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ANNOTATION

Dissertation work is devoted to a problem with the determination of mechanical changes in
surface layers of railway steels, induced by contact-fatigue loading. This study presents the
current types of used rail steels and acting degradation mechanisms as a source of typical material
degradation. The main problem for intended research is introduced on the base of the current
restrictions for a description of processes acting in surface layers.

Used solution is based on application of the indentation methods for local mechanical properties
measurement. Based on the experimental validation of standard methods, the work suggests the
own attitude to direct comparative measurement. The Hadfield steel, including the explosive
hardening effect, presented the experimental material. The comparison with the standard pearlitic
steel endurance was based on rolling contact tests with defined longitudinal slip. Experimentally
induced degradation effect was validated by structural analyses of operationally loaded parts for
the both types of steels.
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TITUL

Degradace materialti vlivem kontaktné-unavového zatiZzeni

ANOTACE

Disertatni prace je vénovana problematice hodnoceni  zmén mechanickych parametra
povrchovych vrstev materiald, indukovanych kontaktné-tinavovym zatizenim.  Presentuje
aktualné pouZivané typy kolejnicovych oceli a pusobici degradacni mechanizmy jako zdroje
jejich specifického provozniho porusovéani. Hlavni feSeny problém predstavuji omezeni pro
standardni vyhodnoceni uvedenych procesii v tenkych povrchovych vrstvach. Pouzité feseni je
zaloZeno na aplikaci indenta¢nich metod pro méfeni lokalnich mechanickych vlastnosti. Prace
vychazi z experimentalniho ovéfeni zavedenych metod a navrhuje vlastni piistup pro pfimé
srovnavaci méfeni. Jako experimentalni material slouzila Hadfieldova ocel se uvazovanim vlivu
zpevnéni vybuchem. Srovnani odolnosti se standardni perlitickou oceli bylo zaloZeno na

zkouskach kontaktné¢ tUnavové odolnosti pfi definovaném podilu podélného skluzu.



Experimentalné vyvolany degradacni proces byl ovéfen strukturnimi analyzami provozné

zatizenych materiali obou typt.

KLIiCOVA SLOVA

Kontaktné-tinavové zkousky, Hadfieldova ocel, povrchové vrstvy, deformacni zpevnéni,

indentacni zkousky
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INTRODUCTION

Rail transportation is the way of transportation of passenger and goods by steel-wheeled
vehicle. Railway transportation has big advantages such as the least affected by weather
conditions, carrying extremely heavy goods, high-speed and cheaper transportation. Several types
of steels have been used in railway. Using the same type of steel in every division of rail is a not
efficient way because some part such as frog and switches encounter very high loading because
of the dynamic load acting on the small surface on the tip of the frog results high wear as a result
of the rail vehicle hits. Because of that, Switches and crossing have specific design and reliable
materials to prevent abrasive wear and fatigue. In this thesis, we will start with a brief
introduction about rail-wheel contact mechanism. As a result of high loading, wear and defects
types will be mentioned. Pearlitic, bainitic and Hadfield steel which is used commonly in railway

grades will be defined.

The operational loading of the rail’s material is very complicated, the aim of this study is
understanding degradation mechanism and mechanical behavior of railway materials under
operational and experimental loading. From the point of subjected materials, the evaluation will
focus on Hadfield steel compared to standard pearlitic steel of the R260 grade.

Several experiments were applied to define mechanical behavior of Hadfield and pearlitic
steel grades. The experimental methodology consists; after simulation of rolling contact process
by rolling stand wear resistant was examined, metallographic analyses were applied to investigate
surface and subsurface layers, and standard hardness measurements were used to evaluate the
intensity and depth of hardening .Examination of limited surface degradation was tested with
Vickers, cylindrical and spherical indentation method. Type of indenter was chosen according to
their capabilities. Indentation methods and indenter types will be compared and new
mathematical approaches for the testing method will be introduced.

The rolling contact fatigue (RCF) resistance of Hadfield steel was tested in two states,
with and without explosive hardening. Experimental loading was adjusted to the real operational
ratio between the normal loading and longitudinal slip. Strengthening effect of the surface layer
was monitored at chosen loading stages and verification of experimentally induced degradation

process was based on structural analyses of the operational induced process. Instrumented

1



indentation test was employed for evaluation of elastic-plastic capacity under the influence of
hardening in compared states of Hadfield steel. Operational, experimental loaded with and
without explosive hardened samples are compared and examined with several types of hardness

measurements.



1 RAIL-WHEEL CONTACT MECHANISM

Demands of heavier axle load, higher speeds, and more comfortable transportation are
increasing, because of that understanding rail-wheel contact mechanism has an important role in
improving new rail vehicle and optimize rail design. The performance of rail vehicle depends on
very small contact areas between real and wheel. Typical rail and wheel design can be seen in
figure 1. This design purpose to absorb vertical and lateral and horizontal forces. Durability

against drive force provides comfortable transportation and prevent derailment

o

g(s1" '. '| 3
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57

Figure 1 Typical rail and wheel design [1]

Rail wheel contact mechanism divided into two parts; geometric and elastic part. The
geometric part is related with kinematical data of wheelset such as; wheel-rail shapes, track
geometry and irregularities in track but the elastic problem is commonly finding contact area ,
contact pressure and creep force in wheel-rail contact. Geometrical part is initial approximation

to start for elastic problem.



Rolling contact mechanism has been studied many investigators such as Carter, Johnson
and Kalker[2],[3],[4] . Their theory lets us calculate rolling contact mechanism and implement by
FEM analysis. Development of FEM analysis for rolling contact started in the early 1980°s [5].
Besides that, Heinrich Hertz solved contact problem of two elastic bodies with curved surfaces

[6] and his solution is still used for modern contact mechanism.

Rail-wheel contact phenomenon has been widely investigated and still important for the
studying of the dynamic behavior of a railway vehicle. Providing low energy usage, less noise,
and comfortable vehicles depend on adhesion level between rail and wheel. Adhesion is the force
required to separate two surfaces that have been brought into contact and describes how surfaces
bond each other. However, the term “adhesion” is defined as the tangential force between wheel—

rail contacts as used by et al. Fletcher et al. [7] and Lewis [8].

Adhesion is an important factor to provide tracking. Adhesion force between the wheel
and rail often decreases due to the lubricating because of water film during raining and snowing.
If adhesion force is smaller than wheel driving force, wheels slide during accelerating and
braking. This slipping and sliding will result in high energy usage and damage in rails because of
that it is important to consider adhesion mechanism and taking precaution for undesirable effects.

Demands of acceleration and braking are increasing. Shorter braking distance and higher
acceleration are important for improving transportation time. The friction between rail and wheel
has strong influence about breaking and acceleration time. In another word, if friction is low, the
train cannot be able to break within available distance. Increasing friction solves this problem but
high friction result wear and maintenance cost. Snow, rain, high humidity and leaves in autumn
results lubricant layer which consists fallen leaves (so- called black layer), water, rust, etc.
between wheel and rail. This layer results decreasing in friction. Low friction results in big
economic issues such as wasting energy usage. Beside that driver take big responsibly because of
weak breaking. Thus, finding an optimum level between friction coefficients and preventing wear

is still research subject.

To overcome these issues, the sand is often mixed with metal particles and is delivered by
a gel paste, the final mixture being referred as “Sandite” [9]. Sanding is one method of reducing

wheel slide. Locomotives have sandboxes which can deliver sand or sandite to the rails in front


https://en.wikipedia.org/wiki/Locomotive
https://en.wikipedia.org/wiki/Sandbox_(locomotive)
https://en.wikipedia.org/wiki/Sand
https://en.wikipedia.org/wiki/Sandite

of the wheels .Other proactive solutions include cleaning the rail by, for example, high-pressure

water jetting as seen figure 2 [10].

et s
ST

g

2%

o

Figure 2 Water jetting to prevent slide [10].

There is also another method to prevent sliding, such as Wheel Slide Protection (WSP)
equipment which is generally fitted to passenger trains to manage the behavior of wheel sets in
“low adhesion” (reduced wheel/rail friction) conditions. This system is similar anti-lock braking

(ABS) for car and controlled by programmed microprocessor

Friction in dry contacts takes place at the micro level and is generated in the
microcontacts of surface roughness. In the simple (not reality) system the coefficient of friction is
often referred to as Coulomb type. In real operational loading is Coulomb type anymore and it is

more complex mechanism which is divided by adhesion and slip as seen in figure 3

(@) ()

Figure 3 In operational loading contact area divided into adhesion and slip [11]

The pure rolling motion doesn’t exist in proper adhesion level. In fact, there is always small
sliding between rail and wheel in operational condition. This phenomenon has been described as

pseudo sliding or micro creepage. Carter performed an experiment on steam locomotives in 1930.
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This study showed the speed of the wheel is not the equal speed of the vehicle. In another word,
there is no pure rolling contact. The increasing traction torque results to perfect adhesion to full
slide condition. This was the first proof of creepage. Creep in rail is defined as the longitudinal
movement of the rails in the track in the direction of motion of locomotives. There is a big

relation between adhesion coefficient and creep.

Rolling direction %’:‘;’0 \\
:—o "‘ ’%%:ﬂ \\ Adhesion
)™
&
Stick >\
Slip

Coeflicient of friction ¥ normal load

Adhesion

Figure 4 Creep curve [1].

