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White Etching Areas — WEAs have been associated with premature and catastrophic damage to
rolling bearings. Severe and localized plastic deformation close to the contact surface has been
suggested as one of the main drivers for WEAs formation and subsequent evolution. Similar
conditions can be created by Severe Plastic Deformation (SPD) processes such as High-Pressure
Torsion (HPT). HPT combines high compressive and torsional stresses to produce grain refinement
on a nano scale. HPT tests are quick to perform and thus could provide an easier way to investigate
the formation of white etching areas or white structures compared to both rolling contact fatigue
tests and an analysis of bearings from service. Therefore, HPT has been used to study white
structures in a 52100-bearing steel in this thesis. Due to the limitations on specimen hardness of
the HPT equipment, AISI 52100 bearing rollers in their as received quenched and tempered service
condition were annealed to reduce their hardness from 800 HV to 180+10 HV prior to HPT testing.
After annealing, disc samples 10 mm in diameter and 1 mm thick were HPT processed under a range
of pressures and number of turns. White Etching Structures - WES were found to form in two
different regions in the disc samples namely on the top surface of the sample which had been in
contact with the upper anvil (designated Top White Etching Areas — TWEAs) and subsurface 240 —
360 um from the bottom surface of the disc (designated Subsurface White Etching Areas — SWEAs).
A morphological characterization was carried out on the HPT produced samples by Macroscopy
(MA) and Light Optical Microscopy (LOM) and an Image Processing Program (IPP) was utilised to

evaluate the %WES in relation to the pressure and strain applied during the HPT tests. Micro and
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nano hardness measurements were taken of the WES and the matrix surrounding them. This was
then followed by a detailed characterisation conducted using SEM / SEI / BSI to obtain information
on the structure, size and shape of WES. SEM / EBSD /EDS were also utilised to evaluate features
such as texture, phase distribution and chemical composition not only of the WES, but also of the
material surrounding them. TWEAs covered the top surfaces of the discs as many white structures,
some isolated, other more interconnected, that seemed to follow the circular tracks on the sample;
they were restricted to depths of less than 100 um from the top surface. SWEAs varied in size and
shape with radial distance, from spots with ill-defined borders (called cloud SWEAs) to well defined
solid structures (called solid SWEAs). Both TWEAs and SWEAs shared a similar morphology that
consisted of a fibrous / layered structure that appeared to follow patterns caused by the plastic
deformation. Their hardness was approximately 24 — 46 % higher than the deformed ferritic matrix.
EBSD analysis showed TWEAs and SWEAs in dark contrast in 1Q images and as black regions in IPF,
AP and KAM maps suggesting poor or even a total lack of indexed diffraction patterns from these
areas resulting from a nanocrystalline structure. No recrystallized structures were found in the
white structures. EDS analysis indicated that carbon and chromium were dragged from the carbides
and dissolved in the nanocrystalline arrangement present in the TWEAs and SWEAs. EDS also
revealed inclusions of aluminium with sulphur and manganese that seemed to have suffered a
similar dissolution process to that observed for C and Cr. The origin of the fibres / layered structure
is related to the interaction between neighbouring regions that flow under different conditions due
to high strains. In the case of TWEAs, sliding of the asperities on the top anvil against the sample
created heterogeneous flow conditions in small neighbouring regions and instabilities between
them. For the SWEAs, the presence of discontinuities such as carbide clusters, pearlite colonies or
non-metallic inclusions generated vortices that promoted instabilities in the ferritic matrix. Some
of the SWEAs located at the edge of the samples could have arisen from other effects, such as the
lateral friction on the vertical faces of the cavities in the anvils, flash formation due to the quasi-
constrained condition of the HPT tests and the presence of a Dead Metal Zone (DMZ) at the corners
of the samples. Some cracks were observed close to or inside the white structures and were caused
by the differences in response of these harder areas with respect to the surrounding softer matrix
during the deformation imposed by the HPT test. However, not all white structures were associated
with cracks, suggesting that cracks are not necessarily a precursor to white structures. Some of the
features, such as the fibrous structure, changes in carbide distribution and high hardness seen in
HPT samples are similar to those observed in the WEAs located in failed rolling element bearings.
This suggests that a similar phenomenon could be occurring in the vicinities of inclusions located

subsurface in rolling bearings and lead to the formation of WEAs.
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“As often as you can, free yourself from worldly affairs so that you may apply that wisdom which God gave you
wherever you can. Remember what punishments befell us in this world when we ourselves didn't cherish learning

nor transmit it to other men.”

“Tan a menudo como puedas, libérate de los asuntos mundanos para que puedas aplicar esa sabiduria que Dios te
dio donde sea que puedas. Recuerda los castigos que nos ocurrieron en este mundo cuando nosotros mismos no

apreciamos el aprendizaje ni lo transmitimos a otros hombres.”

Saint King Alfred the Great

“Tu fe debe ser una brillante luz para aquellos a quienes instruyes...”

“Your faith should be a shining light for those whom you instruct...”

Saint Jean-Baptiste de La Salle

“Cuando mira su infancia, ella también quisiera atravesar con la mirada esos afios idos, para entrar al otro lado del

tiempo. Al otro lado del tiempo, estd la abuela...”

“When she's looking at her childhood, she would like to look through those years gone, to enter on the other side of

time. On the other side of time, there is the grandmother...”

Eduardo Galeano

“..y se perdieron con ella para siempre en los altos aires donde no podian alcanzarla ni los mds altos pdjaros de la

memoria.”.

“...they were lost forever with her in the upper atmosphere where not even the highest-flying birds of memory could

reach her.”

Gabriel Garcia Marquez

“—Bien parece —respondié Don Quijote— que no estds cursado en esto de las aventuras: ellos son gigantes; y si tienes

miedo, quitate de ahi, y ponte en oracion en el espacio que yo voy a entrar con ellos en fiera y desigual batalla.”

"It is clear," replied Don Quixote, "that you are not experienced in adventures. Those are giants and if you are

afraid, turn aside and pray whilst | am going to enter a fierce and unequal battle with them."

Miguel de Cervantes Saavedra
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Definitions and Abbreviations

Definitions and Abbreviations

L1o

Pprom

pmax

Ry, Rz

Semi-major axis of the ellipse in point contact [m] or radial distance of the cylinder in

line contact [m].

Semi-minor axis of the contact ellipse [m].

Final thickness of a sample disc after HPT test [m].

Original thickness of a sample disc before HPT test [m].

Measurement of the local stress needed at grain boundary for transmission of plastic

flow and/or for cleavage fracture [Pa].

Arc variation in relation to the angular variation and radial distance to an ideal HPT

sample disc [m].

Length of an ideal cylinder in line contact to Hertzian stress contact [m].

Expected life of 90% of bearings under normal operating conditions established by the

manufacturer. Also called Bjo. [revolutions].

Number of turns applied in a HPT test [turns].

Average pressure across the spherical/cylindrical distribution in a Hertzian contact

[Pa].

Maximum pressure in the spherical/cylindrical distribution in a Hertzian contact [Pa].

Distance from the centre in a HPT sample disc [m].

Radius of the bodies in a Hertzian contact [m].

Yield strength [Pa].

Rotational angle related to the torsional deformation applied in a HPT sample disc

[rad].

Shear strain
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& Equivalent or Von Myses shear strain

v,o Angles used to define the arc of curvature of the channel intersection in a ECAP die
[rad].

o Normal stress, true stress [Pa].

0o Friction resistance for dislocation movement within the grains in the Hall — Petch

equation [Pa].

Oy, Oy, O;  Principal stress components in a Hertzian contact. The letters x, y and z represent the

rolling orientation, the width and the depth respectively [Pa].

Tmax Maximum shear stress as a function of the depth z of the contact surface [Pa]
o, W Axis of rotation and axial vector used to describe a disclination.
AP Auto Phase maps

ASB Adiabatic Shear Bands

BSI Back -Scattered Imaging

cl Confidence Index

DER Dark Etching Areas

DMZ Dead Metal Zone

EB Electron Beam

EBSD Electron Back-Scatter Diffraction

EB x-ray Electron Beam X -ray source

ECAP Equal Channel Angular Pressing

EDS Energy-Dispersive x-ray Spectroscopy

IPF Inverse Pole Imaging maps
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IPP Imaging Processing Program
1Q Imaging Quality maps

IrWEAs Irregular White Etching Areas
KAM Kernel Average Maps

LOM Light Optical Microscopy

MA Macroscopy

OP-5S Colloidal Silica Polishing Suspension
RCF Rolling Contact Fatigue

SEI Secondary Electron Imaging
SEM Scanning Electron Microscopy
SPD Severe Plastic Deformation

SWEAs Sub-surface White Etching Areas located inside of HPT disc samples

TEM Transmission Electron Microscopy

TWEAs Top White Etching Areas located at the top of HPT disc samples

WEAs White Etching Areas observed in failure bearings.
WECs White Etching Cracks associated to WEAs

WEM White Etching Matters

WES White Etching Structures in HPT disc samples
WD Working Distance

WSF White Structure Flaking
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Chapter 1

Chapter 1 Introduction

1.1 Project overview

Over recent years, White Etching Areas, also known as White Etching Cracks, in bearing steels have
received increasing attention due to their relationship with premature failures of rolling element
bearings, especially those assembled in wind turbine gearboxes. WEAs have been linked to a
catastrophic surface damage phenomenon commonly called brittle flaking wear [1] or white
structure flaking (WSF) [2] that appears visible to the naked eye as smearing, cracks and
macropitting. Although spalling resulting from Rolling Contact Fatigue (RCF) would normally be
expected to limit bearing service life to 20 years based on the Lo life estimate, WEA formation and
WSF can reduce this to as short as 5 - 10% of the Lio bearing life [2]. WEAs are a particular type of
microstructure in steels, which appears to be white under Light Optical Microscopy (LOM) after
etching. The white appearance is due to their higher corrosion resistance to Nital (2% nitric acid +

ethanol) etch compared to the matrix that surrounds them [3].

WEAs have been related to several microstructural features in steels, such as matrix discontinuities,
hydrogen concentration and adiabatic shear bands. Firstly, stress concentration from
discontinuities such as non-metallic inclusions [4], porosity [5], carbide clusters [6] and pre-existing
intergranular cracks [7] can alter the local stress distribution. Secondly, high hydrogen
concentrations can produce embrittlement and a significant reduction in fatigue resistance [8].
Finally, adiabatic shear bands, resulting from the impact of rollers onto the rings, can lead to the
propagation of micro cracks and also WEAs [9]. These microstructural features interact with the
Hertzian stresses in the subsurface of the contact areas to generate localized and severe plastic
deformation (SPD) conditions. This SPD could promote grain refinement and dissolution of carbides
in well-defined regions. Both phenomena seem to be closely related to WEAs initiation and

evolution [10].

