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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
several years. Previous research conducted at OGI showed that high wear resistance was
achieved in a low carbon (0.04%C) granular bainitic steel. A strong influence of
microstructural features on the wear behavior highlighted the need to consider
microstructure as well as mechanical properties in evaluating the wear behavior of a
steel. This work was initiated to further investigate the wear performance of bainitic
steels and establish structure/property relationships over a wider range 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
characterization was carried out by means of optical microscopy, SEM and TEM. The
deterioration performance was investigated in two aspects: wear and deformation. Both
wear and deformation tests were conducted in an Amsler machine under rolling/sliding
conditions. The mechanical properties of the steels were investigated using tensile testing
and Charpy impact testing. For comparison, a pearlitic rail steel and an austenitic
manganese steel were also investigated in terms of wear and deformation resistance under

rolling/sliding conditions.
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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 J2 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 carbon played a significant role in determining microstructure,
mechanical properties and wear performance. As carbon content increased, more lath
ferrite in bainite was produced, which gave rise to an increased strength and 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-free bainite with high strength and high deformation resistance was beneficial
to improving wear resistance. This study confirmed that the wear resistance of the
bainitic steels was comparable to high hardness pearlitic rail steels. The steel of 0.26%C
could even compete with an austenitic manganese steel in terms of wear and deformation

resistance.
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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 Ib/yd rails with 45
ft in length were produced by 1914.!

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,>

simulated field experiments*® and laboratory research.®*

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.* 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 steels.!!12253435 However, a study by Clayton et al.
revealed that under dry sliding conditions, the wear resistance of bainite could be
comparable to pearlite.
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A systematic study encouraged by this result was conducted under rolling/sliding
conditions by Devanathan.” In that study, a low carbon steel (0.04%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.” 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
Garnham and Beynon® and Clayton and Devanathan.?

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; there are many other types besides upper and lower bainite.*
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,*“? but none is successful in covering all variations in bainite.

It appears that the conflicting results of bainite wear resistance could be partly
attributed to the complexity of 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.* and Devanathan® indicate 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.” The 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.



CHAPTER 1
LITERATURE REVIEW AND PROJECT OUTLINE

1.1. BAINITE TRANSFORMATION

1.1.1 Definition 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, M,.*® However, 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,* with a low angle misorientation between the
laths. Lower bainite forms at relatively lower temperatures. In this structure, ferrite is
plate-like* and carbides precipitate in the bainitic ferrite at an angle of 55 to 60° to the
long axis of the lath.
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Since not all bainitic structures can be simply categorized into either upper or

lower bainite, new nomenclature has been developed to differentiate types of bainite.

Ohmori et al.* proposed a set of terms for low-carbon steels:

@

(b)

©

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.

Bainite IT (BII) is a structure made up of ferritic laths with a cementite
layer between them, similar to the classical upper bainite. In an isothermal
transformation, it forms between 500°C and 450°C, whereas in
continuous cooling, it forms after the BI reaction at intermediate cooling

rates.

Bainite III (BIII) forms between 500°C and the M, in an isothermal
transformation or on continuous cooling near the critical cooling rate,
above which bainite transformation does not occur. The morphology of
this bainite is similar to the classical lower bainite, but its crystallographic
structure is almost the same as that of upper bainite. Based on the ferrite
morphology and habit plane investigated in their study, Ohmori et al.
argued that both BII and BIII should be classified as upper bainite.

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

generally consists of ferrite and martensite-austenite constituents and was early reported
in detail by Habraken and Economopoulos.”’ They used the terms "massive" or
"granular" structures to depict a structure consisting of coarse plates and particles with
an almost entirely granular aspect. The latter, delineating the prior austenite grain
boundaries, was identified to consist of austenite and martensite and has been verified by
many investigators since then.**’ The term "granular bainite" 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 sheaves of bainitic ferrite with very thin regions of austenite between the
sub-units.* It was also reported that the ferrite could be polygonal, massive or acicular
depending on the type and quantity of the alloying addition.* Granular bainite has been
observed in low and medium alloy steels.* It is often produced by continuous
cooling,*** but isothermally produced granular bainite has also been reported.*

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-free 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.* However, some investigators used this

term for structures where there is simply no carbide.*’

Bramfitt and Speer*! proposed 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, B,, B,
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:

(@) class 1 bainite (B,) incorporates an intralath(plate) constituent;

(b) class 2 bainite (B,) incorporates an interlath(plate) particle or film
constituent; and

(c) class 3 bainite (B;) incorporates discrete regions of a retained parent phase
(or secondary transformation product) constituent.



AUSTENITE

Pearlite
Martensite
Polygonal Ferrite
BAINITE
B B: B,
acicular ferrite acicular ferrite acicular ferrite
) with with with
intralath(plate) interiath(plate) "discrete-island"
precipitation particles or films constituent
cementite (B?) cementite (BS) austenite (B3)
epsilon carbide (B;) austenite (B3) martensite (BY)
martensite (BT) peariite (B3)

Figure 1.1 Proposed morphological system for bainite by Bramfitt and Speer.*!
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This proposed morphological classification system for bainite, illustrated in 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
allotriomorphic or 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.%

In the identification of bainitic structures, there are some other problems as well.
The morphological similarity between Widmanstitten 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.’-2 Consequently, 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 Bainite*

Description of Microstructure

Nomenclature

Ohmori et al.*

Bramfitt and Speer*!

Comment

Acicular ferrite with interlath | Bainite I Class II, B,* Araki er al.*? identify acicular

austenite ferrite without carbide
precipitates (a-B)

Acicular ferrite with interlath | Bainite II Class II, B, Classical upper bainite

carbide

Acicular ferrite with intralath | Bainite ITI Class I, B, Classical lower bainite”

carbide

Above forms of acicular
ferrite mixed with separate
regions of retained austenite
and/or secondary
transformation products, for
example, pearlite or
martensite

Class III (for example)
B;* = with retained austenite
B;® = with martensite

,¥™ = with retained
austenite and martensite

Should include various types of
low-carbon HSLA steel, and also
low alloy creep resistant steels
with granular bainite
microstructure

* Note that the study by Ohmori er al. designated a lath morphology and ferrite crystallography of upper bainitic ferrite rather than
that characteristic of high-carbon lower bainite.
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1.1.2. Mechanism of 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.*** The degree of
cooperation in the growth process distinguishes bainite from pearlite.> For lower bainite,
the plates lengthen at a rate controlled by diffusion of carbon in austenite ahead of an
advancing ferrite interface.” 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.® As an alternative diffusional
mode, Aaronson®’ described 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.”™ They suggested that the plate-shape of ferrite develops because of a
substantial barrier to growth at one orientation of the interface where the austenite and

ferrite lattices match sufficiently well to form a semi-coherent interface. 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.®* Vilella er al.%
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 Lyman® proposed 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 displacive transformation of bainite was expected to be paced by the diffusion
of carbon in austenite. However, the measured bainite growth rate with a hot-stage
microscope was 100 to 1000 times lower than that permitted by carbon diffusion™ in
alloy steels. This discrepancy was interpreted by Hehemann® in 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
necessarily at martensitic velocities), the measured growth rate may refer to the rate of
subunit nucleation rather than the rate at which a unique interface advances under
diffusion control. By a discontinuous growth process,”* each bainite needle appears to
develop by the sympathetic nucleation of subunits which grow to only a limited extent.
In lower bainite, plates generally exhibit one straight edge and thicken from the other
side only. The subunit direction change was attributed to the periodic carbide
precipitation by interrupting the advance of the sub-structural units.*7
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The mechanisms of carbide precipitation were summarized by Christian and
Edmonds.” A 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.*®>*" It is believed
that fluctuation or dehomogenization in carbon concentration occurs in parent
austenite*®¥ as in a classical bainite reaction. The bainite nucleates in the carbon-depleted
region similar to the formation of massive martensite in carbon-free ferrous alloys*”
whereas the carbon-enriched austenite transforms to twinned martensite.”’ Based on
carbon diffusion and the mechanism of carbide formation, Biss and Cryderman®
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.””
1.1.3. Orientation Relationships in Bainitic Steels

In upper bainite, it is generally believed that the long direction of the laths follows
(111),. There is no general agreement for the habit plane; {111},, {223},, {569}, have
been reported.”® For lower bainite, the relative orientation between the bainitic ferrite
and the parent austenite reported” is always close to K-S and N-W relationships, i.e.,
011), // (111),
[111], // [101],

for the Kurdyumov-Sachs relationship and
011, // (111),
[oi1y, // [101-].r

for the Nishiyama-Wassermann relationship.

In upper bainite, the carbides precipitating between bainitic ferrite laths are almost
always cementite.’>” No 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,’-767%% byt it is not able to precipitate if the dislocation density is high
in steels containing up to 0.20 wt-%C.* k-carbide may form in high-carbon steels®®* and
n-carbide (Fe,C) was reported to form in lower bainite of a high-silicon cast iron.** The
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 Kelly** reported that the most frequently observed orientation
relationship between cementite and bainitic ferrite is the Bagaryatski relationship, i.e.
{001}, // {211},
(100), // (OT1),

The next frequent relationship is
{oo1}, // {215},
(100), within 2.6° of (311),
(010), within 2.6° of (131),

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 studies** related the colony (or packet) size, D to strength and toughness,
and got the expressions of the type

o=K+k,D -1/2

and
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T =K'~k 'D/*

where ¢ is the flow stress and T, the impact transition temperature, the k, and k,’ 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 by”

K=0,+0_.+X

where g, is a lattice friction stress, and o,, is a result of solid solution strengthening. The

contribution factor X is more complicated and the greatest term arising from other

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

strengthening. The degree of strengthening attributable to 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)
2)
3)

4)

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

a term due to dislocation substructure within the laths;

a term in relation to solid solution hardening from substitutional elements,
such as Si, Mn, Ni, etc., but additionally interstitial hardening from C and
N; and

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 D7,
where D is generally packet size, other work suggests that lath dimension can be
correlated to the strength. For example, for a low carbon (0.05 % C) steel, Brozzo et al®
showed a clear relationship between lath width and strength in terms of K,1" proposed
by Langford and Cohen®, but a weak one between colony size and strength. The generic
relationship can be expressed by'®

& "q-1
0=0,+0,, +0,, +k,"1

where 1 is the average lath width, ¢ __ and 0, ATC the contributions from solid solution

strengthening due to substitutional and interstitial elements, respectively. It appears that
for ultra-low carbon steels, the lath size has a more important influence on strength;
whereas for conventional quenched and tempered steels, which consist of mixtures of
bainite/martensite, a colony size appears to provide a better explanation of the changes
in flow strength than 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 Widmanstitten 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 55° to the lath axis in bainite; the remainder lie parallel to the
lath axis.'® While 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.'®!
Naylor'® showed 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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i -1
a-aa+ass+acm+}gﬂ

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

M=-;2‘- {1-lntan[0.5arccos (%) +0.25x%] +0. SfrD—Darcos(%) }

where 1 is the lath width and D the diameter of a packet.