Creep curve can help to detail slip mechanism of wheels during braking and accelerating. It can
be seen in figure 4.When the creep is zero, the whole contact area sticks and known as “effective
slip”. However, zero creep does not exist in reality. Slip occurs at the trailing edge and spreads
forward through to the contact area as the adhesion increases. The slip region increases and the
stick region decreases resulting in a rolling-sliding contact until pure sliding appears. In that

state, the adhesion equals the friction force between two bodies under pure sliding conditions [1].



2. IDENTIFICATION OF MATERIALS PARAMETERS
DISTINCTIVE FOR OPERATIONAL DURABILITY

2.1 A specifics of the material response to the rolling contact loading

Rails are an important part of the railway infrastructure. The quality of rails has directly
affect railway transport. Increasing speed, improving heavier axle load depend on rail
design.Solid rail always needs to have suitable mechanical behavior such as wear resistance,
thermal crack resistance, strength, anti-rolling contact fatigue and good vibration characteristic.
Besides that, rail needs to have special design to tolerate vertical and lateral forces,

Rails consist of several parts which are highly affected by wear and loads . Frog switches
encounter very high forces. Typical frog design can be seen figure 5. Several measurements
shows, biggest wear occurs in frog switches. The dynamic load acting on the small surface on the
tip of the frog results in high wear as a result of the rail vehicle hits. Because of that, switches and

crossing have specific design and reliable materials to prevent abrasive wear and fatigue.

yor

”

Figure 5 Typical frog switch



Many service failures occur from the growth of cracks subjected to mixed mode loadings. During
rail-wheel contact, several modes of vibrations occur. Shallows and ununiformed rail grades
accumulate magnitude of modes. As a consequence, the crack tip of a head check or squat
experiences a moderate initial mode I cycle followed by a mode 11 shear cycle, at the end of the
cycle, additional mode 11 loading can occur. Such a sequence is illustrated in figure 6. Small
magnitude mode such mode I is not responsible for rail cracks.

L

X

@ Observed point

[\ l
| Surface crack
| >

1
%/ 16 Ky
Rolling of the

wheel over the crack

X, mm

Figure 6 Mixed mode loading sequence a rail is subjected to during wheel pass over [12].

Rest of rail infrastructure suffers from wear as weel as Frog switches. During operational
loading, high surface stress occurs in the elliptic area between rail and wheel. Besides that rail
surface is subjected to rolling and sliding and relatively high contact stresses. This type of stress
results major plastic deformation in the surface area of rail in case of yield strength (plastic
shakedown limit) of rail exceed. In other words, Ratcheting occurs under the cycle of loading.
Although the plastic deformation due to Cycle loading may be very small, the plastic deformation
accumulates to large values over many cycles of loading. This can be seen in figure 7. When the
ratcheting exceeds ductility limit of the surface, crack initiated from the surface, these may
subsequently lead to flaking or spalling. To prevent this occurring, the cracks can be removed
through grinding .Ratcheting plays an important role in rolling contact fatigue. Because of that, it

is essential to improve rail design to prevent ratcheting.



The rail carries the massive dynamic load. Repeating load in a vertical and tangential way
increase internal cyclic stress which damage the material and also result of initial small cracks
that will initiate from rail surface before propagating horizontally even in some case vertically
which cause rail break, and a serious accident. Cyclic stresses and the plastic deformation are the

major factors influencing the rail degradation processes [13, 14].

Ratchetting
11T

Plastic shakedown limit

-
g Elastic shakedow
_I —

| imit

Deflexion

(b) Ratchetting threshold
(c)

Figure 7 Response of material to repeated (cyclic) loading [15].

The stages of the development of the cracks can be decomposed into separate phases as
shown in figure 7. [15]
1. The perfectly elastic response is wholly elastic after the initial transient response (Figure 7a).
2. Elastic shakedown plastic deformation can be seen in early stages but, due to the development
of residual stresses and sometimes strain hardening, the steady-state behavior remains perfectly
elastic (Figure 7b).
3. Plastic shakedown, there is no obvious plastic deformation but reverse plasticity occurs leading
to low cycle fatigue. This behavior is sometimes referred to as cyclic plasticity (Figure 7c), and
the corresponding limit is called the plastic shakedown limit or the ratcheting threshold.
4. Above the ratcheting threshold, the plastic strain increases with every load cycle until rail
breaking (Figure 7d),



Ductility is exhausted above ratcheting threshold and inclined cracks are formed under the

surface and initiate rapidly.

Characteristic required for rail analyses

1.

Fatigue strength : Rail should withstand several cyclic mechanical stress during
operational loading

Fracture mechanics: The initiation phase of a fatigue crack and a microstructural crack
extension phase should be determined.

Rolling contact fatigue(RCF) strength: RCEF starts with small initial cracks. Rail should
withstand high loading in small contact area

Thermal stress and thermal cracks : During acceleration and breaking , the extremely high
temperature can transform rail surface another material form. This form cannot withstand
wear and RCF

Wear resistance : Wear always exists for all materials. Friction between wheel and rail
results abrasive wear. The level of wear increases during accelerating and braking.
Bending skills : specific part of rail should be elastic (flexible) to absorb lateral and
vertical force and steel should be characterized by high-level endurance and hardness and
good resistance to abrasive wear as well as lower ductility and crack resistance

Price : Railway steels are extremely expensive materials (Especially maintenance cost).
Designer should consider cost parameters because of that it is important to develop rail

with low-cost material and highly resistant against environmental condition

To observe characteristic: Rail design should provide requirement above. There are several

examinations and testing method.

The prescribed qualifying examination is the following:

fracture toughness
fatigue crack growth rate
fatigue testing

residual stress in rail foot

tensile strength and elongation

Acceptance tests
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e microstructure

e the degree of decarburizing charred layer
e the purity of steel

e macrostructure

e hardness

e tensile strength

2.2 Wear mechanism of railway materials

Wear is the phenomenon of material removal from a surface due to interaction with
another surface. It is the result of material removal by physical, chemical dissolution, or melting
at the contact interface. Wear occurs almost all machines lose their lifetime and reliability due to
wear, and the possibilities of improving new advanced machines are reduced because of wear
problems. Because wear mechanism should be taken into consideration to improve new reliable
machines. Wear mechanism is not a simple and single mechanism. There are several types of
wear as adhesive, abrasive, fatigue, and corrosive. All of this wear types can be seen in rail grade.

Wear due to environmental effect should be taken into consideration because of passenger.
2.2.1 Adhesive wear

Adhesive wear is a phenomenon which occurs when two metals rub together with
sufficient force to cause the removal of material from the less wear-resistant surface. When two
surfaces come in contact, the strong adhesive bond is formed at the tip of the asperities and
consequently, adhesive wear particle is formed by shearing the interface caused by sliding.
According to the theory of Hertz, the contact area between rail and wheel is an ellipse form.
Wheels roll over the rail as a consequence of dry friction, the bodies can apply tangential forces
upon each other at the contact area. The tangential force in the longitudinal direction during both
acceleration and deceleration is referred to as adhesion. The ratio between the adhesion force and
the normal force is known as the adhesion coefficient. Creep in rail is defined as the longitudinal

movement of the rails in the track in the direction of motion of locomotives
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Figure 8 A sketch of the theoretical friction and adhesion characteristics [16].

Creep curve can help to detail slip mechanism of wheels during braking and accelerating.

It can be seen in Figure 8. When the creep is zero, the whole contact area sticks and known as

“effective slip”. However, zero creep does not exist in reality

2.2.2 Abrasive wear

Abrasive wear occurs due to the indentation of the hard surface into the soft surface. This

result ploughing instead of sliding process. As a result of ploughing volume of the surface is

removed. For example, sanding is used in train operation to improve adhesion at the wheel/rail

interface during both braking and traction. Sanding also leads to progress of abrasive wearing. In

figure 8 abrasive wearing between rail and wheel as a result of sanding.
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Figure 9 Example of abrasive wearing due to sanding [17].

2.2.3 Fatigue wear

Rail wheel contact with very high local stress are repeated a large number of times during
sliding or rolling; High plastic deformation causes crack initiation, crack growth, and fracture.
Fatigue wear occurs when shear stresses or strains between rail and wheel exceed the fatigue

limit for one of surface material.
2.2.4 Corrosive wear

Corrosive wear occurs when the contact surface chemically reacts with the environment
and form new layers. This layer has different strength than real material. And this layers in

surface removed by mechanically as mentioned above.
2.2.5 Rolling contact Fatigue

Rolling contact fatigue (RCF) is a common problem for all types of railway which
resulted in wheel damages and reduced the lifetime of the wheels and in the worst case
derailment of the train. Replacing rails and wheels is very expensive, because of that, it is
important to produce the rails and wheels more wear resistant. Controlling rolling contact fatigue
has big importance improving faster, cheaper and reliable transportation. Stress and slip are the
main reason of RCF. Before the introduction of railway defects, the definition of White etching
layers will be introduced. RCF will be explained more detail in next chapter.
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2.2.6 White Etching Layers in Railway steel

WEL (White etching layers) is one of the defects in rails. In order to observe this layer,
the prepared surface has to be etched than observed by optical microscope. After etching process,
it is possible to see the white area as seen by light microscopy near the surface. There are two
ideas about the reason of WEL. During accelerating and braking raises the temperature enough to
transform the steel to austenite and subsequently cooled fast enough to result in martensite. The

other possibility is, repeated contact breaks down the microstructure.