Similar mechanisms have been suggested to explain the origin of some white microstructures
encountered in pearlitic steels processed by High Pressure Torsion tests (HPT) [11]. HPT, as SPD
process, is generally conducted on a thin disc sample placed between two anvils that transmit
compression and high torsional stresses through the rotation of one of the anvils. The combination
of compression and shear stresses can produce homogeneous microstructures with grain sizes of
less than 1 um [12]. Although HPT differs from RCF in many ways, it can be a viable alternative to
study the combined effects of compression and shear in very limited volumes. HPT tests are simple

to perform and allow easy repeatability compared to both RCF tests and the analysis of field
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bearings, which usually require millions of cycles to produce WEAs [13] [14], whilst HPT requires
just a few minutes to process one disc. Parameters such as pressure, strain (measured as rotational
displacement or turns), rotational speed and temperature can be easily controlled, allowing

efficient sample processing under different conditions.

It is however important to understand the limitations of HPT tests. The slippage between anvils and
discs for example, can produce unexpected changes in the samples [15] [16]. Moreover, the final
hardness of discs admissible must be lower than the anvil hardness to avoid permanent damage to
the anvils and the HPT test machine. To study the initiation and evolution of WEAs in a bearing steel
affected by SPD conditions, the feasibility of creating White Etching Structures (WES) in an AlSI
52100 bearing steel by the HPT process is described in this thesis. After successfully producing WES,
the microstructural changes were examined and quantified in relation to the pressure and number
of turns used during HPT tests. A detailed characterisation was also conducted by SEM / SEI / BSI
and SEM / EBSD / EDS. These results were used to shed some light on the origin and evolution of

white structures in AISI 52100.

1.2 Thesis Structure

This thesis consists of seven chapters, the first of which includes a project overview and the aims
and objectives. The second chapter is a comprehensive literature review on two main topics: firstly,
an overview on rolling bearing failures, especially those produced by RCF and WSF. Secondly, a
review on the main features of HPT as SPD process to study the microstructural evolution of steels
under extreme strains. The third chapter describes the experimental methodology utilised for the
project, from disc sample preparation prior to conducting the HPT tests to the parameters
employed for SEM / EBSD / EDS characterisation. The fourth chapter contains the main results of
the characterisation carried out by Macroscopy, LOM and hardness measurements on an HPT
processed annealed AlISI 52100 bearing. The fifth chapter includes the information obtained by SEM
/ SEI /BSI and SEM / EBSD /EDS advanced characterisation. Chapter six consists of a general
discussion on the results presented in the previous chapters. The final chapter summarizes the

conclusions of this thesis and suggests future work useful to continue this line of research.
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1.3 Aims and objectives

The aim of this project is Identify the microstructural alterations occurring during HPT tests on

annealed 52100 bearing steel. This aim will be fulfilled by the following objectives:

e Conduct an extensive literature review on microstructural changes in materials under
Rolling Contact Fatigue (RCF), White Structure Flaking (WSF) and Severe Plastic
Deformation (SPD) especially HPT.

e Conduct experiments to create White Etching Structures in bearing steels by using HPT
tests.

e |dentify the microstructural changes produced in HPT samples by the use of optical
microscopy, Scanning Electron Microscopy and Electron Backscatter Diffraction, EBSD
techniques.

e Compare the microstructural changes that occur in bearing steels under RCF loading
conditions with those that occur in HPT processed material and propose hypotheses to

explain the mechanisms of WEAs formation in both HPT and RCF.






Chapter 2
Chapter 2  Literature Review
2.1 Failure in rolling element bearings

2.1.1 Use Rolling element bearings

The term rolling bearings or rolling element bearings is used to describe machine components
where the main load is transferred through elements in rolling rather than in sliding contact.
Bearings cannot be considered as an isolated mechanical element but as a component, that means
they are assembled units with relative movement between their internal parts. A typical rolling
bearing component consists of an assembly of four essential parts: outer rings, inner rings, bearing
elements and a separator or cage. Bearings can be classified in relation to the loads they take, as
pure radial, pure thrust (or axial) and combined loads. The nature of these loads defines not only
their geometry or size, but also topics such as maintenance, lubrication, tolerances and assembly

sequences [17].
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ball race

-Separator
| retainer ) | |

- Quter ring
ball race =

[&—————— Qutside diameter

Figure 2-1 Rolling bearing schematic configurations. a) Elements assembled in a typical deep groove
bearing. b) Different standard bearing types used according to the load requirements: 1. Deep
groove single balls, 2. Steep tapered angle roller, 3. Double row balls, 4. Straight roller, 5. Pure

thrust roller ball, 6. Needle roller. Adapted from [17].
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Figure 2-1 shows the basic elements in a typical rolling ball bearing component and different
standard bearing configurations used for particular load conditions [17].The most widely used roller
bearing type is the single row deep groove ball bearing, (figure 2-1 b)) due to its ability to take a
wide range of radial and axial loads. For higher combined loads, the preferred option is the tapered
angle rollers, whilst when facing higher axial loads, the double radial ball and straight roller bearings
are recommended. If the application demands pure axial loads with limited assembly space, the
best option is the one-way ball thrust bearings. Finally, needle bearings are selected when it is
necessary to take very high radial loads with limited assembly space. These bearings represent just
a small portion of the many standard configurations available, but many bearings are manufactured

for special applications [17].

The life of a bearing is defined as the total number of revolutions (or hours operating at constant
rotational speed) until a failure criterion is registered. The failure criterion is related to an
observable damage to the contact surfaces of any element (rollers or rings). Its nature is linked to
the fatigue resistance of the bearings and varies in relation to standards or commercial
considerations. The minimum life of a group of bearings (also called Lo life or B life) is defined as
the number of revolutions (or hours operating at constant speed) that 90% of a group of bearings
will exceed before the failure criterions will be registered. A common Lo life used for many

manufacturers is 10° revolutions [17].

2.1.2 Steels for rolling bearings

During their operative life, the bearings require a combination of high yield strength and high
resistance to fatigue failure. Both properties can be obtained by increasing the hardness to values

between 700 and 800 HV, with the rollers usually being 10% harder than the races [18].

Case hardening grade

These materials are basically low carbon steels (0.1 — 0.4% C) that can increase their hardness to
values between 653 and 804 HV through carburizing processes. The main treatment consists of two
steps, firstly exposure to high temperature 870 to 980°C in a carbon or nitrogen rich atmosphere.
Then, the material is quenched and tempered to generate a hard surface but a soft core (266 — 513
HV). This combination provides high toughness and good fatigue resistance [19]. Table 2-1

summarizes the main case hardening steels used to manufacture bearings.
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Table 2-1 Typical composition in % weight of case hardening grade steel [19].

Case hardening grades %C %Mn %Si %Cr %Ni %Mo
AISI 4320 0.20 0.55 0.22 0.50 1.82 0.25
AISI 5120 0.20 0.80 0.22 0.80
AlISI 8620 0.20 0.80 0.22 0.50 0.55 0.20
AISI 3310 0.10 0.52 0.22 1.57 3.50
AlISI 4620 0.20 0.55 0.22 1.82 0.25

Through hardening grade

The through hardening grade corresponds to steels capable of increasing their hardness using heat
guenching and tempering heat treatments. Most current bearings are manufactured using through
hardening steels. These materials are hyper eutectoid alloys with high carbon content (0.8 — 1.2%).
The high carbon content provides better mechanical resistance compared to low and medium
carbon steels [19]. Table 2-2 gives the main through hardening steels used to manufacture bearings

and their typical chemical compositions.

Table 2-2 Typical composition in % weight of through hardening grade steel [19].

Through hardening grade %C %Mn %Si %Cr %Ni %Mo
ASTM A 485-1 0.97 1.10 0.60 1.05
ASTM A 485-3 1.02 0.78 0.22 1.30
TBS-9 0.95 0.65 0.22 0.50 0.25 0.12
SHKH15-SHDc 1.00 0.40 0.28 1.48 0.30

AISI 52100 Bearing steel

The main steel from this grade is AISI 52100 (USA standard designation) due to its good mechanical
properties and relatively low production cost. Around 90 % of all ball bearings in the world are made
using this material [20]. This steel is called by different names depending on the national or
international standard although there are not significant variations in their compositions. The main
standard versions are: 1ISO-683-17, BS 534 -535 A99 (BSI / UK), 100Cr6 (DIN / Germany), SUJ2 (JIS /
Japan) and ASTM A 295 (ASTM / USA). The chemical composition of AISI 52100 is shown in table 2-
3, under standard ISO 683-17: 2014 [21].
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Table 2-3 Composition in % weight of AISI 52100 under standard ISO 683 — 17 :2014 [21].

AlSI 52100 %C %Cr %Mn %Si P (max) | S(max) Mo

0.93-1.05 | 1.35-1.6 | 0.25-0.45 | 0.15-0.35 0.025 0.015 0.1

(1SO 683-17)

AISI 52100 usually is available in two delivery conditions, spheroidized and hardened. In the first
state the material is characterized by its low hardness, between 190 and 250 HV, and its great
machinability and workability. Its microstructure consists basically of primary carbides (cementite
precipitates) grouped in small dots or “spheres” in a ferritic matrix (Figure 2.2 a) [22]. The
microstructure of the hardened state consists of tempered martensite containing primary
carbides (cementite particles) and temper carbides (called secondary or coherent carbides) and
small amounts of retained austenite. These structures are obtained through a combination of
guenching and tempering heat treatments [23]. The proportions of these phases can vary with
the time and temperature used for tempering. The final hardness can vary between 700 and 900
HV. Figure 2-2 b) shows the microstructure of AISI 52100 in its quenched and tempered condition
[24]. The typical non-metallic inclusions in AISI 52100 include manganese sulphides (MnS),
aluminas (Al,03), Ca aluminates (such as CaO 6Al,03) and titanium nitrides (TiN). All of these are
harder, melt at higher temperatures and are less dense than the steel. The implementation of
better manufacturing processes has increased its cleanliness, improving its mechanical properties

[2] [13].

Figure 2-2 Microstructures of AISI 52100 in its delivery states. a) Spheroidized state, the small dots
are carbides in a ferritic matrix.[22]. b) Hardened state: austenitised for 30 minutes at 845°C, oil
guenched, and tempered 1 h at 175°C. The white dots are spheroidized cementite carbides in a

tempered martensite structure [24].
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2.2 Failures in rolling bearings |

Lots of factors can lead to premature failures in rolling bearings most of these being related to poor
operating environments and improper handling practices. Failure may appear as a consequence of
one factor, in other cases factors may act simultaneously. For example, wear between the contact
surfaces due to deficient lubrication can generate hard debris; these particles could contaminate
the contact and produce denting in other areas. A similar effect can arise from the rust produced
by corrosion, which can act as an abrasive in other areas, causing wear. Some of these factors and

the damage associated with them are summarised in table 2-4 [25].

Good engineering practices such as adequate selection, correct assembly and regular maintenance,
foresee the factors given in table 2-4 and minimize their effects. Good practice can also reduce the
damage associated with fatigue phenomenon such as spalling or flaking (this is shown in the last
row of table 2-4). Thus, the bearing operational life can be extended beyond the Ly life, thus
preventing damage to other mechanical components. [26]. The fatigue phenomenon responsible
for the damage to the contact surfaces is commonly called Rolling Contact Fatigue and will be

discussed in the section 1.2.1.