Bhadeshia,'” 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,'® for

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 Widmanstitten 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 10° to 10'°
cm2,19%1% yang!™ estimated that a density of 10'° cm? may cause an increase of 145MPa

in strength. Whiteman®’ proposed a contribution of dislocations to strength in the form

where o, is the strength contributed by dislocations, « a constant, u 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 investigators'®!? suggested 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 ferrite™!%-11
has been shown to make a contribution to strength.* It was reported that about 0.01%C
could be retained in bainitic ferrite. Brozzo et al.”® proposed that the strength arising
from the interstitial elements carbon and nitrogen can be calculated with the equation

Oss, (MPa) = 1900 (C+N) /2

where C and N are the concentration of carbon and nitrogen, respectively, in weight
percent. If the carbon content in ferrite is 0.01% as reported,”!%11 3 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.!®

The solid solution strengthening of substitutional elements has been well
documented,!!! showing that Mo, Si, P, Mn, Ni and Cu are effective strengtheners. The
strengthening effect, in general, comes from the difference in atomic size of 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 elements are often added to the steels for other reasons, for example, Mn to
combine with sulphur, Mo to promote hardenability, 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 Pickering® for bainitic steels with respect to
steel compositions with a carbon range of 0.05 to 0.20%, is as follows:

0, = 15.4[16+125C+15 (Mn+Cr) +12Mo+6W+8Ni+4Cu+25 (V+T1) ]

where g, is 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
strengthening since they are coarse and distributed at 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.!®
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.!'>!"* The strengthening effect of carbides was also interpreted'!*
by the Ashby-Orowan relationship

Ocan=AR,10 ()

e

where n, is the number of effective carbides per unit area (i.e. 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 emphasis hereinafter is put on the relationships between toughness properties and
microstructure. Of interest are the effects of structural size, carbide distribution, retained
austenite, alloying elements and thermal and/or thermomechanical treatments on
toughness.

1.2.3.1. Structural refinement

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 studies®>!'*!!7 showed that in upper bainite, the controlling factor for
fracture is prior austenite grain size. Pickering reported that the ductile-brittle transition
temperature is proportional to the prior austenite grain size D.”? However, a relationship
of the transition temperature being proportional to -D™'”? was also reported.*

The effect of bainite packet size on toughness has been shown in many
investigations. 1811712 In most studies, a relationship between transition temperature

and structural characteristic size has been reported in the form
-1
T, (°C)= -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 McEvily'* pointed 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
substructure of the products transformed from the austenite are concerned, a study of
Kamada'"® showed that the coarsening of austenite grain size does not necessarily bring
about the coarsening of bainitic subunits. However, other studies®®**!'31% indicated that

the substructure can be associated with the prior austenite grain 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 thermomechanical treatments have been used to improve toughness while
maintaining high strengths.!?'?” Double heat treatment is another approach developed to
gain higher toughness.'?®'? One example of a double treatment is illustrated in Figure
1_2'126
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1100°C, 1 hr

870°C,1hr

200°C, 1 hr

Figure 1.2 Double treatment for grain refinement

In industry, there have been two methods of raising toughness with respect to
structural refinement: first, processing the steel to achieve a fine austenite grain size, and
second, promoting a sufficient subdivision of 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."'® In upper bainite, the carbides lying along lath boundaries may
promote brittleness by lowering v, the work done near the tip of a cleavage crack. In
tempered lower bainite, the carbides, more uniformly distributed in ferrite, raise v, by
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interfering with cleavage cracks and promoting tearing.!'’ The increase in v, also
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.!’!8130 In an
AS553B pressure-vessel steel, it was found that the carbide size distribution is the most
important single microstructural feature that controls cleavage feature.'® The 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.'® Similar results have been found in the
medium carbon steels consisting of lath-martensite structure with films of retained
austenite surrounding the laths'®? and 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
sites'1* and/or easy crack paths."®!*!% It 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.!®®

A fine distribution of carbides, however, may be beneficial to toughness. Irvine
and Pickering'"® 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.’***? The beneficial
effect of retained austenite was later found in the steels with lath martensite, 4147 and
in the bainitic steels.”®'*® This effect was associated with the thermal and mechanical

stability of the retained austenite, rather than its amount.'*'° It 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).'2812.132137 Bhadeshia and Edmonds'™' found 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
film/blocky 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:'?

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 investigators!?!:143.10

have reported that the transformation from austenite to martensite may

cause a drop in toughness because the twinned martensite formed in

transformation is deleterious to toughness.

The effect of retained austenite on ductility has been addressed by Sakuma et al.™!
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, toughness is deteriorated by increasing carbon content. Over
a wide range of carbon content (0.1% - 0.8%), an increase in carbon content raises the
impact transition temperature and reduces the absorbed energy.'”> Also, 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.'”®* Lowering 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.!'®

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.'* Manganese content up to 2% improved
the toughness in Fe-4Cr-C steels by increasing the amounts of retained austenite.'” In
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 combination of strength and toughness was achieved.!?® However,
in niobium-manganese and vanadium-manganese steels, an addition of Mn greater than
2% deteriorates toughness by increasing the impact transition temperature of bainitic
structures.'® In an extra-low carbon (0.003%) Fe-Mn steel, Roberts®® found that the
impact transition temperature is insensitive to manganese content (0.01% - 9.60% Mn).
No reason for the insensitivity was given in the study, but it is noted that the carbon
content is extremely low. This probably suggests that for higher carbon steels, Mn may
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influence the toughness by affecting the formation of microstructure (for example,

retained austenite), whereas no second phase was formed in almost pure-iron steels.

3) Chromium

Chromium is generally used to increase hardenability, and its effect on toughness
has not been well documented. Roe and Bramfitt'* pointed out that chromium raises the
transition temperature slightly in plain carbon steels if below 0.90%.% However,
Dieter™ suggested that Cr has little effect on transition temperature. Medium carbon,
straight chromium steels suffer tempered martensite embrittlement.'® It has also been
reported that Cr deteriorates toughness through the promotion of substructural twinning
in martensite at high C levels.!**!%® In Mo-Cr steels with fully martensitic structures,'>
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.'” Callender'® found 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 steels'! and non-fully hardened
steels.'®? Maitrepierre er al.'! reported 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 investigators'® simply attributed the decrease in toughness to the increase
in strength through the enhanced hardenability by boron. Some others'* % suggest 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,'®® boron impaired room temperature impact toughness and
resulted in the temper embrittlement due to the formation of more or less continuous
cementite at the martensitic lath boundaries.

However, a beneficial effect of boron on toughness was reported for quenched
and tempered steels.'®! A tempered martensitic structure exhibited much better toughness
than untempered bainitic structures and mixed structure of martensite and bainite. The
martensitic structure was achieved through the increased hardenability achieved by boron
addition. Roe and Bramfitt'* point out that the beneficial effect of boron applies only to
quenched and tempered steels and that boron reduces the toughness of as-rolled, as-
annealed and as-normalized steels.

6) Niobium

Niobium is a microalloying element which 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,'”” niobium refined the
microstructure but no precipitates were found at the prior austenite grain boundaries.
0.02%Nb addition resulted in an increase in tensile ductility and Charpy toughness in the
steels. In Fe-1.5Mn-0.06C steels, 0.05%Nb changed the microstructure from
ferrite/bainite to acicular ferrite/martensite'®® and the impact energy at 20°C was 15
joules lower in the Nb bearing steel than in the Nb-free steel. Roe and Bramfitt'*
reported that the Nb effect on impact toughness is influenced by the hot-rolling-finishing
temperature. Below 925°C, Nb improves toughness by refining the ferrite grain size;
above 925°C, it may deteriorate toughness. However, a detrimental effect of Nb was
found in a steel with a finishing temperature of 800°C.%

7) Silicon
Silicon, used in amounts of 0.15% — 0.30% to deoxidize steels, generally lowers
the ductile-to-brittle fracture transition temperature and raises upper shelf energy.'*
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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.'®

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".'” Wear, according to the
Webster’s New World Dictionary,'” is defined as the gradual impairment, loss, or
diminution from use, friction, etc. Mechanical wear is caused by disintegration of
interacting machine components as the result of over-stressing of the material in the
immediate vicinity of the surface.!” In a wearing system, many features contribute to 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
conformity and thus the stress system. Secondly, it is necessary to define the applied load
and the associated friction forces. In a lubricated system, a film of lubricant can be
produced due to the interaction between speed and load. The presence of foreign particles

in the lubricant may cause serious damage to one or both of the interacting surfaces.

Wear takes many forms. Barwell'” categorizes wear into four main types:
adhesive wear, abrasive wear, surface fatigue, and corrosion. However, corrosion is

generally regarded as an independent damage mode and not included in 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 Wear may be defined as damage to a surface by a harder material. The
hard material may be introduced between two rubbing surfaces from outside, or formed
in situ by oxidation and other chemical processes, 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, irrespective of hardness. The type of the

microstructure of a steel definitely influences abrasive wear resistance.

Surface Fatigue is caused by the repeated intense loading of a counterformal
contact area. Cracking is initiated a little way below the surface where the maximum
shear stress occurs due to the distribution of Hertzian stress. The crack subsequently
propagates to the surface, leading to a piece of metal detached and 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 contact fatigue (RCF), corrugations, wear and internal fatigue.!” A failure of rail

is often a result of the combination or interaction of 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.'” It is believed that the plastic
deformation near the surface may contribute to both sliding wear and the initiation of
contact fatigue cracking.'™

1.3.2.2. Corrugation

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,”>17 it is generally conceded that corrugation is a direct result of periodic
stick-slip (i.e. rolling-sliding) process of some wheel-rail contact patch, such a process
being consistent with observed rail corrugation surface striations.'” Corrugation 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, i.e. 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.!” Transit-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 fatigue, is
characterized by the sudden removal of surface material. A process of rolling contact
fatigue involves three phases: pre-conditioning of the material prior 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. Suh'®!* proposed 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 er al.'™ investigated 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. Dikshit'®
proposed that the white layers are of a martensitic structure because of their hardness.
Newcomb and Stobbs'®® presumed 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, Griffiths'™ points 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. 1818
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1.3.3. Laboratory Investigations

1.3.3.1. Abrasive wear behavior of bainitic steels

There have been many investigations of the abrasive wear behavior of bainite
compared with other microstructures in steels. Those studies have revealed that a bainitic
structure exhibits good wear performance.

The wear resistance of lower bainite was found to be higher than tempered
martensite at the same hardness level.'®”!®® Krushchov and Babichev'®® reported 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.!®® They also proposed that wear resistance
increases in the structural sequence from spheroidite to pearlite and from tempered
martensite to bainite,'* which was later confirmed by other investigators.'"'*

In a study of Kar'™ 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.!*"!* It was claimed that lower bainite contains three to four times the
amount of retained austenite present in martensite structures.!®! Hurricks'® has suggested
that the degree of cohesion between austenite and carbides is greater than that between
martensite and carbides, thereby enhancing wear resistance. Zum Gahr'*¢'"’ attributes 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 (iii) the surface compressive stresses arising from the

transformation of austenite during wear.