Figure 10 Creation of the WEL in pearlitic rail steel

“White Etching Layers” (WEL) is one of the mechanisms of surface microcracks
initialization were involved in the wear during the rolling contact and typically formed in
pearlitic railway steels. This name was derived from its white appearance, resulting from its
higher corrosion resistance against metallographic etching. Contrast phase was created by
simulated contact fatigue up to a depth of 30um, typical was a different level of plastic
deformation inside these layers. The voids and microcracks are created directly in this layer
approximately perpendicularly to the contact surface, apparently as a consequence of fragility of

these micro volumes as in figure 10.

2.3 Defects in rails
It was already explained reasons of defects, rolling contact fatigue and ratcheting mechanism.

The durability of rails is determined by wear , plastic flow, and defects.
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Wear : wear always occurs on the gauge face. There are many ways to decrease wear but there is

no way to eliminate.
Plastic flow: Plastic flow occurs due to high loading exceed yield strength of material

Defects : Defect can occur by plastic flow and wear. it is important to detect in time. Otherwise,

it will result in brakes and derailment
Some of the defects are in rail grades

e Waves

¢ Rolling contact fatigue
e Squats defects

e Oval or Shatter cracking
e Vertical Split head

e Horizontal split head

e Wheel burns

There are several defects in rails. We will introduce 3 different defects commonly seen rail.
Most importantly, rolling contact fatigue will be investigated in this thesis and introduced with

several experimental output.
Defects in rail (all of the photos are taken from Ceske Drahy CD s 67 standards )
2.3.1 Waves

This defect is caused by the longitudinal sliding action, acceleration, braking or lateral motion
across the rail. Higher nominal loading , higher vehicle speeds, smaller wheel radius and higher
friction between wheel and rail increase the tendency to this defect creation. This deffect can be

seen in figure 11.
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Figure 11 Waves defect [CD s 67]

2.3.2 Rolling contact fatigue

In this thesis, we will commonly focus on rolling contact fatigue. Experimental procedure and
analysis will be introduced and reason of rolling contact fatigue will be analyzed . RCF occurs

the gauge corner zone .Type of rolling contact fatigues;
Gauge corner checking (Head checking )

This defect occurs mainly in the gauge corner region of the high rails sharper curve The gauge
corner checking crack are initiated very close the rail surface. This crack looks like very small
lines on the surface as seen figure 12
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Figure 12 Gauge corner checking [CD s 67]

Sheeling

This defect initiates on gauge corner and may result in crack. These defects do not regularly
along the rail gauge as gauge corner checking and commonly looks like black spots. This effect
can be seen figure 13.

T Sy — . — o — —

Figure 13 Sheeling [CD s 67]
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2.3.3 Squats

Squats can initiate at small indentations, corrugations, and welds and commonly looks like figure
14 .1t is important to detect squats at an early stage to keep degradation in minor level , the
cracks can be easily treated by light grinding a from the surface.

Squats are commonly initiated at a rail head or gauge corner checking tracks. Each squat results
in sub- surface cracks which propagates in travel direction and opposite direction as seen figure
15. Squats which are initiated from gauge can be the same category as rolling contact fatigue.

However, recent works show that squats from rail head are initiated often because of white
etching layer phenomenon. Squats are important problem which results that rail life is decreased

because of that need for aggressive and expensive defect grinding

Figure 14 Squat defects [CD s 67]
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Figure 15 Squats results sub- surface cracks which propagates in travel direction and opposite direction [CD s 67]

3 RAILWAY STEELS

A basic grade of steel used for the production of rails and sections for railroad switches is
carbon-manganese steel with a pearlitic structure. Pearlitic rail steels display lower susceptibility
to ratcheting. Their hardness varies in a wide range from 200 to 390 HB. Pearlitic steels should
be characterized by high-level endurance and hardness and good resistance to abrasive wear as
well as lower ductility and crack resistance. Pearlitic steel resistance can be increased by amount
modification such as heat treatment and isothermal annealing.

One alternative pursued in recent years is the use of bainitic rail steels. In conjunction with the
appropriate alloying additions and, if need be, a suitable form of heat treatment, these can attain
sometimes greater strengths than pearlitic steels. Besides that, Hadfield steel has been used for

switches and crossing because of its resistance under extreme load.

3.1 Pearlitic steels

Pearlitic steels have been used for a long time and it still a major part of all railway rail
steels. Pearlitic steel consists ferrite and cementite phase. Pearlitic steel is obtained when
austenite for is heated above 727°C. When austenitic steel is cooled its equilibrium reaction to

cooling is to transform to ferrite. Since ferrite can solve only very small amounts of carbon, a
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second phase is created, cementite, which has high carbon content. Pearlite is a two-phased,
lamellar (or layered) structure composed of alternating layers of alpha-ferrite (88 %) and

cementite (12 %) that occurs in some steels and cast irons. The pearlitic steel structure is shown
in figure 16.

Ferrite

?

Cementite »

"4

v

" i
Figure 16 Microstructure of pearlitic steel [18]
The demand of railroad industry increases. More than 40-ton axle loads are still using

because of that wear rate of rail steels should be considered. In figure 17, the relation between
increasing contact pressure and wear rate can be seen.
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Figure 17 Non-linear wear rate vs. contact pressure curves [19]

The amount of ferrite and cementite layers give pearlitic steel’s mechanical properties.
Some layers are harder and brittle cementite rest of them are softer and ductile ferrite.
Characteristic of this layers can be changed by carbon rate. In other words, carbon and cooling
rate specify mechanical properties of pearlitic steel. There are some methods to control
mechanical properties of pearlitic steel. One way is using alloy elements which are a costly
method. Another way is controlling production process and avoiding unwanted carbides,
sulphates, and intermetallic particles. In addition, cooling rate forms the thickness of the
cementite and ferrite layers. This thickness can be measured average distance between two layers

which named as inter- lamellar distance.
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Figure 18 The hardness and yield strength as a function of the inverse of the square root of the interlamellar spacing
[20]

The mechanical properties pearlitic steel is under influence interlamellar spacing. Thermal
treatment results in size reduction of pearlite colonies and a reduction of the interlamellar
distance in cementite. In consequence, the properties of a Pearlitic rail steel and the durability of
rail sections change [21]. The steel had been heat-treated at different austenitization temperatures
in order to observe interlamellar spacing’s role. The hardness and the yield strength of the steel
samples are plotted as functions of the inverse of the square root of the interlamellar spacing both
hardness and yield strength follow a linear relationship with S*2 [20]. (in figure 18)The Same
type of result also obtained in another investigation [22].

3.2 Bainitic steels

Bainitic steel can be produced by slowly cooling austenitic form above 730°C. It is
possible to produce different quality Bainitic steel according to cooling rate. Bainite with
carbides along the ferrite components is known as upper bainite at a high temperature of the
transformation range. At low temperatures, it appears as a black needle-like structure resembling
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martensite and is known as lower bainite. Upper and lower bainite have a different type of
mechanical properties. When cooling process at a temperature of between 550° to 400°,
cementite layers tend to lie parallel to ferrite layer as a needle shape which named as upper
bainite, lower Bainitic steel is produced at a temperature cooling level of 400° to 250° Celsius
and carbide be formed within the ferrite needle which is transversely at an angle of 55A° . For
example, upper and lower bainite structures can be seen CrMnSiMo alloy cooled at 33 °C/min in
figure 19 [23].

Figure 19 Microstructures of the CrMnSiMo alloy cooled at 33 °C/min. Martensite (M), lower bainite (B), pearlite
(P) and unresolved pearlite / upper bainite (UP) are present [23].

Carbide free type bainite steel is used for railway applications. The wear behavior of
Bainitic steels under rolling and sliding conditions has been studied for several circumstances
[20-22]. According to some experimental work, some of the Bainitic steel structure obtain dry
sliding wear resistance as wear-resistant Pearlitic steels. Besides this, over the hardness range 230
- 300 HV 30, the wear resistance of the low carbon Bainitic steels was comparable with that of
high carbon Pearlitic steel [23]. Bainite rail grades which include no carbide can be harder than
Pearlitic rail grades. Because of that, it has been used for switches and crossings. But the main
problem about Bainitic still is hard to predict its performance before production. Because of that

Bainitic steels are still research subject.
3.3 Austenitic steel with high manganese content (Hadfield steel)

The austenitic Hadfield steels, containing about 1.0-1.2 mass% C and 11-14 mass% Mn,
and originally proposed by Hadfield (1925), have excellent wear resistance property. Above
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730°C steel has austenitic structure form. When the temperature drops, this structure transforms
different structure like Pearlitic steel .To produce austenitic steel is needed to use elements that
prevent transformation to other forms. Manganese is one of them. For example Hadfield steel as
seen in figure 20 is the type of austenitic steel which has around 13 wt% of manganese.

Switches and crossings when wheels have to pass from one rail to another, impact loads
are very high. For these situations, it is necessary to use extremely resistant against wear and
another environmental condition. Hadfield steel is a good choice for this kind of situations.
Hadfield steel is high resistant against wear because of that it is used in stonebreakers, bulldozer
blade edge, and high load railway applications. However, the Hadfield steel often has poor
performance when the impact energy is not high enough to achieve a notable work-hardening
result [27].