However, over recent years another surface damage phenomenon, commonly called White
Structure Flaking (WSF), has been widely reported in the technical literature as being responsible
for early damage to bearings even when good engineering practice is followed. The applications
affected by this phenomenon include automotive auxiliary devices [27], powertrains [28],

alternators [29] compressor for fuel cell systems [30] and wind turbine rolling bearings [2].

Damage associated with WSF in wind turbine bearings usually starts within 20% of the Lio bearing
life. However, its early diagnosis results complex due to the large variations in the speed and loads
present in the wind turbines [31]. The importance of WEA flaking thus lies in its implications on
operational and maintenance costs which can cause costs of around 10 % of the total wind turbine
construction and installation investment. Despite the implementation of stricter design guidelines,
bearing failures still occur after short service times without any preference to a particular wind

turbine manufacturer [32].
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Table 2-4 Common causes of bearing failures. The last row in red indicates factors and damage

related to fatigue phenomenon. Adapted from [25].

Misalignment

Raceway ball track not
parallel to raceway
edges

Overheating

False brinelling

Discoloration,
annealing, thermal
distortion

Elliptical wear marks at
each ball position due
to excessive vibration

True Brinelling

Ball indentations in
raceways due to
overloading

Tight fits

Heavy ball wear path
at bottom of raceways

Reverse Loading

Contamination

Balls show grooved
wear bands

Denting of bearing
raceways and balls by
hard particles

Lubricant failure

Corrosion

Discoloured balls
and rings,
excessive wear
damage

Chemical attack

Loose fits

Circumferential
wear due to play
between moving
parts,
discolouration

Excessive Load

Premature spalled area
in ball path,

accelerating fatigue

Fatigue failure

Spalling or flaking
of metal from

contact surface

2.2.1 Rolling - Sliding Contact and Surface Fatigue

When two surfaces in contact register rotational and translational motion, surface fatigue can
occur. Surface fatigue is characterized by crack formation and flaking of material due to the cyclic
loading of solid surfaces over many cycles. The recurring contact between asperities generates
cyclic surface stresses and promotes localized fatigue on a microscopic scale. The fatigue comes
from a sequence of elastic and plastic deformation, microstructural changes and crack initiation
and propagation. The cracks can progress from indentations or defects in the surface and/or
inclusions or notches inside the material [33]. Surface fatigue affects several mechanical systems
such as rail - wheel pairs, gearboxes, cam — followers and rolling bearings. If the sliding component

is less than 1% in relation to the rotational movement, the system can be analysed entirely as a
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rolling condition [34]. In that case, the surface wear associated with the rotational movement

receives the name of Rolling Contact Fatigue (RCF) [33].

RCF is the major surface damage mechanism in rolling bearings in service. Its influence is easily
identifiable due to the typical damage feature registered in tracks and rolling elements namely
spalling. Figure 2-3 shows schematics of RCF with cracks growing from surface indentations and
internal notches. The first model used to analyse the effects of the rolling — sliding contact, and the
surface fatigue arising from it, was proposed by Heinrich Hertz in 1880. This model is based on
contact between two elastic bodies with a defined geometry in the hydrodynamic lubrication
regime. The Hertzian model considers only loads normal to the contact, without sliding. Hence, the
contact can be studied as a static condition. The Hertzian model has significant restrictions related
to the environment and the nature of the sliding contact (i.e. the presence of external
contaminants, the influence of other wear mechanisms and overloads capable of producing plastic
deformation). However, this model still remains a reference for the analysis of rolling bearings, due

to its strong experimental support.

Figure 2-3 Two cracks generated by RCF. a) Crack growing from an indentation or surface defect. b)
crack growing from an inclusion or internal notch. The horizontal hatching corresponds to an
approximate stress distribution which can be related to the damage found inside the material.

Adapted from [33].

The stresses in a contact point can be analyzed using two ideal morphological configurations:
contact between two spheres (defined as a point contact) and between two cylinders (defined as
line contact). Point contact generates an elliptical contact area and a semi ellipsoidal pression
distribution. Line contact generates a rectangular contact area and a cylindrical pression
distribution. The pressure and the stresses are defined in terms of geometrical parameters, such as

the semi axis “a@” and “b” of the point contact and the length L and the radius “a” of the line contact
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which are represented in Figure 2-4. In both cases, Ry and R; represent the reduced radii of the

contacting bodies.

Figure 2-4 Pressure distribution in Hertzian contacts. a) Ellipsoidal pressure distribution from a
spherical contact, b) Cylindrical pressure distribution from a cylindrical contact. Adapted from [34]
The normal stresses oy, oy and o, generated by the pressure are maximum in the contact centre
and decrease with the distance. In the case of a point contact, the minimum value is 6,=0 is at the
contact border. Moreover, the maximum shear stress is registered below the centre of the contact
surface. Its magnitude is equal to 7,4, = 0.34p,,4, at a depth of 0.63a. In the case of line contact,
the stresses have a similar distribution to a point contact, although the main shear stress is located
at a depth of 0.786a and is equal to 7,4, = 0.304p,,4x. A general solution of the Hertzian model

for a point contact under elastic conditions is also provided by Timoshenko [35] .

The high shear stresses obtained in point and line contacts show the importance of the shear stress
in the rolling contact. From these stresses, the values to produce plastic deformation can be

obtained using the Tresca Criterion (T4, = 0.55,):

Tmax = 0.34Pmax = 0.55,, (For point contact) (2.2)

Tmax = 0.304Pmax = 0.5S,,  (For line contact) (2.2)

Where S, is the yield strength. Hence, plastic deformation is produced when:

Pprom = 1475, (for point contact) (2.3)

Pprom = 1.644S,, (for line contact) (2.4)
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These small deformations grow with each new contact cycle. Experimentally, it has been found that
the average pressure approaches 2.8S,, a value higher than the obtained from Eq. 2.3 and 2.4.
Hence, a small and progressive plastic deformation is registered inside the material due to the shear
stress [36]. Plastic deformation invalidates the Hertzian stress distribution, hence Eq. 2.1 and 2.2
cannot be used to find the maximum shear stress in the rolling contact. An exact stress distribution
is difficult to obtain due to it not being possible to define the limit between the elastic and plastic
fields. A map showing the stress distribution under these conditions can however be obtained by

finite element analysis [36] as shown in figure 2-5.

«—a—

Figure 2-5 Shear stress contour in a line contact in terms of pmax. The lower cylinder has infinite

radius (flat condition) [36].

2.2.2 Microstructural changes due to RCF

Microstructural changes in bearing steels, based on their different etching responses during
characterization by light microscopy, produced as a result of RCF have been reported profusely
since 1946. Dark etching areas (DEAs) and white etching bands (WEBs) were registered in the
subsurface of the contact area after approximately 107 contact cycles (i.e. approximately after 4
months of service operation with a rotating frequency of 1 Hz) [37]. These features were located
where the magnitude of the Hertzian shear stress is higher. Figure 2-6 shows a relationship between
the beginning of these microstructural changes and the revolutions registered in a rolling bearing

inner ring.

Dark Etching Areas (DEAs):

DEAs appear during the early rolling stages as a disperse group of dark etching patches and grow to
be a large defined region surrounded by new patches. Slip marks appearing at 45° to the surface
have been reported inside the DEAs. The DEAs dark contrast seems to be related to the number
density of these marks (figure 2-7) [38]. There is no agreement about the nature of the DEAs

microstructure. Possible structures include low temperature bainite, ferrite and even-tempered
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martensite. DEAs have been related to micro migration of carbon atoms toward regions with high
dislocation density [37]. The manufacturing processes applied to the material before this service
plastic deformation can affect this process. For example, higher temperature — tempering applied
during manufacture produces a lower amount of interstitial dissolved carbon. Hence, there is a

lower probability of carbon migration to the dislocation sites [37].

NO STRUCTURAL DER.+30° D<E,R<?3°o+ 800
CHANGE D.E.R. BANDS BANDS
3720
MAXIMUM
CONTACT
STRESS
"‘/"\l“2
3280
L L X L
s 6 7 8 9
5x10 10 10 10 10

REVOLUTIONS

Figure 2-6 Microstructural changes registered in the subsurface of the contact area in terms of the

number of inner ring revolutions [39].

Figure 2-7 Micrographs of the microstructural changes in sections transverse to the contact surface
revealed by etching with Nital. a) DER in its early stage. b) Fully developed bands at 30° to the
surface b. and c. bands at 80°. ¢) The number of cycles increases from the left to the right. Adapted

from [39].
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White Etching Bands (WEB)

WEBs develop later than DEAs and have different orientations, at first at 20° - 30° and later at 75°
— 85%to the surface. The first orientation to appear has a thick shape, is 2 um thick approximately,
and there is a spacing of 0.5-10 um between them. The second orientation has sizes of 10 um x 100
um long with a spacing of 5— 50 um (Figure 2.13) [37, 38]. WEBs appear 200 — 760 pm beneath the
surface and show a maximum density at 230 — 400 um from the surface. This band density tends to

increase with higher contact cycles.

223 Spalling under RCF

The main surface damage produced by RCF is known as spalling, and affects all mechanical systems
subjected to cyclic loads and stresses, such as gearboxes, rail track — wheel systems, cams and
rolling bearings. Small notches at the surface grow in extension and depth following a fan shape
pattern [40]. Spalling is a consequence of material weakened by the growth of cracks from the
surface and subsurface. In the first case, the cracks are inclined at less than 30° to the raceway. In
the second case, the cracks originate at shallow angles to the surface and end in large pits. Due to
the presence of these small holes close to the spalls, this phenomenon is often called by some
authors “pitting”, “frosting” or “peeling” [33]. Figure 2-8 shows two typical examples of spalling

registered in a rolling element bearing. In spite of these marks being very small, they evolve quickly

to produce significant damage to tracks and rollers over the L;o bearing lifecycle.

Figure 2-8 SEM images of a spalls a) and micropitting, b) of a worn rolling element bearing affected
by contact fatigue. Note the small holes or “pits” close to the cracks and spalls in b Adapted from

[40].
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The figure 2-9 shows a classic delta shape of the pit formed by fatigue spalling in a ball bearing
contact. The apex of the pit is the initiation point, usually located in a surface defect like a notch or
dent. The pit grows in a fan shape, becoming wider and deeper as it grows in the direction of ball
rotation. Although the delta shape is a characteristic shape of fatigue spalling, not all spalls in ball
bearing have this kind of profile. Usually, temperature and noise in the bearings tend to increase,
when the damage is visible to the naked eye. These conditions must be considered as a notification

that a bearing replacement is needed as soon as possible [40].
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Figure 2-9 Typical of spalling damage during rolling contact fatigue in rolling element bearings [40].