In three-body abrasive wear, it was reported'” that 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 investigation of wear behavior of steels under rolling/sliding conditions arises
from the wear of wheel and rail steels in railroads service. The rolling/sliding wear in
wheel and rail steels was classified into three regimes developed in laboratory tests:'®
Type I, Type II, and Type III. In Type I, very pronounced large thin metallic flakes are
formed at the surface of the specimens, accompanied by oxidation. Type II wear, more
severe than type I, often exhibits ripples without large flakes. The much smaller wear
particles are produced predominantly in the troughs of the ripples. The type III wear,
equivalent to the severe wear classification of Archard and Hirst,'” shows extremely
rough surface compared with both type I and II wear. Large particles are torn away from
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”.” Under
rolling/sliding conditions, early studies'-'>*33 showed that bainitic steels are less wear
resistant than conventional pearlitic steels. The results, obtained by Heller and
Schweitzer,* showed that 0.07%C and 0.3%C bainitic steel rails wore faster than
conventional pearlitic steel rails at the same hardness level in service tests. Masumoto
et al.” evaluated an as-rolled 0.33%C bainitic steel in a laboratory test 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.** obtained 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.!! used a 0.72%C Cr-Mo steel of different microstructure and
hardness to investigate wear performance. They found that the wear resistance of pearlite
is better than that of bainite and that bainite is better than tempered martensite. In their
study, the superior wear performance of pearlite was attributed to the very pronounced
work hardening near the wear surface. Such work hardening was related to the
morphology of carbides: the lamellar cementite in pearlite gives rise to the best wear
resistance because the carbides reinforce the ferrite in pearlite effectively, thereby
improve wear resistance. The spheroidal carbides in the tempered martensite results in
the worst wear resistance because shear stresses in the ferrite are not transferred to the
cementite, which then does not deform. Since the carbide morphology in bainite is
intermediate between 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 investigation of Clayton et al.* indicated that under dry sliding conditions,
wear resistance of bainitic steels are comparable to 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 study® 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 resistance of the pearlitic steel was attributed to the
resistance to deformation and/or fracture in the type III'* wear process.

Garnham and Beynon? evaluated three bainitic steels (0.04%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.

Devanathan and Clayton'® investigated three bainitic steels with carbon contents
of 0.04%, 0.1% and 0.54 %, respectively, under rolling/sliding conditions. They found
that the 0.04%C steel with a granular bainitic structure and a hardness of 29HRC,
appeared to have comparable wear resistance to a conventional pearlitic eutectoid rail
steel with a hardness of 33 HRC. Two possible explanations were proposed for such a
performance. First, the 0.04%C bainitic steel, with a higher work hardening rate than
the pearlitic steels, achieves higher surface hardness as a result of plastic deformation.
The effect of work hardening was also found in a study of Liu er al.’® Some
investigations suggested that the wear resistance could be better correlated with surface
hardness rather than bulk hardness.?’'?* Second, the resistance of the bainitic steel to the
type III wear is influenced by strain resistance. The reduction in area of the 0.04%C
bainitic steel of almost four times that of a pearlitic steel reflects a superior ability of the

former to sustain strain, which was assumed to enhance wear 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.*” The 0.04%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 might be more wear resistant than pearlite

steels at higher contact pressures.
1.3.3.3. Effects of alloying elements

Clayton et al.* conducted 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 (mm3/cm) < (C‘+C‘:+%)wt%

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.?®

1.3.4. Summary

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
sufficiently detailed. The study made by Devanathan and Clayton'S revealed a promising
potential of an extra low carbon steel (0.04%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 Beynon® at 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.'® 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.*

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

Steel 3 Mn Ni Cr Si Mo B
1 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 - 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

In the current study, the following aspects were examined:

1)
2)
3)

4)

)
6)

Microstructural changes with alloying elements and heat treatment;
Wear, deformation and mechanical properties of the bainitic steels;
Effect of carbon content at low levels (<0.3%) on wear performance and
mechanical properties;

Effect of alloying elements on microstructure and mechanical properties;
and

Weldability of the low carbon bainitic steels.

Interaction of wear resistance between top and bottom rollers in Amsler

wear tests.
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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:

E Five experimental low-carbon Mo-B steels,
° A pearlitic head-hardened rail steel, and
° An austenitic Mn steel.

In addition, as a counter part material for wear testing in an Amsler machine, a
class C wheel steel was used for bottom rollers.

The low-carbon Mo-B steels, designated as J1, J2, J3, J4 and J5, were produced
by Bethlehem Steel Corporation. All 500 Ib heats were made in a vacuum induction
furnace backfilled with argon. The ingots, approximately 9" X9" X24", were soaked at
2350 °F (1288 °C) for at least 2 hours and then rolled to 3" X3" bars in 23 passes. The
finishing temperatures ranged between 1725 - 1750 °F (940 - 954 °C).

The chemical compositions of the liquid steels, provided by the manufacturer, are

listed in Table 2.1(a), while the chemistry of 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.?® This 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 um on abrasive papers. Then the disks were electro-polished
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and perforated in a solution of 5% perchloric acid in methanol at a temperature below
-40°C. The TEM observations were carried out in a Hitachi H800 with an accelerating
voltage of 200 kV and a Jeol 100CX with 100 kV.

2.4. GRAIN SIZE MEASUREMENT

The prior austenite grain sizes of some samples were measured using a circular
intercept procedure defined in ASTM standard No. E112-88.2%" However, the number of
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
2
N = 4t
n

where N, is the number of intersection in the ith field, and n the number of fields

measured. Using the equation
G = ASTM No. =10.00 + 2loqg,(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 100 X
was then obtained by subtracting Q from G, where Q is a correction factor calculated
with the equation

Q = 21og,(M/M,)
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where M is the magnification used and M, the basic magnification, i.e., 100X. The final
grain size was reported by converting the real ASTM No. to the nominal diameter of
average grain section according to Table 2 in ASTM standard E112-88.%

2.5. HARDNESS MEASUREMENT

The hardness of the steels was measured on the Rockwell C scale for the Mo-B
steels, X136 and WS5. 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 TRANSFORMATION TEMPERATURES

The phase transformation temperatures of the Mo-B steels were determined using
a Gleeble 1500 thermal simulator. During thermal cycle running, the dimensional
changes of the specimen with temperature was recorded by means of dilatometry and
therefore a curve of dilation versus temperature was obtained. The transformation
temperature was determined at the point where the curve began to deviate from a linear
relationship between dilation and temperature of the specimen. Figure 2.2 shows a
dilation curve, illustrating how the transformation temperatures are 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 Ac, and Ac; temperatures of the Mo-B steels were determined by dilatometry
with a heating rate of 0.2778 °C/s (1000 °C/hr).

To investigate phase transformations during continuous cooling, a sample was
heated at 2 °C/s to 970 °C, held for 15 minutes and then cooled at 0.4, 2, 10 or 25 °C/s
controlled by computer programs. The transformation temperatures were determined

from the dilation curves as described above.

2.7. ROLLING/SLIDING WEAR TESTS

2.7.1. Amsler Machine

The wear performance of the materials was investigated under rolling/sliding
conditions. An Amsler machine was used to generate rolling/sliding interaction with two
cylindrical specimens as a pair for each test.

Figure 2.6(a) shows a photograph of the machine. This machine has two shafts
with the lower shaft rotating 1.104 times faster than the upper one. Cylindrical specimens
or rollers, are fixed at the end of each shaft. The two rollers contact each other with a
contact pressure applied through a spring loading mechanism. The contact configuration
is shown in 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 (v) is defined as
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'Y:T

r

where 1, is the sliding distance relative to contact surfaces and 1, 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

Y = —g +1.104q,

where d, and d, 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 using Hertzian theory.?® The maximum Hertzian contact pressure P, is calculated

using the equation

P, = 0.418(%)1’2

where L is the normal load applied to the rollers, W contact width of the rollers, E
Young’s modulus, and R given by

Y S ¥
R R R

where R; and R, are the roller’s radii. In this investigation, a Young’s modulus of
2.1x10° MPa was used for all Amsler rollers.
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2.7.2. Wear Tests

The geometry of the rollers are shown in 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 axis parallel
to the longitudinal direction of the rail. The rollers of the austenitic Mn steel were taken
from a plate with the roller axis parallel to the height direction. The orientations of
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 orientation shown in 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 converted and normalized to pg/m/mm, the wear rate
being expressed by the weight loss after unit sliding distance in 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 summarized in
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 specimens were 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. Curves of variations in width and diameter of the rollers against revolutions were
obtained to represent the deformation behavior of the materials under rolling/sliding

conditions.
2.9. TESTING OF MECHANICAL PROPERTIES
The tensile tests and Charpy V-notch impact tests were carried out on the Mo-B

steels under as-received and water-quenched conditions. The geometry of a tensile
specimen is shown in Figure 2.10, complying with ASTM standard E8-91.2®° The
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dimension of a Charpy V-notch sample is shown in Figure 2.11, in accordance with
ASTM standard E23-92.%'° The impact toughness tests were carried out at room
temperature in a drop pendulum tester with a capacity of 264 ft-lb.

2.10. WELDABILITY TESTING

The weldability of steels was evaluated by conducting Tekken tests. The testing
method, officially named the Method of Y-groove Cracking Test, was initiated and
developed by the Japanese and is defined in the Japanese Industrial Standard JIS Z 3158.
The Tekken test is used to evaluate the susceptibility of a material to cold cracking
induced by hydrogen in the heat affected zone (HAZ) as well as in the weld metal. Since
the welding groove is in the "y" shape, it provides very severe constraint for cracking.

The configuration of a Tekken sample is shown in Figure 2.12. An entire test
piece was composed of two parts that were welded together before testing. After the test
piece had been pre-heated to 200 °C using the flame of a torch, the test weldment was
made in the center portion of the groove. To avoid toe and crater cracking in the testing
section, the welding was run in the path shown in Figure 2.13. After welding, the
specimens were stored for more than 72 hours to allow time for cracks to develop. The
sample was then sliced into six pieces in the transverse section relative to the welds with
a uniform spacing along the weld, Figure 2.13. Metallographic specimens were prepared
on the transversely sectioned surfaces and the surfaces etched with 5% Nital were
observed for cracking occurrence in 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
J1 and air-cooled J2, the heat input was 100 kJ/in and for the water-quenched J1, the
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heat input was 71 kJ/in. It was estimated that the cooling rate between 800 and 500 °C
would be slower than 10 °C/s. A summary of the welding test data is given in Table 2.7.

2.11. ANALYSIS OF AMSLER WEAR ROLLERS

The features of worn surfaces of the Amsler rollers were observed in a Zeiss
SEM with an accelerating voltage of 20 kV. Subsurface characteristics were observed by
means of optical metallography in the section cut perpendicularly to the roller axis
(Figure 2.14). To protect worn surface from being distorted by cutting and grinding, the
sample was 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

Steel No. & Mn B S Si Ni Cr Mo Al Ti B
1 0.21 2 0.013 0.01 0.97 0 2.01 0.51 0.025 0.038 0.003
12 0.13 4.04 0.013 0.008 0.28 0 0 0.51 0.023 0.035 0.003
I3 0.09 2.04 0.013 0.011 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
I5 0.039 4.1 0.012 0.009 0.29 0 0 0.51 0.019 0.037 0.003

|£S



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

(b) Analysis of Solid Steels

Steel No. C Mn P S Si Cu Ni A Nb Al Cr Mo
J1 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
I3 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

| Steel No. Ti Sn B Zr Ca As Pb Sb Bi N* 0"
s = |

i) .025 .001 .0027 <.0040 .0042 <.0004 .0061 <.0020 | .0022 .00074 .0013
J2 .038 | <.001 .0027 <.0040 .0017 .0010 .0100 <.0020 | .0023 .001 .0027
I3 .026 | <.001 .0031 .0046 .0016 <.0004 .0073 <.0020 | .0024 .00092 .0033
J4 .023 <.001 .0030 .0047 .0016 <.0004 .0075 <.0020 | .0025 .001 .0038
I5 .037 <.001 .0030 <.0040 .0016 .0016 .0110 <.0020 | .0024 .00095 .0028

* Oxygen and nitrogen were analyzed by Esco corporation using Leco approach.
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Table 2.2(a) Composition of the Pearlitic Rail Steel X136 (wt-%)

53

&

Mn

P

Si

Cr

0.794

0.913

0.018

0.010

0.663

0.473

Table 2.2(b) Mechanical Properties of the Pearlitic Rail Steel X136

Steel

X136

Y.S. UTS
(ksi) (ksi)
126 191

RA
(%)

40

El
(%)

13.3

Hardness®

(HRC)

36

The hardness was determined on a lateral side of an Amsler roller by measuring 12

points along periphery of the roller. Hardness readings varied from 33.9 to 38.1 HRC
with an average of 36.3 HRC. The population standard deviation was 1.631 and sample
standard deviation was 1.711.