Figure 20 Microstructure of high manganese austenitic rail steel [28].

3.3.1 Effect of explosion hardening in Hadfield steel crossing

Austenitic manganese steel, known as Hadfield steel, is specially employed for the casting
of railway crossings, because of exceptional work hardening capacity and fracture toughness,
proved by some experimental works [29, 30] Depending on the loading conditions, a rapid
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deterioration of parts can occur if wear is faster than work hardening. Explosive hardening is,
therefore prospective way to improve the service life [30].

The explosion hardening technique can increase the hardness of metals by severe plastic
deformation caused by the shock wave. Norman first reported an explosion hardening technique
in 1955 and got a patent for this technique [31]. The hardening impact wave is induced by the
detonation of the charge which is attached metal component surface as seen figure 21. Semtex
10SE (producer Explosia Pardubice) explosive material was introduced crossing materials. It is
one of few methods to make materials gaining higher strength and higher hardness. This method
can be used Hadfield steel, pertinently some other metals, carbon steels, stainless steels and

copper as well.

Figure 21 The charge application on the crossing running surface [32].

Explosive hardening results dislocations which can be observed by a microscopic scale
dislocation is capable of traveling throughout the lattice when relatively small stresses are
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applied. Increasing the dislocation density increases the yield strength which results in a higher

shear stress required to move the dislocations. This results in resistance to plastic deformation.

4. OBJECTIVES OF THE DOCTORAL THESIS

4.1 Definition of solved problem

The operational loading of the rail’s material is very complex, so the material response
consists of a different ratio of the mentioned wear processes. To distinguish the decisive
degradation mechanisms in real operational conditions, often as a source serious accidents, is
very difficult and requires a deep materials analyses.

Current predominance of contact fatigue induced defects causes, that the main focus of
the material research is an investigation of materials with improved dynamic yield stress, fracture
toughness, i.e. with a stable tendency to ductile dynamic fracture mode. There are generally two
ways to reach improved material resistance, and hence improved safety and service life of the
standard pearlitic rail steels:

- Microalloying as a way to increase the dynamic durability of steel by microstructure
refinement

- Surface heat treatment - currently widely used so-called “perlitization” towards to reduction
of inter-lamellar space of pearlite, i.e. in principle the same effect as above-mentioned
microalloying.

Different, very attractive way, is the application of materials with different structure base —

bainitic steels. Finally, the introduced austenitic Hadfield steel presents superior dynamic

resistance, but the necessary precondition is a dynamic hardening of surface layers.

One of the crucial problems of current research is an evaluation of real mechanical parameters of

the surface layer, which is decisive for service behavior of all rail steels grades. Two main

problems are connected with needed determination of real mechanical response of loaded surface

layers of rail profiles:

a) The commonly used mechanical parameters according to the valid standards do not reflect
the real resistance to complex loading in the railway system. Specialized tests, which enable

the simulation of rolling contact process at exactly defined loading parameters, are necessary.
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Very important is the ability to precise control of the contact pressure and tangential slip
values.

b) It is impossible to evaluate the mechanical parameters of surface layers, because of small
depth from the surface and the structural and mechanical heterogeneity. The indentation
hardness test, including the elastic-plastic response measurement, presents the prospective
way how to contribute to the solution of this problem.

4.2 Aim of research

The aim of the doctoral thesis is to find out the possibility for evaluation of the real state
of surface layers of railway steel in different mechanisms and stage of degradation. From the
point of subjected materials, the evaluation will focus on Hadfield steel compared to standard
pearlitic steel of the R260 grade. The explosive treatment of Hadfield steel will be involved in
experimental testing to evaluate its influence on resistance to typical degradation process in the
hardened surface layers.

To distinguish the decisive degradation process, the structural and phase analyses will be
performed. The structural and connected mechanical changes, typical for the rolling-contact
process will be induced by simulation of operational effects using the special rolling stand with is
available at Educational and research center in transport. Validation of simulated effect will be

based on comparative analyses of operational degradation of the same type of steels.

The main point of research is to suggest the suitable way for evaluation of the induced
mechanical heterogeneity of the surface layers. Comparative indentation test will be conducted
using different indenters and the new methodology for direct determination of elastic limit will be
tested.
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5 ANALYSES OF OPERATIONAL DEGRADATION AFTER
OPERATIONAL LOADING

According to the focus of research, Hadfield steel was analyzed after operational loading
to find out the main degradation effects. Pearlitic steel, grade of R260 was considered as
a comparative material. Results of degradation pearlitic structure presented the standard railway
material response. Each structural effects will be discussed with a focus on the distinctive

parameters of degradation process together with the main problems of metallurgy quality.
5.1 Specifics of pearlitic microstructure degradation

The surface microcracks initiation due to rolling contact fatigue is a typical effect of operational
loading of the rail steels regardless the structural substance. The specific influence of pearlitic
microstructure is created by the presence of structural free ferrite and also the plate-like

morphology of cementite.

A cumulative plastic deformation creates the typical plastic flow; surface initiated microcracks
are driven by this flow as it is documented in figure 22. The subsurface cracks initiation is typical
only in case of inclusion presence, the kind of MnS is the most common type of inclusion in

pearlitic rail steels (as is documented in chemical analyses in_figure 23

ISEM HV: 30.00 kV WD: 6.411 mm = VEGAW\ TESCAN
ISEM MAG: 1.00 kx Det: SE Detector

Figure 22 Rolling-contact effect on the pearlitic steel grade of R260 — state of Head check initiation
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Figure 23 Identification of sulfides in connection with cracks initiation

The slope of cracks graduals up to the depth in which the cracks overcame the plastic
flow; the branching of cracks secondary cracks can be observed in this stage of degradation —
figure 24. Change of crack’s slope is a dangerous source of service cross-section fractures.
Because of that, the ratio between the rate of crack propagation and depth of plastic flow is a

distinctive parameter of operational safety.

AB0.61 pm
=]

Figure 24 Stage of secondary branching of surface initiated cracks

From the point of ferrite effect, the proeutectoid ferrite is the source of predominant
micro-cracks initiation and also the cracks propagation as seen figure 25. Because of that, the
presence of this structural component is restricted mainly for heavy loaded parts of the railway
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track. The continual presence of proeutectoid ferrite for steel grade of R260 can occur for
example due to surface decarburization during high temper forming and it is accepted in a layer

with a maximal width of 0.5mm. The acceptable intensity of decarburization is documented in

figure 26.

SEM HV: 30.00 kV WD: 6.488 mm VEGAW TESCAN
SEM MAG: 4.00 kx Det: SE Detector 20 ym i
Date(m/d/y): 02/07/11 Mikroskop Digital Microscopy Imaging n

Figure 25 Detail of plastic flow created during rolling contact
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Figure 26 Decarburization of rail profile surface before loading

Important limited state of standard pearlitic rail steels is the creation of martensitic layers due to a
local heating due to loss of adhesion. High sensitivity to this process is caused by high content of
carbon — near to eutectoid concentration. The same is a reason of difficult weldability, i.e. the
critical cooling rate is reached except especially used precautions.

The specific improving effect is discussed in some literature, as the desks of cementite may be
oriented towards to loaded surface (thanks to the plastic flow), the wear rate and even the fatigue
cracks initiation can be delayed. But this process is often connected with the white etching layers

creation.

5.2 Specifics of Hadfield steel microstructre degradation

Samples for the analyses of actual degradation mechanisms were cut out from a railway
switch in position, where the contact track was 40mm in width, i.e., in a position characterized by
high dynamic operation loading. The chemical composition of the tested Hadfield steel was in
full accordance with the standard EN 15689.
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Because of the casting form and high content of alloying elements, mainly manganese, the
Hadfield steel’s degradation effects differ from the pearlitic one significantly. Next parameters
are the most important from the point of fatigue resistance:

(a) Grain size and morphology
The high content of manganese and fully austenitic microstructure is the source of the high
sensitivity to the grain coarsening; typical Hadfield structure contains large grains- as seen figure
27. Grain size differs according to the local cooling rate, e.g. the real castings are very
inhomogeneous in each position. The grain size heterogeneity is the source of heterogeneous

deformation response, mainly under dynamic loading.

(b)Metallurgical defects

In the high manganese steel casting process, there are many types of casting defects, such
as shrinkage cavity, micro cracks, and composition segregation, etc. these defects cause
longitudinal cracks, vertical cracks and worst case failure and derailment. Because of this, service
life of frogs and switches are limited. Hadfield is produced by casting method which results in
impurities in structure. Hadfield steel earns its toughness by work hardening. Effect of hardening
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shows itself as dislocations over substructures. This dislocation and the hardening effect are not
uniform over the steel layers. , microscopic observations show that evolved substructures of the
Hadfield steel subjected to deformation are mostly non-homogeneous. This is the reason of
impurities in steel due to casting. In figure 28, non-uniform dislocations can be seen around

micro-shrinkage. This non-homogeneous deformation results initiating cracks.