2.2.4 Cracks under RCF

The stresses causing cracks to propagate in RCF can arise from various sources. Cracks could grow
from the hydraulic pressure of the lubricant used in the contact. The fluid trapped inside the crack
is pushed every contact cycle and generates a hydraulic pressure against the crack faces [41]. Local
tensile stresses combined with hydraulic pressure could also lead to crack evolution in RCF [42].
The cracks start at asperity contacts on the surface at a very early stage of RCF [33]. A similar origin
from the surface has been proposed by various authors [43-45]. In 1998, A. Voskamp, one of the
most prolific researchers in RCF, proposed the subdivision of spalling into three stages: shakedown,

steady state and instability.

The first stage corresponds to the beginning of micro deformation near to the contact surface
although it does not imply crack formation. The second stage is related to an “incubation period”
where the effect of micro plastic deformation is accumulated and micro cracks initiate. Intervals of
10° cycles or more can occur without any significant change in the material. Finally, the third stage
is characterized by microstructural changes such as phase transformation, changes in residual

stresses and texture formation [46].

16



Chapter 2

The same stages have been described by Sadeghi et al. (2009). They argued that crack initiation and
propagation is preceded by work hardening and transformations of retained austenite to
martensite during the first rolling stage. The second stage is characterized by a material elastic
response and slow crack growth. This stage is limited by microstructural changes that lead to
localized damage which itself increases the probability of further crack initiation. Finally, the third
stage is marked by a decrease in yield strength and an increase in the subsurface volume affected
by plastic deformation. Carbon diffusion, promoted by local temperature peaks, could activate
potential slip systems, leading to softening. Radial tensile stresses and texture development
promotes the growth of cracks parallel to the surface. Following this, surface damage takes place

[47].

2.2.5 White Structure Flaking

White Structure Flaking (WSF), also called Brittle Flaking Wear, [1] appears visible to the naked eye
as smearing, cracks and macropitting in the contact area and leads to significant material removal,

similar to spalling damage

Figure 2-10 Damage produced by WSF in an AlSI 52100 bearing inner race. The dotted lines in a)
and b) indicate the cross sections showed by LOM in c) and d). The bearing in a) and c) has an outer
diameter of 215 mm whilst the bearing in b) and d) has an inner diameter of 93 mm. Adapted from

[48].
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The origin of WSF has been related to a particular microstructural alteration called White Etching
Areas (WEAs) that appear during the early stages of the cyclic contact [49]. Figure 2-10 and 2-11
show typical WSF linked to WEAs; its similarity to the spalling damage caused during RCF shown in
Table 1.6 and Figure 1.18 should be noted.

Inner ring raceway Cross section of small flaking
T eee——

Sall flakings

Figure 2-11 WSF in an inner ring raceway of a high-speed shaft bearing assembled in a wind turbine
gearbox. a) Typical spalling produced by WSF, b) Cross section of the ring raceway taken along the
dashed line showed in a). The section shows WEAs and a complex crack network extending to the

contact surface. Adapted from [50].
2.2.6 White Etching Areas

Despite a variety of names given in the literature, such as white bands [51], light etching areas [27],
White Etching Matters - WEM [1], or irregular White Etching Areas- irWEAs [52], White Etching
Areas - WEAs is a term used to describe a particular type of microstructure in steels, which appear
to be white under Light Optical Microscopy (LOM) after etching. The white and smooth appearance
is related to their higher corrosion resistance to Nital (2% nitric acid + ethanol) etch compared to

the matrix that surrounds them [3] [53].

WEAs are characterised by fibrous structure formed by nanocrystalline cubic ferrite supersaturated
with carbon [54] [4] [55] [56] with grains sizes between 10 to 100 nm and with a hardness 30 —
50% higher than the bulk material [4] [54] [55] [2] [56]. WEAs often appear in combination with
crack networks, suggesting mechanical incompatibilities between the WEAs and the surrounding
material. This interaction has been used to support the term White Etching Cracks — WECs [57]

being used to replace the term WEAs. Cracks associated with WECs tend to grow in
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circumferentially or axial directions, leading to material weakening and its subsequent flaking [58]

[59].

A particular morphology of WECs resemble Butterfly Wings (BFs), this feature having at its centre a
non-metallic inclusion. BFs often appear 1 — 1.5 mm from the contact surfaces and have an
inclination of 45° to the surface. Their size ranges between 5 and 15 um. BFs are delineated by two
different features, a micro crack and a gradual alteration in the microstructure without cracks. It
has been postulated that residual stress combined with the shape of the interface between the
inclusion and the matrix leads to the formation of the crack and butterfly wing itself [4]. Figure 2-

12 shows a WEAs and a butterfly wing formed around an alumina inclusion.

‘holndary.

Figure 2-12 SEM / SEI of a Butterfly wing formed around an Al,Os inclusion in an AISI 52100 bearing

steel. Note the two different borders, a) with crack, b) without crack [60].

The use of SEM / EBSD techniques has revealed elongated grain structures (also called needle-shape
grains due to their orientation in 2D) that appear with sharp boundaries in zones with the finest
grain size. Their homogeneous texture and low average orientation registered in Inverse Pole
Figures - IPF and Kernell Average Maps - KAM, suggest that a possible recrystallization process led

by thermal effects, such as an annealing, is taking place.
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KAM (150nm, 5°)

Figure 2-13 WEAs and crack analysed using a) 1Q image, b) IPF and ¢) KAM map. The images show
long grains inside the WEAs extending from the crack to the matrix. These grains show a similar
texture in b) and low average orientation angle (blue grains) in c). EBSD analysis using a step size of

150 nm. Ferrite structure was indexed prior to conducting the analysis. Adapted from [61].
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Figure 2-13 shows four maps obtained using SEM / BSI and EBSD — Image Quality Map — 1Q. SEM /
BSI analysis can be used to visualize the grain texture in the regions close to the WEAs. IQ images
indicate the intensity of the diffraction patterns obtained from the regions analysed, well-defined
microstructures being brighter. The black regions correspond to poor signal patterns from
undefined nanostructures or from cracks. The coloured regions in IPF and KAM maps represent the
regions with clear ferrite diffraction patterns (ferrite structure was indexed prior to conducting the

analysis). [61].

EDS analysis has shown the degradation of cementite particles inside the WEAs due to carbon
dissolution. Figure 2-14 presents the Carbon and Chromium distribution inside a WEAs ( ¢) EDS—C
map, d) EDS- Cr map) together with an image taken of the same area using LOM. Thus, from these
images it is possible to see how the carbon expected from the carbides has disappeared in the
WEAs, but the chromium is still present. This means dissolution in the nanocrystalline structure
affected preferentially the Carbon content in the spheroidal cementite. IQ image showed the
presence of similar long grains inside the WEAs, as was reported in figure 2.13 [62].

Dissolution of carbide

Figure 2-14 WEAs analysed by EBSD and EDS maps. The original microstructure visible by LOM is in
a), IQ map is in b), whilst the EDS — C appears in c) and EDS — Cr appears in d). No carbides were
observed inside the WEAs in c) due to the dissolution of carbon in the WEAs structure. It seems that
Cr was not affected by this dissolution. An IQ map reported long grains inside the WEAs Adapted
from [62].
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2.2.7 Origin of WEAs

WEAs have been related to several features in the matrix that can change the stress distribution in
small localized regions, however their nature is not completely understood. The main factors

proposed to explain the beginning and growth of WEAs are summarized in table 2-5

Table 2-5. Main factors proposed to explain the beginning and growth of WEAs

Causes Description

Hydrogen embrittlement can cause significant reduction in fatigue
Hydrogen
life in bearing steels. This can occur in combination with high
embrittlement
Hertzian stresses [10].

Accumulation of localized plastic deformation in regions close to
Non — metallic
inclusions can produce WEAs in bearing steels. Cracks can grow
Inclusions
from the matrix / inclusion interface ([4] [10].

Porosity [Gravulov 5] Discontinuities inside the material caused by voids [5].

The high primary carbide density created during the solidification
Carbide clusters acts as stress concentrator and a carbon source that will dissolute

in the matrix producing WEAs [6].

Pre-existing intergranular micro cracks register cyclic contacts
Cracks
inside them [7].

Adiabatic shear bands resulting from the impact of rollers on the
Adiabatic Shear Bands
ring can lead to growth and propagation of WEAs and cracks [9].

Lubricant trapped inside surface breaking cracks is pushed into the
Surfacing cracks
material due to pressure, stimulating crack growth [63].
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2.3 Severe Plastic Deformation

The combination of plastic deformation and heat treatments has been used for many centuries to
control the mechanical properties of alloys through precipitation reactions, grain refinement etc.
Small grains have been responsible for the good features of several products, from ancient
Damascus swords to modern structural steel made by the Control Rolling Processes. In the first
example, nanowire structures acting as obstacles to dislocations and crack propagation were
responsible for the sword’s toughness [64]. In the second example, refined grains with sizes around
5 um promote a good balance between strength and toughness [65]. However, only at the
beginning of the 1950’s was the mathematical relationship between the vyield strength of a
polycrystalline materials (o) and its average grain size (d), given in Equation 2.6 [66], established by

E. O. Hall and N. J. Petch.

1
o=0y+kd 2 (2.5)

In this expression gy, is the friction resistance for dislocation movement within the grains and k is
a measure of the local stress needed at the grain boundary for transmission of plastic flow and/or
cleavage fracture. The Hall — Petch relationship increased the interest in producing materials with
small grains using thermomechanical methods such as the plastic deformation processes shown in

figure 2-15.

These processes lead to microstructural changes such as dissolution, precipitation and phase

changes as follows [67]:

e Plastic deformation compresses the dendrite arms of the cast microstructure and reduces
the local diffusion distances.

e Subsequent heating provides energy to begin crystallization and thus a homogeneous
microstructure develops.

e Controlled cooling allows the production of a refined microstructure often characterized by

high hardness and strength.

The deformation processes can provide enough energy to start recrystallization. For example, in Fe-
C alloys, recrystallization often starts during hot deformation and continues during the subsequent
annealing to produce austenite grains. Finally, fine microstructures of ferrite, pearlite, and even
bainite and/or martensite can be obtained from the austenite using controlled cooling [67].
However, these processes produce a significant alignment of the grains parallel to the main plastic

deformation direction. Figure 2-16 shows schematically pearlite plate evolution during the drawing
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of a eutectoid steel. These lamellar structures tend to follow the drawing direction and have a small
orientation angle to the drawing axis [68]. Hence, the material after plastic deformation is

anisotropic and has a texture.

g

Forging Drawing
‘ Extrusion
Rolling

Figure 2-15 Classic plastic deformation processes used to shape metals that often are combined

with heat treatment to refine grains. Adapted from [69].