Table 2.3 Composition of the Class C Wheel Steel W5~

| c

or

Mo

Mn Si

S

P

Cu Ni

v ]

| 0.66

.036

.014

.684

528

022

.002

.089 | .029

009 |

The hardness of W5 was determined in a similar manner for X136 by measuring 8

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.



Table 2.4 Heat Treatment of the Mo-B Steels

54

Steel Austenitizing Holding Time | Air Cooling | Water Quenching
Temperature (°C) (min)®
5] 910 15 4 v
J2 900 15 v v
I3 900 15 v v
J4 900 10 v v/
J5 930 15 4 v/

* After the sample was put into the furnace, the holding time commenced when the
Jurnace temperature came back to the austenitizing temperature.
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Table 2.5 Contact Pressures Used in the Amsler Wear Tests with a Slide/Roll Ratio of
35%

Contact Pressure (MPa)

Steel 500 900 1220 1450 1700
J1-as v/
J2-as v/
J3-as
J4-as
J5-as

AN AYAYA
% IS 1% 1R s

J1l-ac
J2-ac
J3-ac
J4-ac
J5-ac
J1-wq v
J2-wq v/

I3-wq
J4-wq v/

I5-wq
X136 v
Mn steel

SINSISISIS SIS IS IS IS IS IS IS IS IS IV IS

Key:

as — as received

ac — air cooled

wq — water quenched



Table 2.6 Chemistry and Properties of 120S-1

(a) Chemical Composition of 120S-1 (wt-%)

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

(b) Mechanical Properties of 120S-1

Tensile Strength (ksi) 120-125
Yield Strength (ksi) 110-115
Elongation (%) 15-18
Reduction of Area(%) 50-65
Charpy V-Notch

@ 0°F (ft-1bs) 95-110
@ -60°F (ft-Ibs) 70-80
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Table 2.7 Weldability Test Conditions

As-received J1
Materials Alrcooled 42
Water-quenched J1
Type of Test Tekken test
Welding Method Gas Metal Arc Welding
Filler Material 120S-1

Shielding Gas

95%Ar + 2%0, +
3%CO,

Heat Input (kJ/in)

100 (for J1-as and J2-ac)

71 (for J1-wq)

Preheat Temperature (°C)

200
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Figure 2.1 Hardness measurement on an Amsler roller
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Figure 2.4 Geometry of a Gleeble specimen
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Figure 2.5 Specimen set-up for a Gleeble thermal run with a dilatometer
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Figure 2.6 Amsler machine for wear and deformation testing
(a) Overview of the machine (b) Roller set-up for a wear test

62



I
|
I
]
|
]
|
]
|
I
I
I
30 mm
I
|
]
| 1
| ]
| 1
I
35 mm

/\ 16 mm X SHE
I

63

|

]

|

I

|

I

|

]

|

]
40 r"\m

!

|

|

|
45 mm

Figure 2.7 Geometry of Amsler rollers for wear testing



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 2.11 Geometry of a Charpy V-notch impact specimen
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Figure 2.12 Configuration of a Tekken specimen
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Figure 2.13 Welding path and sectioning of a Tekken specimen
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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-Received Steels

The microstructure of the as-received steels was examined in an optical
microscope. As shown in Figure 3.1, packets characterized by features with different
contrast and orientations were found in prior austenite grains. Due to the limited
resolution of the optical microscope and the complexity of microstructure on continuous
cooling, no further details of phases were identified with these micrographs. Therefore,
the microstructure of these steels was characterized by means of transmission electron

MiCroscopy.
3.1.2. Transmission Electron Microscopy of the Mo-B Steels
3.1.2.1. The as-received steels

The TEM observations revealed that in the as-received J1, a lath structure was
predominant although there is some massive ferrite. The lath ferrite was heavily
dislocated as shown in Figure 3.2(a). Retained austenite was found in elongated and
blocky forms as shown in Figures 3.2(b) and 3.2(c). The retained austenite was clearly
revealed by a dark field image in Figure 3.2(c) with a reflection of (020), (Figure
3.2(d)). The elongated retained austenite was located in the lath ferrite boundaries and

70
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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 (>50,000X). 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 J2 was more complex. In most areas,
carbides precipitated in ferrite laths at an angle to the long axis of the laths, showing a
morphology of lower bainite. Such a structure was predominant and is shown in 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, carbides formed 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
microstructure of predominantly lower bainite with some massive ferrite with and without

carbides.

A microstructure of massive ferrite with high density dislocations was found to
be predominant in the as-received J3. 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 J3, but with a greater number of M-A
islands. This structure is shown in Figure 3.5.

Lath ferrite is well developed in J5. 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, consisting of lath ferrite and retained austenite (Figure
3.6);

3.1.2.2. The air-cooled steels

The microstructure of the air-cooled steel J1 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 er al.!! The microstructure
of this steel is carbide-free bainite with needle-shaped martensite.

Figure 3.8 shows the microstructure of the air-cooled J4. 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 J1, 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 J1. 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 J1, 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-quenched J5 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-quenched J3, J4 and J5 are basically bainitic ferrite in both lath and
massive forms. Such a microstructure was also found in the ultra-low carbon weld metals

in a study of Singh.??
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The microstructures of the Mo-B steels are summarized below.

As-received Air-cooled Water-quenched
J1 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
2 lower bainite lath ferrite
lath ferrite w/o massive ferrite
carbides needle-shaped
massive ferrite w/ martensite
carbides
few M-A islands
I3 massive ferrite lath ferrite
M-A islands massive ferrite
J4 similar to J3-as but lath ferrite lath ferrite
more M-A islands massive ferrite
I5 lath ferrite lath ferrite
thin films of retained massive ferrite
austenite in lath
boundaries

3.2. CCT DIAGRAMS OF THE Mo-B STEELS

The phase transformations of high carbon J1 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 J1
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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designated as B,. The measurement results are listed in Table 3.1. It is seen that the B,
was significantly depressed in the high carbon steel J1.

Figures 3.14 and 3.15 show the CCT curves for J1 and J4, respectively. The
curves indicate that only bainitic structures were obtained over a wide range of cooling
rate since no martensite transformation was 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 um. The grain size of the air-cooled J4 was found to be greater than
90 um, suggesting that the grains grew significantly by furnace heat treatment.

3.4. Ac, AND Ac; OF THE BAINITIC STEELS

Since the grain size of the air-cooled J4 exhibited a large grain size of greater
than 90 pum, it was felt necessary to reduce the grain size by lowering the austenitizing
temperatures. Hence, the Ac, and 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 calculated Ac, temperatures for comparison. The

calculated temperatures were obtained using the equation developed by Andrews,?*
shown below:
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Ac, (°C) = 910-203yYC-15.2Ni+44.75i+104V+31.5M0+13.1W
~(30Mn+11Cr+20Cu-700P-400A1-120As-400Ti) (Wwt-%)

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 toughness and 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 J1, J2 and J4, but led to a substantially higher hardness for J5.

Figure 3.17 shows a linear relationship of hardness values between Rockwell and
Brinell scales as measured for these steels. With linear regression, the relationship is

given as

HRC = 2.75 + 0.10 HB, (r = 0.97)
or HB = 10 HRC - 27.5

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
quenching increased both ultimate tensile strength and 0.2% proof stress. The extent of

improvement was evaluated using the equation

Ao, (%) = Q X 100%
where Agy, is the strength increase by percentage, o, is the strength of water-quenched
steels and o, is 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 ductility of the steels are shown in Figure 3.20. Both reduction of area and
elongation were reduced by water quenching. The degree to which water quenching
decreased ductility is illustrated in Figure 3.21. For both elongation and reduction of
area, the high carbon steel J1 exhibited the greatest change by water quenching. There

was no significant change in reduction of 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, J1 showed the lowest toughness. The toughness of J2,
J3 and J4 were quite similar and at a higher level.



78

Water quenching did not exhibit a consistent influence on toughness. The

toughnesses of J1 and J5 were increased by water quenching, but those of the rest were

decreased. After quenching in water, J1 through J4 exhibited similar toughnesses and J5
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

pm.

3.6. WEAR PERFORMANCE OF STEELS — BAINITE, 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 reproducibility***
were re-processed. The evaluation of the reproducibility with 95% confidence was then
achieved in terms of relative error.

Assuming that the data follow a normal distribution, the original data®** and the
re-evaluation results are tabulated in Table 3.7. The maximum relative error obtained

was 10%. In the current study, some tests were performed twice using the as-received
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J1 and J4 at a contact pressure of 1220 MPa, the relative error for these tests was
calculated using the equation

where ¢ is the relative error, W,,, and W, are the maximum and minimum wear rates,
respectively. The maximum relative error was found to be 6.7%, falling within the
presumed 10%. Therefore, +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. J1 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. J1, 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 J1 increased with an increase in contact
pressure in a linear manner. For J2 and J3, however, the wear rate did not increase at

high contact pressures as fast as at low contact pressures. For J4 and JS, 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

increasing contact pressure.

The relative wear resistance also varied with contact pressure level. At 500 MPa,
the as-received J1 exhibited the best wear resistance, but at 1700 MPa its wear resistance

was much lower than that of J4.

As at 1220 MPa, water quenching increased the wear resistance of J1 and J4 at
500 MPa and 1700 MPa. It is apparent in Figure 3.27 that this effect was much stronger
for J1 than for J4. For J1, water quenching reduced the wear rate about 80%, while for
J4, its wear rate was reduced about 28 %. Because of the significant reduction in wear
rate, the water-quenched J1 excelled over all other steels at each contact pressure in

terms of wear resistance.

3.6.3. Wear Resistance of X136 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
investigated with respect to wear resistance and a comparison was made with the bainitic
steels. Further, the wear performance of an austenitic manganese steel, which is often
used to make frog steels, was also investigated. The wear rates of X136 and the Mn steel
are shown in Figure 3.28. Compared with the as-received bainitic steels, X136 exhibited
the lowest wear rates at each contact pressure. However, its wear rate was higher than
that of the water-quenched J1. 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 austenitic Mn steel exhibited superior
wear resistance to all the other steels and the wear rates were almost zero even at 1700
MPa.
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3.6.4. Wear Behavior of the Pearlitic Wheel Steel W5

The pearlitic wheel steel W5 was used to make bottom rollers as a counterpart
material in the Amsler wear testing. Although the weight loss of the top rollers increased
linearly with revolutions after a break-in period in most tests, the weight loss vs.
revolutions curves for the bottom rollers did not always exhibit a linear relationship.
Figure 3.29(a) shows examples of a linear curve for a top roller and a non-linear curve
for a bottom roller. For a bottom roller, if the curve is not linear, the wear rate was
derived through the data points which correspond to their counterpart points for the top
roller, as shown in Figure 3.29(b). The wear rates of the bottom rollers 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 bainitic
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 J1/W35 pair, i.e., the top roller is
the water-quenched J1 and the bottom roller W3, 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-quenched J1) at 1700 MPa. For the X136/WS5 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 steel/W5 pairs.