Figure 28 Macro vs. micro casting defects

(c) Intensive dislocation hardening

Hadfield steel has a non-uniform distribution of hardness in figure 29 (as a result of non-
homogenous deformation) all over space which is influenced by grain orientation and
microstructures (or impurities presence) which result near surface cracks as seen figure 30. This
non-homogenous hardness can be determined by indentation methods and micro-tensile tests. In
a further section, indentation methods and results will be explained.
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SEM HV: 30.00 kV WD: 26.00 mm
SEM MAG: 54 x Det: SE Detector
Date(m/d/y): 03/09/16 Mikroskop

Figure 30 Surface fatigue cracks

VEGAW TESCAN

r J
Digital Microscopy Imaging n
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(d) Intergranular carbide precipitation
Very specific for Hadfield steel is tendency to the carbide precipitation and even in some cases

the phosphide eutectic creation which results in corrosion and cracks as seen figure 31

SEM HV: 30.00 kV WD: 16.5950 mm T I I VEGAW TESCAN
SEM MAG: 7.00 kx Det: SE Detector 10 pm rk
Date(m/d/y): 02/13/09 Mikroskop Digital Microscopy Imaging n

Figure 31 Intergranular carbide precipitation in Hadfield steel
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6 ANALYSES OF OPERATIONAL DEGRADATION AFTER
EXPERIMENTAL LOADING (ROLLING CONTACT TEST)

The comparative rolling contact fatigue (RCF) tests were performed:

a) using the standard pearlitic steel grade of R260
b) using the Hadfield steel

The dynamic response of the Hadfield steel was evaluated in two conditions - after the typical
fabrication process vs. after the explosive hardening process. The influence of explosive

hardening on degradation mechanisms was assessed within this experiment.
6.1 Methodology of the test

The degradation process was simulated by a specialized wheel-test rig which enables rolling
contact loading at a defined ratio between contact pressure and longitudinal slip. The contact was
induced between a wheel 920mm in diameter and a special sample holder - a disk 136mm in

diameter. The principle of the test is displayed in figure 32.

Loading parameters:

- contact pressure Pmax= 1140MPa

- relative longitudinal slip s = 1%

- revolutions: 400rpm (at the beginning of the experiment)
The tested samples can be pulled out from the holder (figure 33) during the test and can be
subjected to complex material analyses in chosen stages of the fatigue test. The presented test
was focused on the degradation mechanism in defined stages of the rolling contact loading, so the

evaluation consisted of the following parameters:

e surface hardening (in HV10 hardness values),

o the depth of the plastic zone,

e character and depth of the surface damage (i.e., the slope and depth of the surface
microcracks),

e and a wear rate, measured by the weight loss between defined steps of the loading.
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Experimental loading was adjusted to the real operational ratio between the normal loading and
longitudinal slip. Strengthening effect of the surface layer was monitored at chosen loading
stages and verification of experimentally induced degradation process was based on structural
analyses of the operational induced process. Instrumented indentation test was employed for
evaluation of elastic-plastic capacity under the influence of hardening in compared states of
Hadfield steel.

L OHA

Figure 33 The holder for set of tested samples

6.2 Results and discussion

Deformation hardening of surface layers was evaluated per 100 thou. cycles; average values from

3 measurements of each of the 4 samples' surfaces are shown in figure 34-36

37



Pearlitic steel:

Pearlitic steel displayed hardening up to 500 km hardness was measured by dynamic equipment
Equotip2. Intensive decarburization can be estimated as a source of lowered initial hardness.

Continual wear of surface was typical during the whole loading time — see figure 34-35

Contact Surface Hardening
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Figure 34 Hardening under rolling contact test
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Figure 35 Weight lost under rolling contact test
Hadfield steel:
Intensive surface hardening of Hadfield steel was induced in the early stage of loading for

both states of Hadfield steel. A sharp rise in hardness together with minimal wear appeared
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during the first 200 thou. loading cycles. At about 300 thousand loading cycles the biggest weight

losses were ascertained for both compared states of the Hadfield steel, and earlier onset of

intensive wear for material without explosion hardening. The tip of the observed wear progress

was slightly moved to the higher loading cycles, and the global wear range of the steel after

explosive hardening was lower compared to the material without prior hardening. A similar

gradient of hardening depending on the number of loading cycles was ascertained up to

approximately 800 thou. cycles. Saturation of the hardening vs. wearing processes occurred

during subsequent loading cycles.

The main difference compared to the pearlitic steel

hardening over 500HV was connected with wear reduction.
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Figure36 - hardening process vs. wear rate induced by experimental contact loading, in HV10 values (A...samples

without explosive hardening, B... samples after explosive hardening)

The structural analyses were performed in the final state of examination, i.e. after 1mil.

loading cycles. Samples which is taken from disk polished, ground and etched for the preparation

of metallography.

Pearlitic steel:
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Intensive scaling was typically observed on the surface of pearlitic steel as seen figure
37.Important parameter from the point of operational safety is the depth of plastic deformation.
As the plastic flow influences the orientation of surface initiated cracks, the secondary

branching of cracks is restricted within this layer.

4
ISEM HV: 30.00kV ~ WD: 8.132 mm Ll VEGAW TESCA
ISEM MAG: 500 x Det: SE Detector 100 ym «

Figure 37 Pearlitic steel - depth of plastic deformation vs. depth of surface initiated cracks

Hadfield steel:

Intensive dislocation hardening up to a depth of 700 um was observed by metallographic
analysis in cross sections directed according to rolling contact in Fig.2. White etching layer
(WEL) is a phenomenon that occurs on the surface of rail when it is in service due to the action
of wheels. Its name arises from its resistance to etching by acids(figure 38) during metallographic
preparation and its white featureless appearance under the optical microscope. Sample was etched
to observe WEL can be seen figure 39

Figure 38 Etched sample (on right)
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It is commonly found in patches, approximately 20—100 um deep, on the surface of rail

after it has been in service for several months [26]

Figure 39 Hadfield steel - depth of the whole dislocation hardening

Contrast phase was created by simulated contact fatigue up to a depth of 30um, typical
was a different level of plastic deformation inside these layers. The voids and microcracks are
created directly in this layer approximately perpendicularly to the contact surface, apparently as a
consequence of fragility of these microvolumes.

The different degradation process was connected with ductile shear caused by the
progressive shear deformation. Surface fatigue cracks are initiated and propagated by a low cycle
fatigue mechanism, driven by cyclic plastic strain. While the microcracks in the “WELL” was
subjected to the intensity of inhomogeneous deformation(figure 40-41), the RCF cracks followed
the plastic flow. In the operational conditions, the surface cracks due to RCF, well known as a
“Head check”, are perpendicular to the running direction of the wheel. Results of the hardening

gradient measurement as a degradation process evaluation is discussed in chapter no.7.1.
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Figure 40 Depth of localizing dislocation hardening vs. creation WEL-like layers

SEM HV: 30.00 kV WD: 6.769 mm [ R BN AR VEGAW TESCAN
SEM MAG: 1.00 kx Det: SE Detector 50 pm l
Date(m/d/y): 04/03/15 Mikroskop Digital Microscopy Imaging n

Figure 41 Creation of “WEL” like surface layer

42



7/ THE INDENTATION METHOD

Indentation test is necessary for the monitoring of the force and indentation depth relation
and hardness value of the material. In other words, hardness measurement displays mechanical
behavior of materials. In this thesis, we will introduce 3 types of indtation method such as
Vickers, cylindrical, spherical . All indenters have advantages and disadvantages according to the
area of usage . Indentation techniques have been also used to investigate time and temperature
dependent properties of metals such as creep and load relaxation, residual stress field, fracture
toughness [33-36]. Recently, low-load indentation techniques such as nanoindentation have been

developed for testing metallic and ceramic thin films or coatings [37].

The principle of the test procedure and energy evaluation was obtained according to 1SO 14577-
1:2002(E).

Elastic-plastic work against a force, hardness value and mechanical behavior of a material can be
determined from indentation depth- force graphs.Test machine shall have the capability to fulfil
requirements of 1ISO 14577-2. Zwick test machine which can able to apply up to 2500 N has been
used for all of the experimental procedure.

For accurate experimental procedure according 1SO 14577-2:

e Test sample should be clean, free of lubricant, smooth surface and polished

e The temperature of test should be controlled. Sample should reach ambient temperature
before testing and testing machine should provide stable temperature for testing sample

e Test force shall be applied without shock and vibration which can significantly affect
results

e Itis important that the test results are not affected by the presence of an interface.
Previous plastic deformation due to indentation test can effects new result (work
hardening) because of that new test should be applied far from previous measurement
point.

Parameters determined from force indentation data set
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It is possible of determination of hardness and several parameters during recording loading and
unloading cycle by instrumented indentation. Unlike simple hardness machines, Instrumented
indentation give us a set of data including force, depth and time with high accuracy. It is possible
to evaluate elastic-plastic behavior, martens hardness, and material characteristic. Using a force-
or indentation depth controlled test cycle delivers information as to the creep or the relaxation of
materials. Recently, there has been growing interest in by depth and time controlled indentation
will let us determine time-dependent deformation behavior including polymers [38-45], foods

[46] and even biological tissues [47-52].

Martens hardness HM:

Martens hardness is determined by indentation depth curve during increasing of test force it is
defined as the test force F divided by As(h) the surface area of the indenter. It can be calculated

just by pyramidal types indenters (such as Vickers)
Martens hardness determined from force- indentation depth curve HMs:

The method is used for the determination of the Martens hardness by using the slope of force
indentation depth curve. It has the advantage of avoiding zero-point determination for
homogeneous materials.