Drawing
axis

. n

Figure 2-16 Schematic drawing showing the development of microstructure during the drawing of

a eutectoid steel [68].
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2.3.1 The beginning of HPT and ECAP

The first concept to refine grains to a nanometric scale without preferential orientation was
developed by P.W. Bridgman in 1943. Bridgman designed and tested two devices study the
response of polycrystalline materials to the combined action of high torsional and compressive
stresses. The first equipment was built to test small pipes of AISI 1045. The ends of the pipe were
fixed whilst its centre rotated due to a pulley connected to it. To avoid distortion in radial directions
and preserve the original sample dimensions, a rigid rod was inserted inside the pipe (figure 2-17)

[70].

Fixed surface

-

Samples

Fixed surface Rod

Figure 2-17 A schematic drawing of the first device designed by P.W. Bridgman to test pipes.
Adapted from [70].

Plung

Rigid die

Sample
Plung

Figure 2-18 Equipment to test thin discs developed by P.W. Bridgman This device would be

developed to form the basis of future HPT test machines. Adapted from [71].
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The second device tested small discs of AISI 1045 using the same stress combination. The sample
was assembled inside a hollow cylinder and pressed using two anvils located in the axial direction.
The sample was compressed between an upper and a lower annular clamp in order to prevent
warping [71] (figure 2-18). This device would be the basis of the High-Pressure Torsion method

(HPT) developed during the 80s’. This process will be described in more detail in section 2.4.

Another concept developed between 1970 and 1980 by V.M. Segal and his colleagues was Equal
Channel Angular Pressing or ECAP. The process consists of pushing, by a plunger, a billet with a
length of between 70 to 100 mm through a channel within a rigid die. The channel has the same
cross section dimensions as the sample. The extrusion produces high strain in the sample due to a
change in orientation in the channel [12]. Although this method has evolved to a new and complex
process, the classic configuration still continues operating nowadays without significant changes.

figure 2-19 shows a simple scheme of the ECAP process.

plunger

sample

-G

pressed
sample

Figure 2-19 Schematic drawing of the ECAP processes defining X, Y and Z reference planes. This

nomenclature is established in relation to the planes on the pressed sample [72].

Both concepts, HPT and ECAP, allow high strains to be imparted to the samples, without significant
changes in their final dimensions. However, the techniques used to study the materials processed
by these methods were restricted to metallography and microhardness tests for many years. A
detailed examination was only possible with the development of techniques such as Electron Back
Scattered Diffraction (EBDS), Energy-Dispersive X-ray Spectroscopy (EDS) or Transmission Electron
Microscopy (TEM). In addition, the development of tensile tests on materials processed by ECAP or
HPT enabled detailed studies of their mechanical properties. These techniques revealed the

features of materials with high isotropy, controlled orientation of boundary grains, misorientation
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of the grains, and refined grains on nano scales. Some of these features enable superplastic forming

and provide high strength and an excellent balance of mechanical properties [12].

HPT and ECAP are the beginning of a new family of plastic deformation processes characterized by

three main principles [73].

e These processes use high strains without any significant change in the overall dimensions
of the work piece.

e These processes are capable of producing exceptional grain refinement using combined
stresses.

e The final grains have high angles of misorientation with respect to the main strain direction.

e The final materials consist of an arrangement of nano — grains referred to as Ultrafine

Grained Material (UFG).
2.3.2 Other SPD processes

Several techniques were subsequently following the principles established by Bridgman and Seagal.
Some of these were a natural evolution from ECAP and HPT; other processes employed principles
used in the metalworking industry. Figure 2-20 shows schematic diagrams of various SPD processes
available nowadays.
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Figure 2-20 Other SPD processes used to obtain UFG structures [74].
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233 Applications of SPD processed materials

Materials processed by SPD exhibit outstanding properties, such high strength, ductility, thermal
stability and fatigue response, compared to their coarser — grained counter parts. Their potential

uses are based on two main factors: superior properties and superior machinability.

An example of their use could be for bicycle components such as gearing, pedals, shifters, rims and
spokes; the experience acquired with these products could be used in specialist applications in
aircraft, automobiles and boats (ref). Another good example of their applications is in the
production of medical components and pieces in small lots, such as implants for bone

osteosynthesis made of nano structured Ti (figure 2-21 a)).

Some nanostructure alloys processed by SPD have shown superplasticity at lower temperatures
and faster rates than conventional superplastic alloys. Finally, several HPT techniques have a great
potential for large sale industrial applications due to the similarities between the equipment used
in SPD and conventional deformation processing. Hence, the production of bulk material useful for
structural applications, such as rods processed from ECAP billets (figure 2-21) is a feasible and

relative cheap alternative method of obtaining parts with exceptional mechanical properties [75].

Material: nanostructured titanium
CP-Ti-1-0 after ECA pressing O60mm
Mechanical properties:

ay = 750...780Mpa; a o = 660...680Mpa
&=122...25%; ¥ = 50...52%

Los Alamos

Figure 2-21 Applications of nano structured materials processed by Severe Plastic Deformation. a)
implants for bone osteosynthesis made of nano structured Ti. b) Structural rod (50 mm diameter,

170 mmm length) processed from ECAP billets. Adapted from [75].
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2.4 High Pressure Torsion Test

The High-Pressure Torsion Test (HPT) refers to a SPD process applied to metals that follows the
principles established by P.W. Bridgman in 1946. HPT is used to process small disc samples with
diameters in the range 10 to 15 mm and 1 mm thick [75].The samples are placed between two
anvils that transmit high pressure and torsion at the same time figure 2-22 shows a schematic of

the HPT process [12].

Upper anvil

Sample disc

Lower anvil

Figure 2-22 HPT process with hydrostatic pressure and torsional stress applied to the sample disc.

Adapted from [77].

2.4.1 The anvils

The geometry of the anvils is the most important feature of the HPT test, the nature of the cavity
that supports the sample between the anvils an anvil alignment being especially critical. The shape
of this cavity determines material lateral flow during the process. There are three possibilities,
unconstrained, constrained and quasi-constrained conditions. In an unconstrained condition, the

material tested is free to flow outwards, under little pressure or even no back pressure.

Under the constrained conditions, the sample is located in a cavity in the lower anvil to avoid
material flow. Hence, the sample supports back-pressure. The quasi-constrained condition refers
to deformation in a double cavity located in both anvils. In practice, it is difficult to get a totally
constrained condition and some material flow occurs between the anvils. Figure 2-23 shows the

three HPT constraint conditions [78].
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Moreover, variations in anvil alignment can produce changes in the samples during HPT tests. A
good alignment implies a sample displacement along the horizontal plane of less than 25 um (figure
2-24). The tests conducted using poor alignments can affect plastic flow inside the samples,
especially at the edges, where flash formation takes place. Misalignment is a common problem in
HPT tests. This produces double swirl flow patterns and significant variations in the hardness along
the radial direction in the samples (figure 2-25). The swirl sizes tend to reduce as the number of

turns increases [79].

2.4.2 Strain along the radial direction

The classic model calculates the total strain in the sample discs as a function of the radial distance,
rotational angle and the circular arc related to them. The model assumes the sample thickness
remains constant during deformation. Figure 2-26 shows these geometrical parameters [79]. A
differential arc variation (d!l) can be related to a rotational angle d6 through the distance from the

centre (r) by:

dl=r=df (2.6)
The shear strain is given by,
dl _ rxdf
d]/ = ; =" (2-7)

where h is the thickness of the sample. If 8 = 2N, where N is the number of revolutions, the total

shear strain, y, can be written as[77]:

__ 2xmxNx*r
y = — (2.8)

Figure 2-26 Shear strain and its distortion produced in a HPT sample [79].

Many publications use the equivalent strain, g, established by von Mises, hence it is useful to write

Eqg. 2.13 in terms of €:
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e = Y __ 2*mxNx*r (2.9)
V3 m3 '

Figure 2-27 shows a representation of the distortion produced by the shear strain in two points

located on the top of a disc processed by HPT.
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Figure 2-27 Distortion produced by the shear strain at two points located on the top of a disc

processed by HPT [11].

All these expressions predict that the strain varies with radial distance, from zero at the centre of
the sample disc to a maximum value at the edge of the sample. Hence, a different response will be

observed across the sample discs due to the variations in the strain imposed.

243 Strain along the axial direction

The strain distribution in the axial direction of the disc samples also varies significantly. Figure 2-28
A) shows FEM results predicting the effective strain from HPT simulations on sample discs of 10 mm
diameter for a strain hardening material [80]. The simulations were conducted under quasi —
constrained conditions for samples with different thicknesses subjected to different numbers of
turns. As expected, the strain increases with radial distance from the centre of the samples. The
strains are symmetric with respect to the mid-plane of the samples and constant throughout the
thickness except in regions close to the edge of the samples. At the upper and lower edges, a region
of low strain is seen. There are regions of high strain at the edge of the sample at the mid-plane
position where flash is formed. The extent of this area of localised high strain increases with sample
thickness and number of turns. Figure 2-28 B) gives the strain rate predictions for a perfect plastic
material modelled for various values of friction coefficient at the lateral walls of the top and bottom
die impression. When the top and bottom anvils have the same values of coefficients of friction

the strain rate distribution is largely symmetric with respect to the mid-plane. When the friction
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coefficient is very low the plastic flow concentrates at the edges near both surfaces as in figure 2-
28B a) but increasing the friction coefficient to 0.4 as in b) promotes an increase in the area of
plastic flow at the edge of the disc and a decrease in the strain rate. The plastic flow then extends
along the whole of the lateral wall. With further increase of coefficient of friction there is a plastic
flow concentration near the mid-plane at the expense of areas near the sample surface. Figures d)
and e) show the distributions of strain rate where the friction coefficients are different and for these

circumstances there are differences in strain rates between the upper and lower-disc surfaces.

Plastic flow concentrates near the anvil with the lower friction coefficient, the material in contact
with anvils with a higher coefficient of friction sticks to the anvil and moves as a rigid body without
significant deformation. The area with the highest rate of plastic flow follows a similar trend as
when both anvils have similar friction coefficients. Thus, the deformation concentrates near the
surface of the disk at low friction levels and concentrates near the centre at higher friction
coefficients. The results of this FEA modelling show there is a tendency for flow localization during
HPT processing, Inhomogeneous plastic flow is observed near the edges of the samples. The friction
between the anvil depression walls and the sample determines whether flow concentrates near the
sample surface or near the sample mid-plane. Dissimilar friction coefficients at the top and bottom
give rise to pronounced strain gradients with the sample thickness. This plastic flow localisation will

influence the microstructural evolution of the sample discs during HPT tests

FEM - HPT
FEM - HPT Perfect-plastic material
St_r_ain—t]ardening material Friction coefficient:
Initial diameter: 10 mm Top anvil Bottom anvil Strain rate (s°")
Initial ; a) 0.1 01
thickness (mm): Efg?g'i‘r"e @ e
— —=— J. ——
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_ - . (h) 04 04
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Figure 2-28 FEM results of the distribution of effective strain and strain rate across the axial sections
of sample discs processed by HPT tests. A) Variations of strain for different sample thicknesses and
number of turns. B) Variations of strain rate for different values of friction coefficients at the top

and bottom anvils. Adapted from [80].
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24.4 Interruption of plastic flow

Plastic flow patterns that resemble swirls or vortices have been reported in the interior of disc
samples in some HPT tests, suggesting that abrupt changes in the plastic flow can take place. An
example of these vortex-like folds is shown in the LOM of figure 2-29 corresponding to images of
an axial section of a multilayer stacked Al/Cu HPT disc (10 mm in diameter and 0.8 mm thick) taken

at different radial positions [81].
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Figure 2-29 LOM taken from Al/Cu disc samples (axial sections) after HPT using 5 GPa and 3 turns.
The images were taken at radial distances of a) 1.0 mm, b) 2.5 mm, and c) 4.5 mm. Some vortices

are observed deforming the stacked Al/Cu layers. Adapted from [81].