3.7. ROLLING/SLIDING DEFORMATION BEHAVIOR

The resistance to deformation under rolling/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 effect of contact pressure on deformation was investigated for 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 deformation accumulation became very
small after an initial period of time. At 1700 MPa, however, deformation continued
substantially with revolutions. By defining the deformation rate as width increase divided
by revolutions, the deformation rate was derived using a linear regression. The
deformation rate was 1.5X10% mm/rev at 1295 MPa, and 1.8x10° mm/rev at 1600
MPa. With the contact pressure increased from 1295 MPa to 1600 MPa, the deformation

rate was increased by an order of magnitude.

The subsurface of wear test rollers was investigated. The microstructures in
Figure 3.35 indicate that a deformation layer was generated below the worn surfaces.
The microstructure of the subsurface was distorted towards an orientation parallel to the
surface in the rolling direction. Although the depth of deformation layer was not
uniform, especially at high contact pressure, the measurements taken under an optical
microscope indicate that the deformation depth of the as-received J1 at 1220 MPa was
about 30 yum and 40 — 60 pum at 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, J1 and J4 were investigated. J1, a high carbon steel (0.18%C),
demonstrated good wear performance in the water-quenched condition. J4, chosen as a
representative of low carbon steel (0.023%C), showed better wear resistance at higher

contact pressures than J1 in the as-received conditions.

The worn surface morphologies of the rollers with different heat treatments and
contact pressures are shown in Figures 3.37(a) — (g) for the bainitic steels. Generally
speaking, the wear mode of these rollers was Type III wear, as first characterized by
Bolton and Clayton'® in pearlitic steels and later applied to bainitic steels.” In these
steels, large flakes were produced. The deformation on the surface was discerned through
the gouging grooves in the rolling direction. The photographs indicate that the degree of
deformation varied with heat treatment and contact pressure. Since there is no way to
measure the surface deformation (semi-)quantitatively in the wear situation, the
observation was only qualitative.

Compared with the as-received J1 at 1700 MPa, the worn surface of the water-
quenched J1 was much smoother (Figures 3.37(c) and (g)). The as-received steel J1
showed large thin flakes attached to the surface and evidence of the accumulative
deformation was indicated by the gouging traces and ridges on the surface. The water-
quenched J1 surface was smooth, Figure 3.37(g), with far fewer deformed ridges and
large flakes. This suggests that less deformation was experienced and much less material
was removed during wear. Concurrently, the wear rate of the water-quenched J1 was
much lower than that of the as-received J1.

In the water-quenched J1, small pits and cracks perpendicular to the rolling
direction were observed (Figures 3.37(g) and 3.38). Since the deformation occurred in
the rolling/sliding direction, 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 III wear was produced at 1700 MPa as demonstrated in Figure 3.40(a). Figure
3.40(b) reveals the worn surface generated at 1220 MPa 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 austenitic steel 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 number of dents continued to
increase and the surface became rougher. After this period, however, the worn surface
was rolled smoother and the dents gradually disappeared as the test continued. As a
result, the final worn surface was quite smooth and the wear rate was very low. Figure
3.42 shows the morphology of the worn surfaces of the Mn steel rollers. No Type III
wear was produced on this steel.

The observations revealed that the worn surface of the bottom rollers always
presented the same features as the top rollers although the wear rate of the bottom rollers
was generally lower than that of the top rollers.

3.9. WELDABILITY OF THE BAINITIC STEELS

The weldability of steels is often indicated by carbon equivalent (CE). Yurioka®®
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.?* In group A, the CEs are characterized by 1/6 as the coefficient
of Mn. This group includes CE(ITW), CE(WES) and CE(Stout IT), which are applicable
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to plain carbon and carbon-manganese steels.”’ Pcm, 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:

a CE (IIW) = C + E & Cu+N1 “ Cr+Mo+V;
6 15 5

B Pcm=c+ S1 , MnicusCr A N1 Mo , V _ 5. and

30 20 60 15 10

Si Mn Cu Ni Cr+Mo+Nb+V

C CEN = - sl s e o v o e + 5B

= & ALS) [24 6 15 20 5 ]

where A(C) = 0.75 + 0.25 tanh[20(C-0.12)].

In the above equations, the alloying contents are expressed in weight percentage. In the
current study, the CEs of the bainitic steels, given in Table 3.8, were calculated using
these equations. It is evident that for a given steel, the CEs could be quite different
depending on which equation was used. CE(IIW) values seem to be always the highest

and Pcm the lowest.

To prevent cold cracking, preheating is sometimes necessary. Using the
methodology developed by Yurioka et al.,*’ the preheat temperatures for the bainitic
steels was estimated for Tekken testing using the program developed by Dighde.?'® Based
on the assumptions that the hydrogen content is 5 ml/100gm and that heat input is 1.7
kJ/mm, the lowest preheat temperature was predicted to be 144 °C for J5. No preheat
temperature was obtained for J1 because the program was terminated during execution
due to overflow of some intermittent values in calculation. The results obtained with this
program are given in Table 3.8 using CEN.
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As far as experiments are concerned, Ashton and Johnson?'® reported that for a

fully bainitic structure with a hardness level about 420 HV10 (~42 HRC), an excellent

weldability was achieved with a minimum of 100 °C preheat temperature. With the

composition provided by Ashton and Johnson,?® the CEN of the steel was calculated to
be 0.63.

Based on the above analysis, the susceptibilities of J1 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 J1 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 J1 without cracking. Figure 3.43(b) reveals the

lack of fusion found in the same steel.



Table 3.1 B, of the Mo-B Bainitic Steels (°C)

0.4 °C/s 2 °Cl/s 10 °C/s 25 °C/s
) 441 434 436 440
J4 560 551 554 545

Table 3.2 Grain Size of the Mo-B Steels

Steel No. ASTM | Grain Dia. Heat Treatment
No. (um)
J2-as 52 60 as-received
J4-as 33 59 as-received
J5-as 5.5 54 as-received
J4 >90 furnace, 870°C, air cooled
J4 >90 furnace, 900°C, air cooled

Table 3.3 Ac, and Ac; with Austenitizing Temperatures (°C)

Ac, Ac, Austenitizing

Temperature
J1 758 896 (823)" 910
J2 677 865 (777) 900
J4 722 865 (816) 900

* The data in parentheses are calculated values using Andrews’ equation.””
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Table 3.4 Mechanical Properties of the Bainitic Steels

STEEL UTS 0.2% YS ELN. RED. OF IMPACT
No. , : AREA | TOUGHNESS
(ksi) (MPa) (ksi) | (MPa) (%) (%) (ft-1b)
Jl-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 58.8 123
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
J1-wq 237.3 | 1636 168.1 1159 10.3 33.5 9.3
12-wq 204.8 | 1412 155.6 | 1073 13.3 50.0 8.5
13-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

Key:
as — as received

wq — water quenched
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Table 3.5 Hardness of the Mo-B Steels

Steel Heat Treatment HRC HB
J1-as 40 363
J2-as 35 319
J3-as as-received 35 302
J4-as 27 242
J5-as 26 237
J1-ac S 401
J2-ac 41 363
J3-ac air-cooled 37 321
J4-ac 28 243
J5-ac 27 241
J1-wq 43 415
J2-wq 40 375
J3-wq water-quenched 40 363
J4-wq 29 271
J5-wq 34 288
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Table 3.6 Wear Rates of Steels at Various Contact Pressures with a Slide/Roll Ratio of 35% (ug/m/mm)

M Contact Pressure (MPa)

Steel 500 900 1220 1450 1700
Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom

J1-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
J1-ac 8172 2348

" J2-ac 11925 2680
J3-ac 13611 2156

| J4-ac 10759 1161

| 15-ac 13816 750

| 11-wq 346 167 2374 1697 4429 | 5227

| 12-wq 6454 2167
J3-wq 9418 2159
Ja-wq 2274 257 8334 894 7112 257
J5-wq 9524 894
X136 928 27 6439 2940 8149 7545
Mn steel 126 82 156 2417

as — as received
ac — air cooled

wq — water quenched

06
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Table 3.7 Wear Rates (ug/m) and Statistical Analysis for Reproducibility Evaluation
of the Amsler Machine under Rolling/Sliding Conditions

Test 1220 MPa 900 MPa
Rail Wheel Rail Wheel
(top) (bottom) (top) (bottom)
1 116100 12200 69600 7100
2 162200 13300 63600 6900
3 140700 13800 61700 6100
- 153900 13100 66000 7100
S 137600 12400 65600 7100
6 141000 12600 66000 6900
7 136400 14000
o 0.05 0.05 0.05 0.05
n 74 7 6 6
X 141128.57 13057.14 65416.67 6866.67
S 14540.48 692.48 2658.13 388.16
- 2.4469 2.4469 2.5706 2.5706
to2.01(S/A/1) 13447.64 640.43 3055.81 446.23
RE 9.5% 4.9% 4.7% 6.5%

100(1-a) %: confidence

n: number of tests

s: sample standard deviation

x: average value

tena1: Upper 100(a/2) percentile point of the ¢ distribution
RE: relative error



Table 3.8 Carbon Equivalents and Preheat Temperatures (T,,) Prediction of the Bainitic Steels

J1 J2 I3 J4 I5
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
Taus °C - 275 247 212 144
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Figure 3.1 Optical micrographs of the as-received Mo-B steels
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25 um

Optical micrographs of the as-received Mo-B steels
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Figure

(continued)



Figure 3.1 Optical micrographs of the as-received Mo-B steels
(continued)
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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

() 0.25 pm
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Figure 3.2

Microstructure of the as-received J1 in TEM.
(d) diffraction pattern
(e) M-A island
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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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Figure 3.3 Microstructure of the as-received J2 in TEM
(c) carbide precipitates in massive ferrite
(d) twinned structure in the steel
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Figure 3.4 Microstructure of the as-received J3 in TEM
(a) massive ferrite
(b) a M-A constituent
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Figure 3.5 Microstructure of the as-received J4 in TEM
massive ferrite with twinned martensite



Figure 3.6 Microstructure of the as-received J5 in TEM
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Figure 3.7 Microstructure of the air-cooled J1 in TEM
(a) lath ferrite and retained austenite
(b) needle shaped martensite



Figure 3.8 Microstructure of the air-cooled J4 in TEM
(2) lath structure  (b) cell structure
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Figure 3.9

Microstructure of the water-quenched J1 in TEM
(a) lath structure
(b) retained austenite
(c) dark field revealing the retained austenite
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Microstructure of the water-quenched J1 in TEM
(d) diffraction pattern corresponding to (¢)
(e) needle shaped martensite
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Figure 3.10

Microstructure of the water-quenched J2 in TEM
(a) lath structure
(b) massive structure
(c) martensitic twins
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Figure 3.11 Microstructure of the water-quenched J3 in TEM
(a) lath structure (b) massive structure