Determination of elastic-plastic work:

The force controlled test procedure can be seen figure X, Firstly, machine apply force until to
reach a maximum point, until this point it is possible to determine total work energy of material

and martens hardness.
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Figure 42 Determination of elastic-plastic work

After reaching maximum force point, the machine removes the force and relaxation curve start (c

removal of test force) at this point elastic work of material can be defined. In another word, the
mechanical work Wtotal indicated during the indentation procedure is only partly consumed as

plastic deformation work Wplast. During the removal of the test force, the remaining part is set

free as work of the elastic reverse deformation Welast. Which can be seen figure 42[ISO 14577-

2]
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The test procedure can be force or displacement controlled and the test force F, and
indentation depth h was recorded during the experiment. The typical force indentation depth
graph can be seen figure 43. This graph includes just indentation curve to obtain elastic behavior
of material and relaxation curve. This stage Vickers indenter was used and observed indentation

depth change corresponding to linear force increase.

Vickers indentation
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0- 50 100 150 20(-} :
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Figure 43 Physical behavior of Hadfield steel under Vickers indentation
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7.1 Evaluation of Elastic-Plastic response of Hadfield by Vickers indentation
testing

The Vickers hardness test was developed in 1921 by Robert L. Smith and George E.
Sandland at Vickers Ltd as an alternative to the Brinell method to measure the hardness of
materials [29]-

Several measurements have been applied according to ISO 14577-2 standard, in this
thesis, we used standard Vickers indentation for samples; before rolling contact (with, without
explosion hardening), after rolling contact (with, without explosion hardening) All results are
recorded in the tables below.

We obtained data:

HV10=Hardeness measured by optical microscope

HM=Martens hardness

HM S= Martens hardness, determined from the slope of the increasing force/indentation depth
curve

Welast= Elastic reverse deformation work of indentation Nmm

Woplastic= reverse deformation work of indentation Nmm

Wtotal =Total mechanical work of indentation Nmm
T)iT= Relation Welast /Wtotal %

hmax = Maximum indentation depth at Fmax
A (1 vs 2) =difference between average values table 1 and table 2
A (3 vs 4) =difference between average values table 3 and table 4
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Table 1 Before rolling contact without explosion hardening

Number of
measurem
HV 10

N/mm?

1 253
2 251
3 250
4 265
5 267
6 253
7 264
8 247
9 256
10 252
Average 256
(o) 7

N/mm?

1913
1665
1964
2047
1921
1796
1912
1808
1927
1856
1881

105.6

N/mm?

1849
1635
1875
1795
1839
1836
1778
1607
1724
1826
1776

93.5

0.223
0.237
0.222
0.234
0.268
0.229
0.295
0.328
0.244
0.279
0.256
0.036

1.266
1.309
1.256

1.26
1.244
1.264
1.249
1.277
1.264
1.252

1.26

0,018

1.489
1.545
1.478
1.494
1.512
1.493
1.544
1.605
1.508
1.531

1.52
0.038

14.99
15.32
15.03
15.68
17.75
15.33
19.13
20.44
16.15
18.22

16.8

1.94

44.05
47.21
43.48
42.58
43.99
45.45
44.11
45.37

43.9
44.72
44.49

1.28

After obtaining all parameters, Explosion hardening was applied the same type of sample in table

1 to observe the changes. All result can be seen in table 2
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Table 2 Before rolling contact with explosion hardening

Number of
measurem
ent HV 10 nir

N/m
m? N/mm? N/mm? Nmm Nmm Nmm % pum
1 368 2724 2719 0.213 1.015 1.228 ' 17.331 36.92
5 365 2853 3060 0.203 0.973 1.177 17.285 36.06
3 364 2829 2839 0.211 0.988 1.198 @ 17.578 36.24
a 371 2806 2971 0.197 0.99 1.187 16.619 36.38
= 369 2731 2709 0.21 1.029 1.239 16.958 36.86
6 373 2951 2851 0.214 0.975 1.189 | 18.011 35.46
; 386 2946 2796 0.217 0.999 1.216 17.815 35.51
g 362 2632 2586 0.222 1.022 1.244 | 17.843 37.55
9 379 2743 2873 0.222 0.97 1.192 18.602 36.78
Average 370 2801 2822 0.212 0.995 1.207 17.56 36.41
o 7.67 105.94 142.8 0.008 0.022 0.024 0.59 0.68
A (1vs2) -114 -920 -1046 0.044 0.265 0.313 -0.76 8.08

Same samples were introduced rolling contact test machine to observe loading effect. Result of both
with and without explosion hardened sample can be seen table 3, table 4

Table 3 After rolling contact without explosion hardening

Number

of

measure

ment HV 10

N/mm?  N/mm? N/mm?

1 738 3972 3711 0.387 0.661 1.048 36.966 30.58
, 734 5087 so76 033 0614 0937 34444 2705

3 733 4917 4732 0348 0589 0937 37.163  27.53

4 722 4596 4447 0351 0616  0.967 36.264  28.46

5 726 3726 3485 0385  0.705 1.09  35.354 316

6 732 4300 4238  0.387 0601 0988 39.138  29.42

7 729 4958 4583 0321  0.626  0.948  33.906 27.4

8 715 3591 3894 0395  0.645 1.04 37998  32.15

9 747 3787 3279 041  0.692 1.102  37.188 31.3

10 744 3745 3369 0423  0.678  1.101 38408 3151
Average 732 4268 4071 0,373 0643 1016 36,83 29.7

O | 9.1869 579.39 606.60 | 0.0353 | 0.0379 0.0648 1.695 1.9681



Table 4 After rolling contact with explosion hardening

Number of
measurem
ent HV 10

N/mm?  N/mm? N/mm?

1 737 2160 540 0.301 1.327 1.628 18.517 41.46
5 717 4769 4822 0.292 0.65 0.942 31.02 27.92
3 719 4157 4998 0.31 0.625 0.935 33.129 29.9
i 728 4172 4553 0.314 0.647 0.962 32.685 29.84
c 717 4245 4172 0.326 0.682 1.008 = 32.387 29.61
6 710 3950 4558 0.345 0.645 0.99 34.858 30.69
2 732 4225 5030 0.337 0.61 0.947 | 35.583 29.65
8 733 3552 3069 0.455 0.717 1.172 38.818 32.4
9 723 1491 5215 0.345 0.67 1.014 33.966 49.9
10 734 3090 2781 0.503 0.726 1.229 40.92 34.67
Average 725 3581 3974 0,353 0.73 1.083 33,18 33.6

o 9.06 1039 1459 0.0698 0.2130 0.2161 5.9763 6.9132
A(3vs.4) 7 687 97 0.02 -0.087 -0.067 3.65 -3.9

The evaluation of measured parameters was performed separately using the hardness

measurement (figure 44) and energy consumption (figure 45).

Together with the study of explosive vs. rolling contact loading influence, we can discuss
the predictive value of each parameter. They were assessed by the differences of average values
vs. deviations of each set of measurement. Differences of the order were considered as
a substantial.

Explosive hardening influence (before the rolling contact) was registered by all of the
used hardness measurement methodologies, i.e. using the optic evaluation and also using the
indention depth evaluation. Plastic energy contribution represented the main portion of the energy
consumption decrease. Elastic part of energy consumption was not affected significantly, so the

“miT” parameter is not very effective in this case.
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Figure 44 Comparsion of elastic-plastic work

Contrary to that, a rolling-contact loading influence was registered by the both type of
parameters — hardness and also the energy consumption. Hardness was increased up to the level
over 700HV for the both states of Hadfield steel — with and also without explosive hardening.

The dominant influence of the contact loading was measured by the all of the used hardness
evaluation methods.

From the point of hardening mechanisms it is interesting, that the rolling-contact loading
decreased the plastic response together with the elastic energy increment. So the “nit” parameter
has become effective for the contact fatigue process. Mentioned effect was measured for the both

states of Hadfield steel — with and without explosion hardening (based on the comparison of the
table(1) vs. (3) and also table (2) vs. (4)).
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Figure 45 Comparsion of hardness values

The predominant effect of the rolling contact compared to explosive hardening was found
out. Explosive treatment has led to approximately 45% increment of hardness. Regardless the
primary state of hardening, the final stage of contact fatigue influence has reached almost the
same level of the hardness and so the stage of plasticity depletion. It means the more intensive
hardening (186% increasing) was reached in case without primary explosive treatment contrary
to the hardening only 96% in case after explosive treatment.

Elastic energy ratio (registered by “mit” parameter) has confirmed the measured influence

of explosive hardening; so the rolling-contact effect in the narrow surface layer was not affected
by the explosive treatment significantly.

Indentation tests by using a Vickers indenter were performed for evaluation of the rolling
contact effect in both stages of Hadfield steel — with vs. without explosive hardening (Tab.1, 2, 3,
4). The ratio of elastic and plastic deformation (it = (Welast /Wiotar). 100[%])) reflects the differing
residual plastic capacity of the surface layer during rolling contact loading. The depth of the
contact — fatigue strengthening needed to be determined for reliable measurements of the surface
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layer state. The gradient of experimentally induced surface changes was evaluated by hardness
measurement directed perpendicularly to the loaded surface .

The degradation process in rail-wheel contact was simulated for Hadfield steel in two
initial states — with vs. without explosive hardening. Based on the performed structural analyses
and indentation test we can conclude that the used experimental process is able to simulate the
actual degradation mechanism up to achieving a specific limited state of the surface layers of
Hadfield steel. The used methodology enables evaluation of the degradation process in particular
stages of loading.