Different theories have been proposed to explain the origin of these vortices, the most important

of which are summarised below:
Possible Kelvin—Helmholtz instabilities

Vortices can occur in continuous fluids that suffer velocity variations where the two fluids, having
sufficient velocity difference, meet at their mutual interface. These differences could occur inside
the disc samples due to local shear velocity gradients between adjacent positions. Hence, complex

patterns produced by Kelvin—Helmholtz instabilities could be created by the plastic flow [82].
Differences between viscosity

Folding and vortices could be caused by the layer-parallel compression of a highly viscous layer
embedded in a lower viscous matrix. This model has been documented in geological systems were
large length scales and millions of years are necessary to produce these patterns. However, this
model can also be applied to multilayer structures under high shear stresses in a broad range of

materials processed by different techniques [83].
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Severe sliding conditions

Folding and vortices can be created during severe sliding conditions, when a hard tool cuts a softer
material or hard particles have contact with softer surfaces creating abrasive wear. The laminar
flow produced during subsurface sliding of the softer material is interrupted by interaction with a
hard component. Instabilities could also occur at nanoscale interfaces. Figure 2-30 shows a high-
speed image taken of the sliding contact, at a velocity of 1 mm/s, between a hard steel wedge
indenter and a soft annealed copper. The coloured lines show the laminar velocity condition and
its change to turbulent patterns due to interaction with the indenter. A pre-existing fold is shown

in the dotted red circle [83].

Figure 2-30 An annealed oxygen — free high conductivity copper workpiece sliding against a hard
steel wedge indenter at a velocity of 1 mm /s. Particle Image Velocimetry and additional software
post- processing were used to determine the velocity variations in the subsurface. The red dotted

circle shows a pre-existing fold. The yellow arrow indicates the sliding direction [83].
Atomic interactions

Recent FEM models based on the atomic interaction of two bodies in sliding contact have also
suggested the presence of vortices at atomic scales. These vortices, that resemble the Kelvin—
Helmholtz instabilities described before, seem to allow mixing at the interface between the atoms
from the two bodies [84]. Figure 2-31, presents the results of a simulation of two similar bodies, A
and B in sliding contact, with A (top ore) being slightly harder than B. A mixed zone is clearly visible
at the interface after 10° s, although the mixing is higher in the regions affected by higher vorticity

(small blue arrows) [84].
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Figure 2-31 2D simulation of two similar bodies under sliding contact with A being slightly harder

than B. A mixed layer conformed by atoms from A and B appeared between them [84].

Local obstacles

The interaction between the plastic flow and hard obstacles located inside the disc sample. The
effect of hard particles such as lamellae and spheres blocking the shear stress can create local
instabilities as shown in Figure 2-32 [85]. FEM of a small portion in an axial section of a disc sample
showed how obstacles such as spheres or lamellae can cause swirls and turns, which lead to the
formation of vortices at sufficiently large shear strains. The physical reason for this turbulence in a
sample could arise from the presence of inclusions, with higher strength and hardness than the

surrounding material, acting as obstacles.

c d Velocity (mm/sec)

——

0.50

0.33

0.17

0.0

Figure 2-32 Simple shear blocked locally by obstacles: a), b) schematic of the obstacles modelled.

c), d) velocity fields resulting from the obstacles modelled. Adapted from [85].
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2.4.5 Pressure

The pressure distribution along sample discs during HPT tests is not homogeneous and depends of
factors such as the material used for the anvils, the pressure used during the tests and the sample
geometry. In general terms, the pressure varies with radial distance, however, the local pressure
distribution at similar radial distances becomes more uniform with number of turns [16]. The
pressure applied in HPT plays an important role in hardness evolution. The hardness tends to
increase in value across the disc under high pressures until reaching a saturation condition. Figure
2-33 shows the results of processing high purify Ni samples under 1, 3, 6 and 9 GPa and 5 turns. A
significant increase of the hardness and its homogeneity are registered with increasing pressure,
particularly at 9 GPa. The hardness evolution is determined by a shearing action that takes place at
a weaker area. When this initially weaker area increases its hardness, shear then takes place in
another neighbouring region. The process continues throughout the HPT test until saturation

occurs [86].

HPT Nickel (P=1 GPa N=5) HPT Nickel (P=3 GPa N=5)

HPT Nickel (P=6 GPa N=5)

Figure 2-33 Evolution of hardness in high purity Ni samples during a HPT test under 1, 3, 5 and 9
GPa and 5 turns [86].

2.4.6 Hardness response

Two methods are commonly used to study the hardness response of samples after HPT tests,
namely the hardness as a function of the equivalent strain applied and the hardness variation across

the sample horizontal plane. In the first case, the hardness distribution is plotted versus the
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equivalent strain across the sample diameter. In the work of [78] four hardness measurements
separated by 0.15 mm were taken in a cruciform arrangement around the point selected and from
these values the average is reported. The average hardness so determined is measured every 0.3

mm across the diameter.

In the second case, two ways can be used to visualise the results, hardness profiles across the
sample diameter and hardness maps. For the hardness maps, the hardness measurements are
taken along a quarter of the disc in a rectilinear grid pattern with a separation between points of
0.3 mm. A colour-code is used to assign different colours to the hardness values. If the same
procedure is applied for the entire disc surface, the hardness distribution over the whole sample
can be obtained [78]. Figure 2-34 shows an example of how to build a grid for hardness maps.
Although Eqg. 2.13 predicts an inhomogeneous hardness distribution in relation to the equivalent
strain, in practice the hardness evolves with strain in three different ways. However, irrespective of
how the hardness evolves, initially there is an inhomogeneous behaviour stage that occurs during
the first few turns, and then the hardness stabilization occurs at high strains. The evolution of
hardness observed with number of turns has been classified as Without Recovery, With Recovery

and With Weakening [72].
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Figure 2-34 Rectilinear grid pattern in a quarter of a disc used to create colour-coded hardness
contour maps in HPT samples. The horizontal line located at the bottom of the quarter can be used

to create hardness profiles across the sample diameter [78].

Hardness evolution Without Recovery

In this case, the hardness is lower in the centre and tends to increase with radial position during
the first few turns. At higher turns the hardness reaches a homogeneous value across the diameter
[87]. Then, the hardness profiles and the colour maps tend to show similar values across the entire

sample. Without recovery evolution can be appreciated in the plots of hardness vs equivalent strain.
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In these plots the hardness increases up to a high value which is relatively constant after several

turns.
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Figure 2-35 Variation of hardness in Al-7075 alloy samples after HPT. A), variation of hardness with
distance from the centre of the sample, b), variation in hardness with equivalent strain. The tests

were conducted using 6 GPa, 1rpm and 1/8, %, %, 1, 2, 5, 10 turns [87].

This condition is commonly called saturation or hardness saturation and is related to a progressive
ultrafine- grains homogenization that affects the main part of the disc samples, except some
occasion the centre and its vicinities. A wide range of metal alloys, including steels, show this
behaviour. Figure 2-35 shows an example of this hardness evolution. For this case, Al-7075 alloy
samples were processed under 6 GPa and for different number of turns (In this case, 1/8, %, %, 1,
2, 5 and 10 turns were used). The hardness measurements were taken every 0.3 mm from the

centre.

With Recovery hardness Evolution

In this case, the hardness is low in the centre and follows a bell-shaped curve with a peak registered
at low strains. Saturation occurs at high strains with lower hardness values than those
corresponding to the bell peak. This behaviour can be explained by the high Stacking Fault Energy
(SFE) of some materials. High SFE leads to easy cross — slip and rapid recovery during the HPT
process. An example of this behaviour can be found in the results of HPT tests conducted on pure

Zn using 2 GPa and 1-5 turns (figure 2-36) [88].
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Figure 2-36 Hardness evolution with equivalent strain for Zn after HPT using 2 GPa and 1 -5 turns.

The rotation speed was 0.5 rpm [88].

With Weakening hardness Evolution
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Figure 2-37 Colour-coded contour maps of a quarter disc of a Zn—Al sample processed by HPT for a.

1 turn (3 GPa) b. 5 turns(3 GPa) c. 1 turn (6 GPa) d 5 turns (6 GPa). The legend in the bottom right

corner indicates the Vickers hardness [89].
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In this case, the hardness tends to be higher in the centre of the HPT sample than in other places,
including the sample edges. Figure 2-37 (hardness colour map) and 2-38 (Hardness — equivalent
strain plot) show examples of this behaviour in a Zn-Al alloy processed using several turns [89]. The
hardness decreases until reaching a stable value with higher equivalent strains. The decrease in the
hardness values is related to a weakening effect, attributed to the loss of rod-shaped Zn precipitates

within the Al-rich grains [90].
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Figure 2-38 Evolution of hardness vs. equivalent strain for a Zn-Al alloy after HPT using 3 GPa (1, 3,

5turns) and 6 GPa (1, 2, 4, 5, and 20 turns) [89].

2.4.7 Microstructural evolution

Under low strains, the grain size has a significant variation across the sample diameter from bigger
grains in the centre to smaller grains close to the edge. However, this difference in grain size across
the sample reduces as the strain increases. Figure 2-39 shows the results after processing a Cu—Zr

alloy using 6 GPa for %, 5 and 10 turns.

The top row of figure 2-39 shows images from the centre, the bottom row corresponds to the edge.
The colours represent different grain orientations. In image a) the grains appear similar to the
original material; in b) it is possible to see the microstructural change due to the high deformation.

Grain size homogenization starts to occur from N=5 (images c) and d)) [87].
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Cu-0.1 wt% Zr HPT:6.0 GPa, RT
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Figure 2-39 Results of processing a Cu—Zr alloy using 6 GPa and %, 5 and 10 turns. The top row shows
images from the centre of the sample, the bottom row corresponds to a point close to the edge of

the sample. The colours represent different grain orientations [87].