B=(011) Figure 3.12

ferrfe Microstructure of the water-quenched J4 in TEM
(a) lath structure
(b) massive structure
(c) diffraction pattern
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Figure 3.13 Microstructure of the water-quenched J5 in TEM
(a) lath structure  (b) massive structure
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Figure 3.16 Hardness of the Mo-B bainitic steels
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Figure 3.23 Fracture surfaces of the impact specimens
(@ Jl-as (b) J2-as
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Figure 3.23 Fracture surfaces of the impact specimens
(c) J4-as (d) Jl-wq
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Figure 3.23 Fracture surfaces of the impact specimens
(e) J4-wq
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Figure 3.24 Dimples on the fracture surface
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Figure 3.25 Wear rate of the as-received bainitic steels at 1220 MPa
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Figure 3.35 Subsurface of worn rollers
(@) 1700 MPa (b) 1220 MPa
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Figure 3.37 Worn surfaces of the bainitic steels
(a) J1-as 500 MPa  (b) J1-as 1220 MPa
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Figure 3.37 Worn surfaces of the bainitic steels
(c) J1-as 1700 MPa  (d) J4-as 500 MPa
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Figure 3.37 Worn surfaces of the bainitic steels
(e J4-as 1220 MPa  (f) J4-as 1700 MPa
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Figure 3.37 Worn surfaces of the bainitic steels
(g) J1-wq 1700 MPa
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Figure 3.38 Microcracks on a worn surface
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Figure 3.39 Pit formation during wear
(a) close-up of a pit
(b) schematic presentation of the formation of a pit
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Figure 3.40 Worn surfaces of X136
(@) 1700 MPa (b) 1220 MPa
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Figure 3.42 Worn surfaces of the austenitic manganese steel
(@) 1220 MPa (b) 1700 MPa
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Figure 3.43 Weldment of J1
(a) no cracking  (b) lack of fusion



CHAPTER 4
DISCUSSION

4.1. MICROSTRUCTURE OF THE Mo-B STEELS

The optical micrographs in Figure 3.1 show the very different microstructural
morphologies of the as-received steels. However, it is difficult to use them to
characterize or identify the microstructure. Therefore, an electron microscope was used
to reveal finer structures. The TEM work has demonstrated that the matrix of the
microstructure is bainitic ferrite in two morphologies: lath-like and massive. Other
constituents found in the steels include M-A islands, retained austenite, carbides and
needle-shaped martensite. The presence and distribution of these constituents vary with
the composition and heat treatment of the steels.

Figures 3.15 and 3.16 suggest that for J1 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 al. reported.* 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 Speer*!
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
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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.”?*?2 Steven and Haynes™® developed

an equation for isothermal transformations in the form

B, (°C) = 830-270C-90Mn-37Ni-70Cr-83Cr (wt-%) {1)

For continuous cooling transformations, Bodnar and Taylor* obtained an equation in the

form

B, (°C) =719 - 127C - 50Mn - 31Ni - 27Cr - 61Mo (wt-%) (2)

Another equation Bodnar et al.”? proposed is

B, (°C) = 844 - 597C - 63Mn - 16Ni - 78Cr (wt-%) (3)

In a recent investigation, Devanathan® found under continuous cooling the bainite

transformation follows the relationship

B, (°C) = 721 - 598C - 85Mn - 43Cr (wt-%) (4)

The B,’s of the steels J1 through J5 calculated using these equations are given in
Table 4.1 and illustrated in Figure 4.1 along with the experimental data for J1 and J4.
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



155

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 CCT diagram.**!722* Some observations have been
well documented by Bramfitt and Speer.*! The 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.’*??
Ohmori et al.* found that type BI, BII or BIII bainite could be produced by changing the
cooling rate. It should be mentioned, however, that the terminology 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 islands®. As TEM techniques were improved, this massive structure was later
found to be composed of laths on a much finer scale.*?>? However, non-lath matrices
have also been found on such fine scales in the TEM and the term massive is still used

in the literature, 34643051
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The morphology of retained austenite also changes with cooling rate. In the as-
received J1, the retained austenite exists in either blocky or elongated forms. In the
water-quenched J1, only thin films of retained austenite were found between ferrite laths.
This kind of structure was reportedly obtained by quenching medium carbon steels'?*>?
or by isothermal treatment in Si steels.*""15%1¥ It js 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 Edmonds'° suggest 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 T, curve, which is the locus of points where the austenite and ferrite free energy
curves intersect,' is 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. 3110

No carbides were found in the as-received J1 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.??

In the as-received J2, 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-retained austenite islands (M-A islands) were found in the as-
received J1 through J4. But only in J3 and J4, were these islands frequently observed.
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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 Habraken and Economopoulos® in association
with granular bainite. They proposed that the formation of M-A islands was associated
with a dehomogenization of the parent austenite. When the cooling rate is low, large
carbon-enriched clusters would be formed and subsequently transformed to martensite-
retained austenite islands. Buchi er al.?® found that the islands of retained austenite in
a matrix of acicular ferrite look like the granular bainite mentioned by 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 concentration in the remaining austenite stabilizes the
austenite from further transformation, leading to the formation of granular bainite.

Biss and Cryderman® proposed 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.”* investigated the formation of a granular structure in a 0.06%C-
1.5%Mn-0.5%Cr-0.022 % Ti-0.0022 %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 of M-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 J2, 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 J2, lower bainite can be produced at the cooling rate produced by air
cooling. Furthermore, the mixed microstructure of J2 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 J2 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 J2 and J1, 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-%? or 1.55 wt-%,>° is 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.”® Hot rolled 0.15%C steels with a bainitic structure was reported
to possess yield strengths in the range 450 — 900 MPa,”” which are comparable to the

as-received bainitic steels in the current study.

Of bainitic steels, a high dislocation density makes a significant contribution to
strength. In the present study, high density dislocations were detected in the bainitic
ferrite matrix although no quantitative analysis was made. It was reported that the
dislocation density in upper bainite are in the range 10° — 10 cm™? '® and that a
dislocation density of the order of 10* m? may contribute to an increase in strength of
145 MPa.!™ Garcia et al.”® point 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.® The
heavily dislocated structure in bainite may be partly inherited from the prior
austenite, 10617
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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 By,

decreases.” By, is the temperature at which 50% bainite transformation is accomplished.
Steven and Haynes™ empirically established the relationships between Bs, and B, by

By, (°C) =B, (°C) - 60,

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 J1 through J5. As
carbon content increases, strength increases. The interaction between interstitial elements
(C, N) and dislocations makes a great contribution to strength.®® Substitutional 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.” Using the linear
relationship between strength and transformation temperature and between B, (or By, )
and composition, Pickering® related tensile strength to composition in the following

formula:

o (MPa) = 15.4[16 +125C+15(Mn+Cr) +12Mo +6W +8N1i +4Cu +25(V+T1i) ]

where o is 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 ¢ could be
expressed in the form

& = by, + b,C + bCr + b,Ni + bMn

where C, Cr, Ni and Mn are element concentrations in weight percent and their values
are known variables. Table 4.2 gives the results for the coefficients b, through b,.

Retaining one decimal point for the coefficients, the empirical equations are given below:

For the as-received steels,

o, (ksi) = 479.7 + 226.3C - 105.1Cr + 10.7Ni - 96.6Mn (wt-%)

o, (ksi)

Il

-421.4 + 515.5C + 133.4Cr + 9.0Ni + 132.6Mn (wt-%)

For the water-quenched bainitic steels,

0, (ksi) = 266.7 + 320.3C - 42.3Cr + 3.0Ni - 37.1Mn (Wt-%)

o, (ksi) = 180.8 + 601.2C - 15.3Cr + 4.3Ni - 11.3Mn (wt-$%)

where o, and ¢, are 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.” In an earlier study, Irvine and
Pickering? 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 worthwhile noting that water quenching exerts more impact on increasing
yield strength than increasing tensile strength, with the former a critical consideration of
material selection in most mechanical designing. Faster cooling yields a significant

increase in yield strength, as indicated in Figure 3.19.

The variation in ductility is associated with the change in strength. Ductilities are
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 influence on ductility. A linear relationship between

carbon content and ductility is presented in Figure 4.3. For the as-received steels, we
have

[}

§ (%)
¥ (%)

18.4 - 22.1(%C)
74.6 - 190.3(%C)

n



163

For the water-quenched steels, we have

5 (%)
¥ (%)

16.0 - 28.9(%C)
72.6 - 207.9(%C)

where § is elongation and y reduction of area. These equations clearly indicate that

carbon content exerts a much stronger effect on reduction of area than on elongation.

Table 3.4 shows that J4 and J5 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 J2 achieved
similar mechanical properties compared to 2%Mn, 2%Cr and 2%Ni in J3 in the as-
received conditions. By water quenching, J2 yielded a slightly higher strength than J3.
This may be attributed to the higher carbon content in J2. 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)
o, -386.4 -382 4.4
el 530.4 550 -19.6
S -148.4 -152.8 4.4

B -45.2 -44.6 0.6
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where o, and o, are 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 J1 exhibits more
ductile features than the as-received J1, in agreement with the measured toughness. The
increase in toughness of the water-quenched J1 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)*® and assuming a prior austenite grain size of 60 um (close to the
actual grain size of the steels), the transition temperature was calculated to be 60°C.
Assume the facet size is 20 um (based on the fractographic observation), using Figure
4.4(b) for the bainitic structures,'? the 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 er al.'! noted 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 toughness to boron-free steels.'® For low carbon 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.
Thelning?! proposed that the amount of titanium needed to combine with nitrogen can
be estimated using the equation

Ti = 5(N-0.002) (wt-%)

In steels J1 through J5, the nitrogen contents are in the range 0.00074% to 0.001%.
Therefore, no titanium is needed according to this equation. However, the actual content
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.!'®! cited 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.”>*? A 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,?-'*2* but lower than that
of others.!15%5#6 Although 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 ftlb at room temperature.”’
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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
differentiated by carbon content. For high carbon steels (J1 and J2), the wear rate
increases with an increase in contact pressure. For low carbon steels (J4 and JS), a fall
in wear rate occurred at high contact pressures. This fall leads to a superior wear
resistance of low carbon steels at high contact pressures. J3, which has a carbon content
at a medium level, exhibit an intermediate wear rate at high contact pressure. Such
behavior with respect to carbon content is associated with mechanical properties and
deformation resistance of the steels. It was found that the low wear rate of the low

carbon steels at high contact pressures was achieved at the expense of 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.?® In 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 J1, water-quenching increased the wear resistance dramatically. This
effect is conspicuously demonstrated at 1700 MPa. The significant change in
microstructure by fast cooling in J1 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 J2, 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 J3 and J4, the formation of M-A islands was suppressed by fast cooling and
more lath ferrite was produced at the expense of massive ferrite. These changes resulted
in a decrease in wear rate of the steels. For low carbon bainitic steels, Devanathan®
found that a 0.04%C steel with fewer M-A islands exhibited a 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

evidence of interfacial cracking during a wear process. Under tension conditions, Xu et
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al.®! found that microcracks nucleated at the M-A island/ferrite interface. In contrast,
Zhang et al.*° found that M-A islands deformed and failed in a ductile manner in room
temperature straining.