In the second stage, Vickers indenter according to the standard 1ISO 14577-1 was used for
depth of hardening evaluation as seen figure 46. The depth of contact—fatigue strengthening was
necessary to determine for reliable measurements of surface layer state. The gradient of
experimentally induced surface changes was measured by hardness changes directed
perpendicularly from loading surface towards to the axis of samples. Hardness test was applied
by the 200-micrometer interval. Figure 46 presents the differences in intensity and depth of
strengthening for compared stages of tested steel — with vs. without explosive hardening.
Intensive surface hardening was induced in the early stage of loading for both states of Hadfield
steel.

600

—a—without explosive hardening
550} —a— explosive hardening

500+

450¢

400+

HV0.5

350+

300+

250¢

200+

1500 1 2 3 4 5

Distance from the loaded surface [mm]

Figure 46 Hardness gradient of the compared stages of Hadfield steel
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7.2 Evaluation of Elastic-Plastic response of Hadfield by cylindrical
indentation testing

Comparative yield stress CYS [N/mm?] was determined by using 1.2 mm cylindrical
indenter which was applied to obtain indentation depth corresponding to linear force. HV
(N/mmz2) was found bellow. As represented in Figl5, this curve tends to be a tangential curve.

Indentation depth is increasingly increasing characteristic corresponding to force until yield

point;

e Before rolling contact after explosive hardening: 1699 N/mmz,

e Before rolling contact without explosive hardening: 878 N/mmz,

e After rolling contact after explosive hardening : 2290 N/mma2,

e After rolling contact without explosive hardening: 1696 N/mma2,

Before Rolling Contact
3500 T T T -
— explosive hardening ]
30001 — without explosive hardening r I
T i
E ’,/ /’
S 25001 // /
‘65 // ."‘
£ — /
3 2000 Y / /
o #1699 N'mm2 | /
S 1500 e / /
o /,.}‘/ f 7
5 7 /)
5 1000 878 N/mm2 ;o
T /
= . A
= 5001 . / /
4 S
s S
0 10 20 30 40 50

Indentation depth(um)
Figure 47 Finding Comparative yield stress CYS [N/mm?] by using cylindrical indenter (Before rolling contact)
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Figure 48 Finding Comparative yield stress CYS [N/mm?] by using cylindrical indenter (After rolling contact)

The evaluated points give us transition zone of elastic to plastic deformation. Tests were

performed for two samples which are explosive hardenened and without explosive hardening.

According to hypothesis [29] about behavior of the material during extrusion of a cylindrical

indenter, we used the constant 2.57 as a ratio of compressive stress applied by indenter to shear

yield stress

Table 5 Parameters of elastic-plastic response at analyzed states of Hadfield steel

State |HV 10 |[HM hmax | Welast | Wolast | Wotal nir[%] CYS

of [N/mm?] | [um] | [N.m] | [N.m] | [N.m] [N/mm?]
steel

A 2567 | 1881 4449 | 0.256 |1.264 | 1.52 16.80+1.94 341

B 37117 | 2542 46.38 | 0.212 | 0.998 |1.21 17.54+0.57 661

C 732110 | 4268 29.7 10373 | 0.643 |1.016 36.68+1.70 659

D 7259 | 3581 33.6 |0.353 |0.73 1.083 33.188+5.98 891

X 708+14 | 4201 28.73 | 0.316 | 0.688 | 1.004 31.459+6.24

A - without explosive hardening /without contact loading, B - explosive hardened/without contact

loading,
/after contact loading,

C - without explosive hardening/after contact loading, D - after explosive hardening

X - representative surface state after operational exploitation)
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All parameters in table 5 are taken from average Vickers measurement data(Table 1,2,3,4)
.Standard tensile tests has shown the elastic limit oy = 368MPa for the primary state of Hadfield
steel, i.e. for as-cast condition without explosive hardening and before operational loading. A
particular difference between results obtained by indentation (figure 47-48) may be caused by
intensive dislocation hardening during the fabrication of samples for tensile test and intensive
local heterogeneity in grain size, which is typical for Hadfield steel. Despite that, the ratio
between comparative yield stresses in evaluated states of analyzed steel (samples A— X in the
Tab.5) reflects the influence of explosive hardening on the sensitivity of Hadfield steel to the
depletion of plasticity due to rolling contact.

The evaluation of the elastic limit by indentation test using the cylindrical indenter has
some limitations. One of that is state of the surface; damaged contact area doesn’t allow the
precise measurement. Very high intensity and low depth of hardening are the restrictions for
reliable measurement because of the influence of much softer zone below the surface. The usage
of spherical indenter can be a solution in this situation.

7.3 Evaluation of Elastic-Plastic response of Hadfield by spherical indentation
testing

Spherical indentation method is one of the most convenient methods of identification of
elastic- plastic response of the material .This method proposed by Huber and Tsakmakis [60].
Solution of the spherical indentation problem also was proposed in papers by Hill et al. [53],and
Biwa and Storakers [54].Besides that, Attempts to make use of spherical indentation testing to
identify the elastic-plastic behavior of material has been considered in numerous papers. [55-57],

7.3.1 Capabilities of Spherical Indenter

We introduced the cylindrical indentation to determine comparative yield stress CYS
[N/mm?] in the previous chapter. Cylindrical indenter with a diameter of 1.2 mm was applied to
obtain indentation depth corresponding to linear force to examine the effect of explosive
hardening [31].

This section, the spherical indentation method was introduced to obtain more accurate results for

the rough(uneven) surface. Force-Indentation depth graphs will be examined by the specific
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method, moreover, real rail sample, with or without explosive hardening samples were compared

by means of the new method.

Because of intensive operational damage of surface layers together with a typical material
heterogeneity of Hadfield steel, the standard evaluation by cylindrical indentation is limited.
Spherical indenters give better results for rough surfaces and also results are less affected by
micro-cracks, grain boundaries, and typical micro-casting defects. It means that it is possible to
measure hardness near crack zone with a spherical indenter. Besides that, spherical indentation

methods let us a direct surface measurement without cutting off samples.

Larger diameter indenters effect larger area and give more accurate results. However,
choosing large diameter is limited because of force capacity of hardness machine. We commonly

used 5mm diameter spherical indenter to determination of mechanical behavior.

Unlike pointed indenters, elastic-plastic, and fully developed plasticity regime of material
can be determined by spherical method because spheres possess the unique ability to transition
through perfectly elastic to fully developed plasticity zone. Cylindrical indenter’s sharp edges
behave like Vickers indenter (as seen in figure 49) which results in exceeding of the elastic

regime by small forces

F F
Figure 49 Effects of cylindrical and spherical indenter for uneven surface.
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Large diameter spherical indenter let us measure hardness and examine mechanical
behaviour near crack zone . The spherical indenter is able to determine mechanical behaviour of a
large area without cutting and preparation of the sample. We used one of the real(operational
loading) sample to prove the capability of the spherical indenter. The sample in figure 50 is
already tested by Vickers from the top of the surface. This time, spherical indenter was used for
smooth zone (which is already measured by Vickers) and crack zone which can be seen figure 3

Smooth zone

Figure 50 Sample was tested 2 points from different zones: smooth zone crack zone

Loading of 2000 N was applied in the both crack zone and smooth zone by using 5mm
spherical indenter and results were compared. Figure 51 presents the typical spherical indentation
graph which can give describe mechanical behavior by chosen zone without grinding and cutting
of the samples. When comparing with typical spherical indentation graphs, this figure looks
accurate even in the crack zone. It means that it is possible to measure directly from any surface.
A mathematical approach to determine mechanical behaviour with spherical indenter will be
introduced in next chapter.
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Figure 51 Force-Indentation depth graph for 2 different zones.
7.3.2 Spherical Indentation to determine Mechanical Properties of Hadfield’s Steel

A number of investigators have proposed methods to measure the yield strength of metals
using instrumented indentation experiments performed with a sphere. Brinell was one of the
investigators who brings simple approach for indentation method in 1990. It was the first widely
used and standardized hardness test in engineering and metallurgy. Indentation diameter is
measured by the optical system. However, indentation diameter can’t be easily determined

because of piling up (pile-up) or sinking in (sink-in) caused by the plastic flow of the material
surrounding the ball indenter as seen in figure 52.

R
Original
g a

Workpiece
Surface

? Sink-in Pile-up

Figure 52. Indentation diameter affected by pile-up or sink-in effect [64].
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Brinell hardness can be calculated as;

HBW is calculated in both standards using the Sl units as

2F

HBW = 0.102
7D (D — VD% — &

Where:

F = applied force (N)
D = diameter of indenter (mm)

d = diameter of indentation (mm)

Application of instrumented indentation methods enables the evaluation based on loading force/
indentation depth, even the study of material response at a particular stage of loading. Typical
spherical indentation depth and force graph can be seen in Figure 53. Curve‘s deflection between
indentation (blue), and relaxation curve (red) was examined for several samples. These
deflections seem to be more narrow(cover less area) for hardened sample. However, it is more
expanded behavior for unhardened samples (as seen in Figure 55), because increasing rate of
indentation depth corresponding to the force is more compared to hardened sample. The
mathematical expression of deflection can be calculated with equations below. Each P value
determines the variation of indentation depth corresponding to the force. We named curve energy

deflection change as “’Pmean value’.

