. 284.8 1,964 193.7 1,336 8.8 20.7



(a) 200 JLm

(b) 25 JLm

Figure 5.1 Optical micrographsshowingthe microstructureof
the as-receivedJ6
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Figure 5.2 SEM micrographof the as-receivedJ6
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(a) 0.2 JLm

(b) 0.1 JLm

Figure 5.3 Microstructureof the as-received16 in TEM
(a) carbide-freebainite
(b) twinnedmartensite
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(a) 200 JLm

(b) 25 JLm

Figure 5.4 Microstructureof the water-quenchedJ6
(a) bandedstructurein the rolling direction

(b) matrix of the microstructure
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(c) 25 J'm

Figure 5.4 Microstructure of the water-quenched 16
(c) a white band in the steel
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(a) 200 J,Lm

(b) 50 J,Lm

Figure 5.7 Worn surface of the as-received J6 at 1220 MPa
(a) general morphology (b) fracture lips
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(a) 200 JLm

(b) 0.1 JLm

Figure 5.8 Worn surface of the as-received J6 at 1700 MPa
(a) general morphology (b) fracture lips



236

0.5

0.4

0.2 ~.__......---...-.---._-_.--------_._.-.._----.__..-.--------..-..---.--.--..--.-.-.-..-.......---.--.....--.-.-.--.....---.-.-

0.1 ~._-_.....- -.------.-.--.-..----.----.----..----.-.---.-.---..----.......

100 200 300 400

Revolutions

500 600 700

-e- J6-as 1220 -e- J6-as 1700-k- Mn 1220 -6- Mn 1700

Figure 5.9 Width increase of the as-received J6
and the Mn steel at contact pressures of

1220 MPa and 1700 MPa

e
e
..

0.3=a.II.
=-
.c-
"C.-



~ 3.0
I-
~
=
Q

~ 2.0
100-
=
QJ
~=
Q
U 1.0

237

EDS Element Analysis
Semi-quantitative
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Figure 5.10 EDS analysisof the as-receivedJ6



CONCLUSIONS

1. The microstructures of 11 through J6 were basically carbide-free bainite or

granular bainite except for J2 that exhibited a predominant microstructureof

lower bainite.

2. The bainitic ferrite in the steels were in two forms: massiveand lath-like. Other

constituentsincludedM-Aislands,retainedaustenite,twinnedmartensite(needle-

shaped) and carbides. The amount and distributionof these constituentsvaried

with the compositionand heat treatmentof the steels.

3. Cooling rate influenced the microstructure of the bainitic steels. A general

tendency is that a faster cooling rate (1) produced more lath ferrite and less

massive ferrite; (2) promoted the formation of thin films of retained austenite and

reduced the blocky retained austenite; (3) hindered the formation of M-A islands

and suppressed the precipitation of carbides; and (4) resulted in the needle-shaped

martensite in the higher carbon steels.

4. Cooling rate also affects the mechanicalproperties of the bainitic steels. Water

quenching generally increased both yield and ultimate tensile strengths of the

steels, but decreasedthe ductility.For J6, however, the ductilitywas improved

by water quenching.This is attributedto the austenitizingtreatmentthat reduced

the microstructuralheterogeneityof the steel.
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5. For a given carbon content, 4%Mnshowedan equivalenteffect on strengthto a

combinationof 2%Mn, 2%Cr and 2%Ni.

6. At room temperature, water quenching could either increase or decrease the

Charpy impact toughness of the bainitic steels, depending upon the composition

of the steels. Brittle fracture occurred on all the specimens in both as-received

and water-quenched conditions.

7. The impact toughness of the steels varied in the range 6 - 13 ft-Ib at room

temperature. This toughness is higher than that of conventionalpearlitic rail

steels.

8. For n through 15, the wear rate decreasedas the coolingrate increased. For a

given composition,water quenchingproducedthe highestwear resistance.

9. A lath ferrite structure had a significant effect on improving wear resistance. Thin

films of retained austenite and needle-shaped martensite might also contribute to

the improved wear resistance. Carbides and M-A islands appeared to deteriorate

the wear resistance of the bainitic steels.

10. Hardness and room temperature impact toughness did not show consistent effects

on the wear resistance of the bainitic steels.

11. Of all the steels investigated,the as-received16showedthe best wear resistance.

The pearlitic rail steel X136 exhibited a better wear resistance than the as-

receivedn through15, but worse than the water-quenchedn. The wear rates of

the austenitic Mn steel were much lower than those of the bainitic steels n - 15

and X136. However, the wear rates of the Mn steelwere no lower than thoseof

the as-received16.
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12. The deformation tests indicated that higher carbon steels 11 and J2 exhibited

better deformation resistance than the bainitic and CrMo rail steels in previous

investigations. The low carbon as-received J4 experienced great deformation. The

as-received J6 appeared to be more deformation resistant than the Mn steel.

13. Carbon exhibitedsignificantinfluenceson microstructure,mechanicalproperties

and wear performance of the bainitic steels. 0.25%C effectivelyincreased the

strength and wear resistanceof J6 with a microstructureof carbide-freebainite.

14. The wear rate of the bottomroller variedwith its counterparttop roller. A wear

ratio was introduced to indicate the relative wear between the top and bottom

rollers. For most tests in the current study, the top roller wore faster than the

bottom roller. But in some cases, they are reversed. Further study is needed to

clarify the factors that influencethe interactionbetweenthe rollers.

15. 0.18%C 11 and 0.12%C J2 showedgood weldabilitywith a preheat temperature

of 200 °C using Tekken test with the GMAW approach.
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