Although both needle-shaped martensite and M-A islands contain martensite, 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 morphology of the needle-shaped martensite is different
from that of a M-A island. The separate needles in the former may reduce local stress
concentration under 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 J5 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.?**?* In lubricated wear, the cell
walls were believed weak and could generate cracks resulting in wear particles.™?

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 produced with reduced massive ferrite;

2) thin films of retained austenite are developed while blocky retained
austenite is suppressed;

3) carbides are suppressed; and

e needle-shaped martensite forms.
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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-quenched J1 demonstrates the best wear
resistance of all the bainitic and pearlitic steels tested. This outstanding performance is
attributed to the relatively high carbon content and the corresponding microstructure
consisting of carbide-free bainite plus needle-shaped martensite. It is possible that better
wear resistance could be achieved by adding more carbon to the steel if this kind of
microstructure is 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 J1 (see Tables
2.2(b), 3.5 and 3.4). This result agrees with the finding in some studies'"*"*- that with
similar hardness (or mechanical properties), the wear resistance of pearlitic steel is better
than bainitic steel. Garnham and Beynon® attributed 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.* also attributed the better wear
resistance than bainite to the carbide distribution at the surface.

Devanathan and Clayton®™* investigated 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 contact pressure 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.? With this trend, Devanathan and
Clayton®* inferred 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 J1 showed a better wear resistance
than the pearlitic steel. In the investigation by Devanathan and Clayton,” the bainitic
steels shows a structure of granular bainite or carbide-free bainite. The difference in the
water-quenched J1 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 Clayton® or Danks.?™ For 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
Devanathan and Clayton,>* where wear rate increased with an increase in carbon content.
In the current study, however, no consistent effect of carbon content on wear rate was
found as the relative wear resistance varied with contact pressure. As far as the
microstructure is concerned, a general trend found in the current study is that the wear
resistance is improved by more lath ferrite and fewer M-A islands, suggesting that the
more carbide-free bainite that is produced, the better the wear resistance. This is also in
disagreement with the observation that granular bainite produced in the low carbon steel
possesses better wear resistance than carbide-free bainite.*” Since more steels and a wider
range of microstructural changes and contact pressures have been involved in the current

study, the previous results can now be viewed in 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. Generally speaking, the J-series bainitic steels investigated in the
present study are comparable to the high hardness pearlitic steels. The wear rates of
bainitic steels investigated by Devanathan® (designated as D-bainite) fall within the
overall bainitic steel scatter band. The wear rate of pearlitic steels is sensitive to
hardness, whereas the link between wear rate of bainitic steels and hardness is tenuous.
A similar pattern was reported by Clayton et al.* under pure sliding conditions, but in
their study the scatter bands were much narrower for both bainitic and pearlitic steels.

The austenitic 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 III 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 III wear mode.

The deformation behavior under rolling/sliding conditions was investigated in the
current study. High carbon steels (J1 and J2) demonstrated much better resistance to
deformation than did low carbon steel (J4). 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.” Figure 4.9.
shows that J1 and J2 exhibit a similar deformation resistance to the D0.52%C steel and
is much better than the D0.1%C steel. Although the carbon contents of J1 and J2 are
quite different from that of D0.52%C steel, their hardnesses are almost the same. The
hardnesses of the as-received J1, air-cooled J2 and D0.52%C steel are 40, 41 and 40
HRC, respectively. The deformation resistance of the as-received J4 is lower than the
D0.04%C steel although they have granular bainite. There is a slight difference in
hardness between the as-received J4 (27 HRC) and the D0.04 %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 (D, - D)/D,, where D, and D are the initial
diameter and the diameter during test, respectively. J1 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 AND BOTTOM 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 function of its mating material. Wear ratio is used to indicate the
relationship of wear between the top and bottom rollers. Here, the wear ratio is defined
as the wear rate of the top roller divided by 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 steel/W5 pairs 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 J4/WS pair showed higher wear ratios than the higher carbon steel
J1/WS5 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 JS 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 steel/W5
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pairs, the wear ratio decreases as the contact pressure increases. X136/W5 and Mn/W3
pairs exhibited fairly low wear ratios in comparison with the bainitic steel/W5 pairs
(Figures 4.13(c) and (g)).

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 J5/W5 pair,
for instance, the wear rates of the bottom roller were lower than that for the as-received
J4/W5 pair although the wear rates of J5 were higher than that of J4 at the contact
pressures investigated (Figures 3.31 (a), (c) and (¢)). This gave rise to a higher wear
ratio for the J5/WS5 pairs than that for the J4/WS 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 steel/W5 pairs. Only for the water-quenched J1/W35 pair, was the
wear rate of the top roller close to that of the bottom roller and at 1700 MPa the wear
rate of the top roller was slightly lower than that of the bottom roller (Figures 3.31(a),
(c) and (e)). For the Mn steel/WS5 pair, the difference in wear rate between both rollers
was very small (Figures 3.31(c) and (e)). The wear ratio was 1.5 at 1220 MPa and 0.6
at 1700 MPa (Figures 4.13(c) and (e)). For these pairs, the wear rates were also very
low, no severe wear or Type III wear was generated. In the current study, there was not
the situation where the wear rate of the bottom roller was much higher than that of the
top roller. This suggests that the total wear rate of a pair would be controlled by the

wear of the top roller and that the wear rate of the bottom roller was constrained by 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 consistent pattern has been found as 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 obviously influenced by heat treatment, microstructure and
mechanical properties. The wear rate of a material is also closely associated with
operating conditions. At various contact pressures, the relative wear resistance could be
changed. Wear ratio is an indicator of relative wear performance of the materials in a
wear pair. When a wear system comprises two materials, the wear ratio will tell which
material wears faster than the other.

4.5. WEAR MECHANISM

For the bainitic steels, Type III 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.*” It 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 localized pressure. 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 Devanathan® for the rolling/sliding wear where the debris produced
by wear act as foreign particles.

Rolling/sliding wear is also associated with the deformation of materials. High
capability of deformation would defer the fracture of material and thereby reduce the rate
of weight loss. In Type III wear, significant deformation occurs on the worn surface. An
example of the surface deformation is shown in 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 deformed in the same process. As a result, an overlap of deformed
debris is produced. Large debris could further be broken down to smaller pieces during
rolling/sliding process as shown in Figure 4.17. A severe overlap suggests a slow rate
of material detachment and a resultant low wear rate.

The phenomenon that wear rates of top rollers are far higher than their paired
bottom rollers was also reported by other investigators.”>?~” However, the reason for
such behavior was not clear. As far as the mutual influence of both rollers in an Amsler
wear test was concerned, Clayton and Danks®™® conducted a series of experiments to
determine the effect of the hardness differential of mating rollers 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 steel was used to make both top and bottom rollers
and the tests were conducted at a contact pressure of 1220 MPa 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. Clayton and 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 hardness of the bottom rollers was 32 HRC and that of
the bainitic steels was in a range 26 — 44 HRC. Whether the hardness of 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 steel/W5 pairs. Therefore, no consistent effect of
hardness on wear rate of the mating rollers was found, in agreement with that obtained
by Clayton.”* Alternatively, it was suspected that the different wear rate arises from the
position of the rollers rather than material properties. To answer this question, Clayton®*
conducted another set of tests. In these tests, the same material was used for 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 influence on wear behavior of the rollers.
However, it was failed to use this to explain why in some cases the bigger bottom rollers
wore faster than the smaller top rollers found both in the current study and that by
Clayton and Danks.”* The factors which would lead to a faster wear of the top roller
seem to be far more complicated than expected.

It was found in some wear tests of the current study that at the beginning of the
test, the weight of the bottom roller had increased while that of the top roller decreased.
This suggests that material transfer may occur during the test. The debris detached from
the top roller could be deposited on the bottom roller, reducing the weight loss of the
bottom roller and consequently leading to a lower wear rate of the bottom roller.
Therefore, material deposit might be a reason for lower wear rate of bottom rollers. This
may partially explain why the wear ratio decreased as the wear rate of the top roller
decreased. A decreased wear rate of the top roller indicates less deposition of wear debris
of the top roller on the bottom roller and thereby reduces the possibility that 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, (°C) of J1 through J5 Using Empirical Equations and Experimental Data

Steven? Bodnar?! Bodnar®? Devanathan® Experimental
J1 424 313 457 358 438
J2 401 476 524 314
J3 377 466 486 418
J4 394 473 519 451 553
I5 418 484 S72 361
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Table 4.2 Determination of b Values for the Bainitic Steels with Various Heat Treatments

0," o o o
by, | .4796935e+03 -.4214021e+03 .2667381e+03 .1807664e+03
b, | .2262690e+03 .5155186e+03 .3202742e+03 .6012168e+03
b, | -.1050664e+03 .1333770e+03 -.4232959+02 -.1525977e+01
b; | .1073784e+02 .8989594e+01 .2979286e+01 .4328491e+01
b, | -.9658105e+02 .1325625e+03 -.3707373e+02 -.1130664e+02

Key:

o, — yield strength of as-received steels

0," — ultimate tensile strength of as-received steels
o,"1 — yield strength of water-quenched steels

o, — ultimate tensile strength of water-quenched steels
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Table 4.3 Estimated Strengths in Comparison with Measured Strengths Using Empirical Equations

A A
0, g, 0,

ksi MPa ksi MPa ksi MPa ksi MPa

J1-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 ] 167.0 1,151
J3-as 114.8 792 | 114.8 792 | 167.5)| 1,155 | 167.5 1,135
J4-as 104.6 721 | 104.6 721 | 137.0 945 |1 137.0 945
J5-as 93.5 645 93.5 645 | 130.4 899 | 130.4 899
J1-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

Key: as — as received
wq — water quenched
o — measured values
0 — estimated values
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Table 4.4 Wear Rate of the Amsler Rollers with Variations in Hardness for a CrMo

Steel
TOP ROLLER
A (45) B (28) C (16) D (10)
E (45 REW 1 REW 2 REW 3 REW 4
46/45 27/42 15/40 9/41
230/78 60000/13000 87000/6500 45000/2900
I I m m
B F (28) REW 5 REW 6 REW 7 REW 8
o 45/28 28/29 16/27 10/26
- 31000/19000 16000/26000 20000/12000 129000/65000
T m m m m
0 G (16) REW 9 REW 10 REW 11 REW 12
M 43/19 26/15 15/15 10/16
17000/16000 119000/35000 128000/25000 91000/18000
m m 11 I
H (10) REW 13 REW 14 REW 15 REW 16
46/0 28/7 16/6 10/0
4300/11000 44000/26000 107000/23000 124000/17000
m m I I
Test Nomenclature
REW Test Number

Upper Roller Hardness/Lower Roller Hardness (Rc)
Upper Roller Wear Rate/Lower Roller Wear Rate (ug/m)

Wear Type
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Figure 4.15 Abrasive debris formed during rolling/sliding wear
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Figure 4.16 Deformed wear surface
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Figure 4.17 A fractured flake with severe deformation



CHAPTER 5
EXPERIMENTAL STEEL J6

5.1. ALLOY DESIGN

Steel J6 was developed on the basis of the investigations of the first five
experimental bainitic steels J1 through J5. Of those steels, the water-quenched J1
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 J1, its composition was modified to
further improve the wear resistance. The carbon content was increased to 0.26%. To
prevent the precipitation of carbides, Si was increased to 1.8%. The additions of Mn and
Cr remained the same as in J1. A chemical analysis was 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 J6 was made in a vacuum induction furnace by Bethlehem Steel Corporation.
An ingot, approximately 9" X9" X 16" in dimension and about 500 1b in weight, was
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soaked at 2350 °F (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 °F (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, specimens were 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 H300.