Py =X,—X; (P2, P3Py, ... Pn can be calculated as P1) (1)

_ Py +P3tP3tPat--t Py
Fwwnﬁ - o (2)
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We applied 2000 N for 4 different samples by using 5 mm indenter. After the removal of

the indentation force, the diameter of the indentation was measured. Optical-observed contact

diameter is influenced by mentioned undesirable effects in figure 52, so at least 5 measurements

should be performed in every position. Effect of explosion hardening changes both “Brinell

hardness” and “Pmean values. There is a reverse ratio between Pmean and hardening effect as in

Table 6. The harder surface has a narrow graph, low Pmean values, and high Brinell hardness (as

expected in Figure 55 and Table 6)
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Table 6 Effect of explosion hardening expressed by used mathematical parameters

Samples Force (N) | Pmean Contact Brinell
diameter (um)  @ardness (N/mm?)

After explosive hardening 2000N 22.16 984 274

Before explosive hardening | 2000N 36.16 1213 165

Real switch sample - 2000N 21.93 907 313

surface

Real switch sample - middle | 2000N 36.92 1200 177

7.3.4 Comparison of operational vs. experimental loading effect

To validate the experimental loading system the indentation measurements were

performed in the next positions in figure 54:

- Real rail sample (after operational loading) beyond the effect of contact loading,

- The surface area of the real rail sample (after operational and explosive hardening)

- The surface area of the samples with and without explosive hardening (after applied rolling

contact test in the laboratory).

The explosive hardened surface of rail samples presented the state of dislocation hardening

due to rolling-contact and shock hardening process.
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Figure 54 Measurement positions for the real rail sample

Because of the hardening effect of rolling contact and explosive hardening, explosive hardened
sample (also after experimental loading) displays almost the same mechanical behavior as the
real rail sample (measured near the surface). We calculate Pmean Values as Prealrailsurface=21.93,
Pafterexphard=22.16. These values are unsurprisingly very close and their tendency of curve is

narrow compared with unhardened samples (figure 55.)

Spherical indentation

2500 : : :
—— Real rail sample(surface)
— Real rail sample(middle)
Before explosion hardening(experimental loading)
2000 |  After explosion hardening(experimental loading) //; A
=" 1500
el
©
o
o
L. 1000
500
0

0 20 40 60 80 100 120 140
Indentation depth(um)

Figure 55 Comparison of indentation curves tendency

We also compared samples without explosion hardening (experimental loading) and real rail

sample(middle point).These samples are less affected by operation loading and explosive
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hardening.For this reason, curves of these samples have more expanded tendency compared with
hardened samples. This curve behavior can be explained by means of Pmen Values (
PBeforeexphard=36.16 , PRrealrailmiddie=36.92). These samples display almost the same mechanical

behavior.

Experimentally loaded samples in the both stages (with and without explosive hardening) were
also measured by suggested method. Loading force-indentation depth graphs were examined and
curve tendency was expressed by the simple mathematic method. Effect of hardening was

compared between each sample and expected results were also verified by “Pmean” value.
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8 RESULTS AND DISCUSSION

Results and evaluation methods will lead our further research. In this thesis, degradation
progress, mechanical behavior of both Hadfield and pearlitic steel grades are compared and
detailed with sort of experiments. Elastic- Plastic response of Hadfield steel was defined both

with and without explosion hardening situations.
Following methodology were used to fulfill the specified goals of research:
Simulation of rolling contact process by rolling stand;

The structural and mechanical behavior were tested with special rolling contact machine
which is available in the research center. The similar test stand was also used research [65], [66].
The purpose of using this stand is applying real operational contact in laboratory prepared

samples. Both Hadfield and pearlitic steel grade tested under load parameters
Loading parameters:

Contact pressure Pmax= 1140MPa
Relative longitudinal slip s = 1%

Revolutions: 400rpm (at the beginning of the experiment)

Surface hardening, depth of the plastic zone, character and depth of the surface damage
and wear rate are calculated and compared both Hadfield and pearlitic grade. This way let us
understand and determine mechanical behavior of steel under real operational loading.

Metallography analyses of the surface layers for description:

After calculating wear rate under rolling contact test. It is essential to apply
metallographic analyses. Metallographic analyses let us obtaining predominant degradation

process, depth of the induced structural changes and character and depth of surface damage.

Near- surface dislocations, crack initiation types and direction were observed for both
pearlitic and Hadfield steel grade. “White Etching Layers” (WEL) is one of the mechanisms of

surface microcracks initialization were involved in the wear during the rolling contact and
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typically formed in pearlitic railway steels which were observed several studies [67], [68], [69],
[70] In this thesis, WEL and near surface dislocations are introduced by metallographic analysis.

Indentation measurement with 3 types of indenters

Indentation test is necessary for the monitoring of the force and indentation depth relation
and hardness value of the material. In this thesis, Vickers, spherical and cylindrical indenter was
used. In addition to optical hardness measurement, the test procedure can be force or
displacement controlled and the test force F, and indentation depth h was recorded during the

experiment.

We firstly used standard Vickers indentation for samples; before rolling contact (with,
without explosion hardening), after rolling contact (with, without explosion hardening) All
results are recorded. Besides that, Vickers indenter was used for depth of hardening evaluation.
The depth of contact—fatigue strengthening was necessary to determine for reliable measurements
of surface layer state. But this method sometimes inefficient because surface hardening occurs
very small area near surface because of that we use cylindrical indentation method for second

stages

In the second stage, comparative yield stress CYS [N/mm?] was determined by using 1.2
mm cylindrical indenter which was applied to obtain indentation depth corresponding to linear
force. The Same attitude was used in article [71] All results are recorded for situations(Before
rolling contact after explosive hardening, Before rolling contact without explosive hardening,
After rolling contact after explosive hardening, After rolling contact without explosive
hardening) Force- indentation depth curves that we obtain displays similar tendency in article
[70] Unlike spherical indenter ,cylindrical indenter’s sharp edges behave like Vickers indenter
which results in exceeding of the elastic regime by small forces. Because of that, we started new

measurement with a spherical indenter.

In third stages, mechanical behavior of Hadfield steel obtained by using large diameter
spherical indenter. Unlike pointed indenters, elastic-plastic, and fully developed plasticity regime
of material can be determined by spherical method because spheres possess the unique ability to
transition through perfectly elastic to fully developed plasticity zone.  Besides that, large

diameter spherical indenter let us measure hardness and examine mechanical behaviour near
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crack zone. The spherical indenter is able to determine mechanical behaviour without cutting and
high preparation of the sample [73]. Spherical indenter lets us determine large area plastic flow
and depth hardening. Unlike cylindrical indenter, plastic strain distributed uniformly under

spherical indentation . This situation was explained by fem analysis in the article [71], [72] .

The deformation hardening effect expressed by representative stress-strain curves differs
from the values obtained from true stress-strain curves at equivalent strain interval. This is due to
the nature of Tabor’s formulae, which average the large volume of strained material with the
different level of actual hardening [74].Because of that ,new mathematical approaches introduced
to find out elastic-plastic response for both cylindrical in spherical indenters.

This work leads us to solve a problem with the determination of mechanical changes in
surface layers of railway steels, induced by contact-fatigue loading. In other words, the
possibility of suggested way eases monitoring of the elastic-plastic response of the surface. All
types of indenter are compared according to the area of usage and their limitations and
capabilities are detailed. All evaluation methods can be used as a comparative method for
estimation of the residual plastic capacity of the steel. The introduced way of evaluation can be
used also as a validation of experimental simulation of the both processes — load fatigue and

explosive hardening.
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CONCLUSIONS

Dissertation work is devoted to a problem with the determination of mechanical changes in
surface layers of railway steels, induced by contact-fatigue loading. This study presents the
current types of used rail steels and acting degradation mechanisms as a source of typical material
degradation. The main problem for intended research is introduced on the base of the current

restrictions for a description of processes acting in thin surface layers.

This study presents degradation progress under operational and experimental loading for
pearlitic and Hadfield steel grades. Common casting defects and limitations of both types of
steels were explained by metallographic analyses. After examination limitations due to
operational loading, Experiments were applied by special rolling contact test machine. All
experimental result including metallographic analyses were compared for both Hadfield and

pearlitic steel.

This study aims also initial experimental evaluation of the mechanical behaviour of
Hadfield steel under several circumstances as explosive hardened vs. unhardened stage. Several
types of indentation test were performed to find out the possibilities and restrictions of each
considered way for evaluation of processes, induced in surface layers. The initial measurement
was performed to understand the elastic-plastic response of Hadfield steel. Different

approximations were shown to find out comparative yield stress CYS [N/mm?].

Examination of degradation progress for surface and sublayers, cylindrical and Vickers and
spherical indenter were used. Each of them has advantages depending on usage area
experimentally loaded samples in the both stages (with and without explosive hardening) were
also measured by suggested methods. Spherical measurement shows that it is possible to apply
direct measurement with rough surfaces. New mathematical approaches introduced to find out

elastic-plastic response for both cylindrical in spherical indenters.

The comparison of the results has shown the possibility of suggested way for easy
monitoring of the elastic-plastic response of the surface. This evaluation can be used as a
comparative method for estimation of the residual plastic capacity of the steel. The introduced
way of evaluation can be used also as avalidation of experimental simulation of the both

processes — load fatigue and explosive hardening.
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