24.8 Temperature

The rise in temperature registered during HPT depends on several factors such as the processing
time, pressure and distance from the disc centre. However, it has been established the temperature
rise in the disc sample is directly proportional to the material strength and the rate of rotation[94].
The temperature increases significantly during the early stages of HPT; however, it then levels off
and reaches a steady state when there is a balance between the rate of heat generation in the
sample and the rate of cooling by the anvils. Although temperature decreases with decreasing
applied pressure, the most efficient way to avoid an increase in temperature is by reducing the
rotational speed. In the case of high purify Fe, the temperature can increase by about 62 °C under

6 GPa, 10 turns and a speed of 1 rpm [88].
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FEM - Temperature distribution in HPT
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Figure 2-40 FEM prediction of the temperature distribution after 10 turns of HPT processing for
pure iron. Four separate points are evaluated for comparison. Point P1 corresponds to the sample
centre, P2 corresponds to a sample point close to the edge, point 3 is located inside the upper anvil

and P4 is at the upper right corner of the anvil [88].

The rapid temperature increase and its subsequent stabilization are shown in the results of a FEM
analysis of the sample and the anvils (figure 2-40). The evolution of four different points affected
by a HPT process under 2 GPa, 10 turns and speed of 1 rpm are plotted for comparison. All points
show the same behaviour, with a rapid increase during the first processing seconds and a later

stabilization.

2.4.9 Reversal movement in HPT

Reversal movement (called also cyclic HPT test or c-HPT to differentiate it from the classic or
monotonic HPT or m-HPT) refers to a change of rotational direction in a HPT test. A simple
nomenclature is used to indicate the rotational sense for c-HPT: The letter A corresponds to

clockwise rotation whilst B corresponds to counter clockwise rotation.

A rotational change implies a discontinuous strain regime and a different microstructural evolution
compared to m-HPT. However, the main difference between the two processes is related to the
hardness evolution. The overall rate of hardness increase is quicker in samples processed by m-HPT
thanin those processed by c-HPT. The use of c-HPT does not affect significantly the grain refinement
and the final grain size obtained in comparison to that achieved by m-HPT. However, c-HPT retards

the formation of high angle boundaries when compared with m-HPT [94].
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The global hardness response in c-HPT can also be classified in the three regimes described in
section 2.4.6. Several c-HPT tests conducted on different materials such as Armco iron, high-purity
Ni and pearlitic steel and an Al —3% Mg — 0.2% alloy have shown lower values of hardness near the
centre and higher values close to the edge, in agreement with the without recovery stage [96].
Other studies of hardness after c-HPT have shown hardness evolution in agreement with the
recovery stages and with weakening in the case of pure Al (99%) [97] and a Zn — 22% Al eutectoid

alloy respectively [94].

2.4.10 Cracks during HPT tests

All SPD processes promote an increment in free volume by generating vacancies and nanovoids.
These lead to the beginning of potential microdefects such as pores or micro — cracks [95] during
the early strain stages, although in the case of HPT, the incidence is limited due to the high pressure

applied [96]. The accumulation of these defects aids the growth of cracks.

Figure 2-41 a) Micro - cracks and b) pores found in HPT samples of a high — nitrogen stainless steel

processed by 6 GPa and 1 turn [95].

However, the agglomeration of non-equilibrium vacancies near different internal sinks, for instance
grain boundaries or nano cracks formed by dislocation activity may sometimes produce porosity or
micro — cracks, even under hydrostatic pressure conditions. To illustrate porosity development,
figure 2-41 shows SEM micrographs of a high- nitrogen stainless steel processed by HPT using 6 GPa

and 1 turn.

2.4.11 Slippage

At low pressures, relative movement between the sample disc and the anvils may occur. This
phenomenon called Slippage, has been reported by Bridgman and others since the beginning of
HPT tests. Slippage has been defined as the difference between the measured torsional rotation of

the disc and the rotation imposed externally by the HPT test machine. This phenomenon is linked
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to the pressure applied, the strength (hardness) of the material processed and the friction
coefficient between the surfaces in contact. Bridgman and others observed when the steady state
shear stress was plotted against the pressure, two main regions could be identified from the change

of slope of shear strength versus pressure curve (figure 2-41).
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Figure 2-42 Schematic relationship between shear strength and pressure. Two main regions can be

identified from the change of slope of the curve [16].

At low pressures the shear stress increases rapidly with increasing pressure. Here, the internal shear
stress is below the shear yield strength and only surface slippage occurs. At higher pressures the
shear stress increases slowly with increasing pressure, the internal shear stress exceeds the shear
yield strength and internal plastic flow occurs. Then, the material “sticks” to the anvil and no
slippage will be registered. The change is behaviour is not abrupt, a transitional region indicated as

the knee exists.

2.5 HPT on steels

HPT has been used to obtain nano structures in several steels and Fe-C alloys during the last two
decades. The response in each case varies due to the material composition and the manufacturing
processes used to make the samples. However, some similarities resulting from the application of

high strains have been established in terms of microstructural evolution and mechanical properties.

The main features in common are related to hardness saturation without recovery behaviour, the
beginning of deformation bands, decrease in the spacing of the cementite lamellae and dissolution

of carbides. In this section, the main results obtained in three different steels are summarized in
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order toillustrate the common features. Significant microstructural changes under HPT in different

steels

Several studies conducted on different steels have shown significant changes in the ferrite and
cementite microstructures after HPT. Three of these steels have been selected here because of
their similar response to the SPD process. Light Microscopy, SEM, TEM, XRD have been used to

characterize these changes.

° Low Carbon Steel AlSI 8620

In the case of a low carbon steel such as AISI 8620 processed using 6 GPa and %, 1, 2 and 5 turns,
the microstructural evolution close to the edge of the samples was followed through different
rotations (%, 1, 2 and 5 turns). At % turn, the microstructure is not highly deformed, although the
soft ferrite grains have probably started to be deformed by dislocation subdivision. After 2 turns,
the pearlite and ferrite have elongated grains, and the spacing of the cementite lamellae is reduced.

(figure 2-43) [97].

Figure 2-43 SEM images taken at 4 mm from the sample centre after HPT using 6 GPa and a. 1/4

turn, b. 1 turn, c. 2 turns and d.5 turns [97].

Deformation bands across the ferrite structure reduce the initial cementite interlamellar distance.
At 5 turns it is not possible to observe clear microstructural patterns due to the high plastic
deformation and the formation of small grains. However, X-Ray Diffraction analysis suggests
nanostructures are forming and dissolution of the cementite lamella is occurring [97]. The hardness

after HPT tends to increase with number of turns and radial position, in agreement with the without
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recovery condition described in section 2.4.6. Figure 2-44 shows the hardness evolution at % and 5

turns.
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Figure 2-44 Hardness profile of AISI 8620 processed by HPT. Both images show an increase in
hardness with distance from the sample centre, as corresponds to a without recovery condition.
(a.) after 14 turns, (b.) after 5 turns. The orginal hardness without any plastic deformation is

indicated by N=0 [97].

. UIC 900A railway steel

Figure 2-45 Microstructural evolution of a sample of UIC 900A from a. its original condition to b.

after HPT with 0.6 turns [98].

The pearlitic rail steel UIC 900A was processed using 5.7 GPa and 0.15 and 0.6 turns. Figure 2.45
shows the microstructural evolution of this sample from its original condition to that produced by
HPT with 0.5 turns [98]. The material does not show a significant change after applying HPT with
0.15 turns; the original spacing of the cementite lamellae registered before conducting the test,
300 nm, still continues. However, at 0.6 turns, deformation bands parallel to the shear plane are

observed close to the sample edge, the cementite appears deformed and broken and the spacing
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of the cementite lamellae is reduced to 25 nm. The pearlitic colonies present in the undeformed
material are not visible at this strain. The hardness evolution shows the expected increment in

relation to the higher strains. However, the saturation condition was not reached to the parameters

used to these HPT tests (figure 2-46) [98].
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Figure 2-46 Hardness evolution of the pearlitic rail steel UIC 900A after HPT using 5.7 GPa with 0.15
and 0.6 turns [98].

Commercial carbon Steel UIC 860V

In this case the material was processed using 7 GPa and 0, 1, 2, 3, 5 turns. A reduction of the
cementite lamellae spacing with strain increment was reported. However, this depended of the
orientation of the cementite colonies with respect to the shear plane. If the cementite lamellae are
parallel to the shear plane, the interlamellar spacing tends to decrease, but if the cementite
lamellae are perpendicular to the shear plane, this spacing tends to increase. The microstructural
evolution of this steel is shown in figure 2-47 after different strains (N =0, 1, 2, 3). If the cementite

lamellae are oriented closer to the shear plane their deformation is greater (Figure 2-47 b-d) [11].

At N =2 turns, a new structure appears with grain sizes in the range 20—150 nm similar to the White
Etching Areas seen in railway tracks, figure 2-47 c). These white things are found approximately 3
mm from the sample centre in regions close to the cementite colonies oriented parallel to the shear
direction. At N=3, only two colonies with fine lamellar spacings were observed, with lamellae
parallel and perpendicular to the shear direction (figure 2-47 d)) [11]. The hardness variation for
the UIC 860V steel after HPT tests shows an increment similar to that registered in the cases of the

AISI 8620 and the rail steel UIC 900A, figure 2-48.
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Figure 2-47 Microstructural evolution of a commercial carbon steel UIC 860V processed by HPT

using 7 GPa and at different numbers of turns: (a.) N=0, (b.) N=1, (c.) N=2, and (d.) N = 3. The

white arrow shows the shear orientation [11].
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Figure 2-48 Hardness evolution with strain (y=950r N=1.5, y=2000r N =3, y=300 or N = 5)

for the commercial carbon steel UIC 860V. Adapted from [11].
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25.1 Formation, transition and fragmentation stages

The microstructural evolution shown in these materials can be split into three different stages:
formation, transition and fragmentation [99]. Although these stages have been defined for
austenitic and ferritic stainless steels, the experimental results allow their use to classify a wide
variety of steels. The formation stage is characterized by low strain, the beginning of cellular
structures and the decrease in the interlamellar spacing of the cementite colonies oriented parallel

to the shear plane [11].

Formation Transition Fragmentation

70 -

240 -

150 7

120 -

Crystalline Size nm

3.0 —a&— Cementite Dissolution

I
4 5

k- —_ - - - =
Wwh— - — — - - = = =

Figure 2-49 Effect of the number of turns on the Effect of the number of turns on the degree of

cementite dissolution in the Formation, Transition and Fragmentation stages. Adapted from [11].

The transition stage is characterized by the presence of deformation bands parallel to the shear
plane. This stage corresponds to the transformation of the cellular structures to nanocrystalline
structures. The nanocrystalline structures appear first in regions close to cementite lamellae
oriented parallel to the shear plane, and then they spread to other regions in the material.
Ivanisenko et al. include in this stage the formation of the white etching areas, characterized by
nano structures enriched with carbon. The partial cementite dissolution can reach 40%
approximately. The hardness increment seen during the transition stage (and the fragmentation

stage as well) is related to the decrease of the interlamellar spacing of the cementite [11].

Finally, the third stage called Fragmentation corresponds to high strains produced by more than 5

turns. This stage is characterized by the formation of a uniform nano structure with grain sizes
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around 10 nm. The absence of cementite lamellae suggests a total dissolution of the carbide in the

new ferrite nano grains (figure 2-49) [11].