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 specimen spectra and 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 measured on the Rockwell C scale on the bulk
material or an Amsler roller as described in Chapter 2. The microhardness tests were
carried out on the Knoop scale with loads of 100, 500 and 1000 grams, respectively, on
the metallographic specimens.

5.2.6. Testing of Mechanical Properties

The tensile tests were conducted by Koon-Hall testing corporation, complying
with ASTM standard E8-91.2%° The V-notch Charpy impact tests were conducted at room
temperature on the as-received and water-quenched steels in accordance with ASTM
standard E23-92.20 The geometry of a tensile specimen is shown in Figure 2.10 and that
of a Charpy V-notch sample 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.



216
5.3. RESULTS 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 400X for the dark matrix. Figure 5.2 is a micrograph
of the matrix obtained in the SEM at a magnification of 2000 X. 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-received J6 as shown in
Figure 5.3(a). Lath ferrite was heavily dislocated and thin films of retained austenite
were located in the lath boundaries. In addition, very fine twinned martensite was found
frequently at high magnifications above 100,000 X . The twinned martensite, shown in Fig
5.3(b), usually has a shape resembling a M-A island in granular bainite. It was not
known if the microstructure observed was in the matrix area or in a white stripe because
the features of the area around the hole of a TEM specimen could not be determined
during specimen preparation. The SEM observations seem to suggest that lath ferrite
could also be predominant in the white stripes. However, it is worthwhile to investigate
the difference between the matrix and white stripes because they have different
microhardness and could affect the mechanical properties of the steel as will be discussed

in the following sections.

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-quenched J6 was observed in an optical

microscope. Figure 5.4(a) shows that a banded structure was still present after water-

quenching. The acicular feature of the matrix was not as evident in the water-quenched

J6 as in the as-received J6 (Figure 5.4(b)). A micrograph of the white stripe in Figure
5.4(c) shows a more granular structure.

5.3.2. Wear Performance of the As-received J6

The wear rates of the as-received J6 are illustrated in Figure 5.5 accompanied by
those of the water-quenched J1 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 J1 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, i.e. 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 J6/W35 pair wore
faster than that of the Mn steel/WS5 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 J6/WS pair, the top roller (the as-received J6) wore slower than the
bottom roller (W5) at both 1220 and 1700 MPa. For the Mn steel/WS5 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 J6/WS pairs is different from that of the first five bainitic steel/WS5 pairs, for
which the top roller wore much faster than the bottom roller (Figure 3.31), except for
the water-quenched J1/WS5 pair. It appears that the top roller could wear slower than the
bottom roller when the wear rate of the top roller is low enough, as shown by the as-
received J6 and the Mn steel. The transition of the relative wear between the top and
bottom rollers is also influenced by the contact pressure as indicated by the Mn steel/W35
pairs (Figure 5.6). However, no conclusive statements should be reached without further
study.

Figure 5.6 shows that the total wear rate of the as-received J6/W5 pair is lower
than that of the Mn steel/W5 pair at 1220 MPa, but higher at 1700 MPa. For both
steel/W5 pairs, higher contact pressure generated higher wear rate for both top and

bottom rollers.

For the as-received J6, no Type III wear was generated on the worn surfaces of
the rollers at both 1220 and 1700 MPa. During the early period of a test, wear debris
were generated and removed, giving rise to an increased number of pits produced on the
roller surface as the test proceeded. Meanwhile, the surfaces of the rollers were getting
rougher. After this period, however, no large amount of debris was produced and the
number of pits decreased as the test proceeded. The worn surfaces were rolled to become
smoother and smoother. Figures 5.7 and 5.8 show the worn surfaces of the as-received
J6 at 1220 and 1700 MPa, respectively. Fracture flakes produced on the surface were
small and shallow. No large, overlapped and deformed fracture flakes were found. On
the worn surfaces, there were no evident grooves, indicating little deformation during

wear on a micro scale.

The dimensional changes of the as-received J6 rollers were investigated during
the wear test. Unlike steels J1 through J5, the as-received J6 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 J6 rollers as well as the Mn austenitic steel
rollers. At 1220 MPa, the width increase of the as-received J6 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 J6 was much smaller than that of the Mn steel. The result indicates
that the as-received J6 experienced very little deformation on a macro scale. Worn

surface observations and width curves suggest that J6 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 J6 and water-quenched J6. Table 5.3 gives the hardness,
strengths, ductility and toughness of J6 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 J1. Water-quenching further increased the strengths of the
steel. For J6, water-quenching also increased the ductility. J6 exhibited the highest
strengths of the bainitic steels J1 through J6.

For the as-received J6, the hardness on the Rockwell C scale was not influenced
by the banded structure in both longitudinal and 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 significantly between the matrix and white stripes. In the longitudinal section, 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 microhardness also
varied in each area. The microhardness of the matrix was in a range of 438 - 501 HK
and that of the white area in a range of 539 - 595 HK. The microhardness of the matrix
was consistently lower 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 J6. 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 white area 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 J6 and 13 HK for the water-quenched J6.
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 austenitizing at 920°C before water quenching reduced the inhomogeneity of the
steel and imposed a favorable effect on mechanical properties.

The strengths of J6 in both heat treatment conditions were estimated using the
strength equations developed on the basis of J1 through J5. 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 J6 is far away from the measured values. For
the as-received J6, the estimated ductility is lower than the measured values and for the
water-quenched J6, 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 J6 investigated at room temperature was 9.8 ft-
Ib for the as-received J6 and 6.5 ft-1b for the water-quenched J6. Water quenching
decreased the toughness of the steel by 35% although it improved the toughness of J1.
Interestingly, the toughness of the as-received J6 was close to that of the water-quenched
J1 and the water-quenched J6 showed the same toughness as the as-received J1. 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 J6.

5.3.4. Effect of Microstructure on Mechanical Properties

It has been shown that the strength of the as-received steel J6 is superior to that
of the as-received J1. Increasing the carbon content as well as silicon content changes the
microstructure of the steel. In the as-received J1, 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
J6. In the as-received J6, 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 of EDS in quantitatively detecting light

elements.

5.3.5. The Influences of Microstructure 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 J1. 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 J1. The

low wear rates of the as-received J6 are in agreement with this suggestion.
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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 J6, 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 J6 was decreased dramatically compared with
J1, but it was improved by water quenching. The toughness of J6 is comparable to that
of J1. 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 steel’

|l c| M| p| s | si| N| c| M| a| m| 8]
" 0.26 | 1.99 | 0.013| 0.009| 1.77 - 1.95 | 0.50 | 0.046| 0.038 0.003“
(b) Analysis of solid steel™
c Mn Si Cr Ni Mo S o™
0.258 2.00 1.81 1.93 0.00 0.49 0.00 0.010 | 0.0022
P Al & Zr Co Nb 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
0.003 | 0.003 | 0.005 | 0.002 | 0.001 [ 0.0016 | 0.004

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.
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Table 5.2 Wear Rates of the As-received J6/W5 Wear Test Pairs (ug/m/mm)

Contact Pressure J6-as W5
(MPa) (Top roller) (Bottom roller)
12208 78 106
1700 136 348

Table 5.3 Measured and Predicted Mechanical Properties of J6

Hardness UTS 0.2% YS ELN. | RED. OF IMPACT
(HRC) - - (%) | AREA (%) | TOUGHNESS
ksi MPa ksi MPa (ft-1b)
J6-as 45 222.1| 1,531 | 145.4| 1,003 4.2 6.7 9.8
J6-wq o 3 28491 1,964 | 199.2 | 1,373 | 10.2 30.2 6.5
J6-as’ 236.5| 1,631 | 141.5 976 | 12.9 21.0
J6-wq’ 284.8 11,964 | 193.7( 1,336 8.8 20.7

Predicted values using the strength and ductility equations presented in Chapter 4.

(44
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(®) 25 um

Figure 5.1 Optical micrographs showing the microstructure of
the as-received J6
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Figure 5.2 SEM micrograph of the as-received J6
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Figure 5.3 Microstructure of the as-received J6 in TEM
(a) carbide-free bainite
(b) twinned martensite



Figure 5.4 Microstructure of the water-quenched J6
(a) banded structure in the roiling direction
(b) matrix of the microstructure
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© 25 pm

Figure 5.4 Microstructure of the water-quenched J6
(c) a white band in the steel
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Figure 5.5 Wear rate of the as-received J6 in
comparison with that of
the water-quenched J1 and the austenite Mn steel
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Figure 5.6 Wear of the as-received J6 and the Mn steel
(a) 1220 MPa
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Wear of the as-received J6 and the Mn steel
(b) 1700 MPa
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Figure 5.7 Womn surface of the as-received J6 at 1220 MPa
(a) general morphology (b) fracture lips
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Figure 5.8 Worn surface of the as-received J6 at 1700 MPa
(a) general morphology  (b) fracture lips
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Figure 5.9 Width increase of the as-received J6
and the Mn steel at contact pressures of
1220 MPa and 1700 MPa
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Figure 5.10 EDS analysis of the as-received J6
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CONCLUSIONS

The microstructures of J1 through J6 were basically carbide-free bainite or
granular bainite except for J2 that exhibited a predominant microstructure of

lower bainite.

The bainitic ferrite in the steels were in two forms: massive and lath-like. Other
constituents included M-A islands, retained austenite, twinned martensite (needle-
shaped) and carbides. The amount and distribution of these constituents varied
with the composition and heat treatment of the steels.

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.

Cooling rate also affects the mechanical properties of the bainitic steels. Water
quenching generally increased both yield and ultimate tensile strengths of the
steels, but decreased the ductility. For J6, however, the ductility was improved
by water quenching. This is attributed to the austenitizing treatment that reduced
the microstructural heterogeneity of the steel.
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For a given carbon content, 4%Mn showed an equivalent effect on strength to a
combination of 2%Mn, 2%Cr and 2%Ni.

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.

The impact toughness of the steels varied in the range 6 - 13 ft-Ib at room
temperature. This toughness is higher than that of conventional pearlitic rail
steels.

For J1 through J5, the wear rate decreased as the cooling rate increased. For a
given composition, water quenching produced the highest wear resistance.

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.

Hardness and room temperature impact toughness did not show consistent effects

on the wear resistance of the bainitic steels.

Of all the steels investigated, the as-received J6 showed the best wear resistance.
The pearlitic rail steel X136 exhibited a better wear resistance than the as-
received J1 through J5, but worse than the water-quenched J1. The wear rates of
the austenitic Mn steel were much lower than those of the bainitic steels J1 - J5
and X136. However, the wear rates of the Mn steel were no lower than those of

the as-received J6.
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The deformation tests indicated that higher carbon steels J1 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.

Carbon exhibited significant influences on microstructure, mechanical properties
and wear performance of the bainitic steels. 0.25%C effectively increased the
strength and wear resistance of J6 with a microstructure of carbide-free bainite.

The wear rate of the bottom roller varied with its counterpart top 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 influence the interaction between the rollers.

0.18%C J1 and 0.12%C J2 showed good weldability with a preheat temperature
of 200 °C using Tekken test with the GMAW approach.
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