2.5.2 Effect of SPD on carbide distribution

Local microstructural changes that occur with HPT (i.e. adiabatic shear bands and white etching
areas), precipitation reactions and variation of the mechanical properties (significant hardness
increments) are related to carbide dissolution. These phenomena are also reported in industrial
processes such as cold drawing of wire [100] and applications that involve rolling contact fatigue

railway tracks [101]

In the case of rolling bearing steels, it has been suggested that white etching areas form in a region
of localized plastic deformation, and the microstructural transformations registered in them
possibly are a result of high dislocation density and low temperature recrystallization [102] [10, 48].
Although carbide dissolution is still not completely understood, different factors and mechanisms
have been proposed to explain this phenomenon during SPD. A short description of these topics

related to the effect of boundary grains and interfaces ferrite - carbides is given below.

. Mechanisms based on the stability of ferrite — carbide interface

Three main driving forces that lead to carbide dissolution in steel during SPD [38] are:

1. Increase of interfacial energy between carbides and matrix: Precipitate dissolution is driven
by supplying an amount of energy enough to destabilise the carbides. This energy comes from
cementite deformation and fragmentation that cause an increase in the Gibbs energy of the
cementite [38].

2. Increase of carbon solubility in ferrite by pressure: A large hydrostatic stress increases the
activity of carbon in carbides. Dissolution is assisted by the high density of dislocations generated
during the plastic deformation.

3. Dislocation — carbon interaction: Since the binding energy of a dislocation with a C atom
exceeds that of a Fe atoms with a carbon atom in cementite, carbon atoms tend to reside in

dislocation strain fields rather than within cementite.

Carbide dissolution is also affected by the tendency of carbon to move from interstitial sites to the
cores left by dislocations as a way to relax the stress created by them in their interstitial positions.
Eventually, the carbon atoms pin the dislocations, stopping their free movement, in a phenomenon
known as a Cottrell Atmosphere. Although a Cottrell atmosphere allows dissolution of carbon, the

dissolution is limited. If fresh dislocations are not provided from the ferrite — carbide interface by
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strain, the dislocations will remain pinned and the dissolution could stop [103] . However other
ways to transport carbon have been proposed such as the mechanical effect based on “wear”

between phases [11].

. Wear effect between phases. Carbide dissolution during formation, transition and

fragmentation stages

The carbide dissolution mechanism proposed by [11] to explain the microstructural changes
registered in the pearlitic steel UIC 860V after HPT tests, is very interesting due to the similarities
between this steel and AISI 52100. The explanation for carbide dissolution is based on the three

stages defined in section 2.5.2 (formation, transition and fragmentation [11].

The process starts with an increase of dislocations and low energy sites close to the cementite
interface that promotes non-equilibrium behaviour. Then, dissolution is driven by the effect the
high shear stresses involved in plastic deformation have on the deformation of phases with very
different hardness, such as ferrite and cementite. The plastic deformation during HPT can be
modeled as a viscous flow when the softer ferrite moves around the harder cementite. The
interaction between these two phases can promote high internal strains in the cementite and
severe “wear conditions” that drag the carbon from the cementite/ferrite interface. This process
can explain the cementite breaking up and thinning observed when the strain increases in HPT tests
applied to a pearlitic steel. This process will be more effective when the cementite lamellae are
oriented parallel to the shear flow, although at high strains, all lamellae undergo the same
phenomenon. However, the lamella reorientation requires time and causes a transitory decrease

in the cementite dissolution rate [11].

Figure 2-50 shows schematically the mechanism proposed where carbon is dragged from the
cementite lamellae in the three stages proposed in section 2.5.2. During the initial stage or
Formation (N = 1 turn) carbon jumps from the cementite (No. 1 in figure 2-50 a)). Some carbon
atoms are dragged by dislocations or drift together with the flow of ferrite (No. 2 and 3 in Figure 2-
50 a)). At the Transition stage (N=3 turns) nanostructures start to form close to the cementite
colonies; these are parallel to the shear plane. In these zones, the cementite starts to dissolve and
structures similar to white etching areas appear (figure 2-50 b). At the Fragmentation stage (N=5
turns) the carbon jumps across the interfacial boundary and moves with the ferrite, probably by

rotation. This rotation is caused by the friction against the cementite [11].
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Figure 2-50 Schematic of carbon dissolution from the pearlite structures through the (a.) Formation,

(b.). Transition and Fragmentation stages. Adapted from [11].

2.6 Conclusions of Literature Review

White Structure Flaking - WSF causes a surface damage similar to Rolling Contact Fatigue - RCF
spalling. WSF occurs during the first part of the rolling bearing life cycle and can affect the entire
mechanical system where the damaged rolling bearings are assembled. WSF are related to
microstructural changes close to the contact surface called White Etching Areas — WEAs, their origin

is related to severe plastic deformation processes caused by Hertzian shear stresses.

WEAs are characterised by fibrous structure formed by nanocrystalline cubic ferrite supersaturated
with carbon and with a hardness 30 — 50% higher than the bulk material. WEAs often appear in
combination with crack networks, suggesting mechanical incompatibilities between the WEAs and
the surrounding material. This interaction is responsible for the crack’s growth, the embrittlement

and the subsequent material detachment.

Elongated grain structures, also called needle-shape grains, appeared with sharp boundaries in
zones with the finest grain size. Their homogeneous texture and low average orientation suggested
a possible recrystallization in them led by thermal effects. Chemical analysis via EDS confirmed the

degradation of the cementite particles inside the WEAs due to carbon dissolution.
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WEAs origin has been linked to different factors, all of them affected significantly by shear stresses
in the subsurface of the contact surfaces Hydrogen embrittlement. These factors include the
presence of Non — metallic Inclusions, porosity, carbide clusters, previous cracks, Adiabatic Shear

Bands — ASB, and surfacing cracks

Similar stress and plastic deformation conditions registered under RCF conditions can be studied
using High Pressure Torsion - HPT tests. HPT tests as a Severe Plastic Deformation — SPD process,
combine hydrostatic pressure and shear stresses to generate ultra-grain structures in
polycrystalline materials. In addition, HPT allows a record of the microstructural changes as a
function of the strain applied to the samples. Materials processed by SPD exhibit outstanding
properties, such high strength, ductility, thermal stability and fatigue response, compared to their
coarser — grained counter parts. Their potential uses are based on two main factors: superior

properties and superior machinability.

The main part of HPT tests is developed under similar parameters quasi constrained conditions, the
same rotational speed (1 rpm), dry conditions and room temperature. Pressure and number of
turns are the most important factors useful to reach a saturation condition, characterised by a
homogeneous nano refined grain structure and a similar hardness response (except perhaps at the
centre of the disc samples). However, other factors such as roughness of the anvils and the disc
samples and the hardness of the material processed, and the anvils influence significantly the
refinement grain process, especially before to reach the saturation condition.The combination of
lower pressures, differences between roughness in disc samples and the anvils, and hardness can
facilitate slippage between the disc sample and the anvils. Slippage is a difference angular

displacement between top and bottom surfaces of disk samples.

Variations of the strain and strain rate distribution along axial sections of disc samples during HPT
can alter the hardness response and microstructure. Different factors are involved to interrupt the
plastic flow inside of the disc samples, the main important are related to the interaction of hard
particles, such as inclusions, and the asperities of the anvils when the slippage take place. This

interruputions resemble turbulent flows affected by Kelvin—Helmholtz instabilities.

Steels processed by HPT show a hardness increment in relation to the radial position, with higher
values close to the sample edges. This behavior is commonly observed in materials without recovery
that is for those metals that show hardness saturation after a rapid hardness increment during the
first strain steps. The main microstructural changes registered in steel processed by HPT are related
to the beginning of deformation bands, the decrease in the spacing of the cementite lamellae and

the dissolution of carbides present in the matrix.
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The nature of the boundary grains and the ferrite — carbide interface leads to carbide dissolution in
eutectoid steels processed by SPD. A high dislocation density in the interfaces promotes carbide
dissolution. At least three different stages can be defined to explain the microstructural evolution
of steel during HPT. The first is called Formation and corresponds to the beginning of the formation
of cellular structures and the decrease in the interlamellar spacing of the cementite colonies
oriented parallel to the shear plane. The second stage or Transition is characterized by the presence
of deformation bands parallel to the shear plane. This stage registers the transformation of the
cellular structures to nanocrystalline structures. The final stage or Fragmentation is characterized
by the formation of a uniform nano structure with grain sizes of around 10 nm and the absence of

cementite lamellae.

The non-thermodynamic equilibrium between cementite and ferrite phases and the mechanical
effects based on wear between phases lead to carbon diffusion from the cementite to the ferrite
matrix. In the first case, the increment of dislocations and low energy sites close to the cementite
interface, namely cores, allows carbon movement. In the second case, the flow of ferrite around
the cementite drags carbon from the cementite during the grain refinement process. Both factors
promote the total diffusion of carbon in the new nanostructure. Although this process can be used
to explain the microstructural evolution in pearlitic steels, the phenomena that affect steels with a
spheroidal carbide distribution such as in an annealed AlISI 52100 have not been reported yet and

will be studied in this thesis.

The literature review supports the use of HPT tests to study microstructural changes similar to those
found in the WEAs associated with WSF. In this way the results of HPT tests on pearlitic steels has
enabled theories to be established to explain the beginning and evolution of WEAs as a
consequence of carbide dissolution mechanisms. However, these mechanisms cannot explain the

location and develop of WEAs in spheroidal steels. This will also be studied in this research.
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Chapter 3 Experimental Methodology

The materials and techniques used in this project are detailed in this chapter. Firstly, the material
preparation required to conduct the HPT tests is described in the first two sections. Following that,
the parameters used in the HPT tests are presented in section 3.3. Once HPT tests had been
conducted, macroscopic characterisation took place to establish possible differences between the
top and bottom surfaces of the HPT disc sample. This included roughness measurements and the
determination of whether any slippage had taken place between sample and anvils. A short

description of these tasks is reported in sections 3.4 and 3.5.

The disc samples were then prepared for their characterisation by optical microscopy, LOM, and
circumferential and axial sections generated. The different techniques used to prepare these
sections are explained in section 3.6. LOM was the most useful method to identify WES due to its
simplicity and low cost. However, metallography of these samples was not simple, and details are
provided in section 3.7. LOM characterisation also facilitated the measurement of other features,
such as hardness and % WES. Micro and nano hardness measurements were taken in different
places on the studied surfaces. Details of these procedures are reported in section 3.10. The % WES
on the top surface of the samples and subsurface were calculated using an Image Processing

Program (IPP). The method to achieve this is described in section 3.8.

Finally, SEM was used as a platform to conduct more detailed WES characterisations. Their
morphology was explored by SEI and BSI methods (section 3.11). Other microstructural features
such as texture and phase distribution were studied using EBSD techniques, such as I1Q, IPF and KAM
maps (section 3.12). Finally, a qualitative chemical description of the WES and the areas close to

them was conducted by SEM / EDS analysis (section 3.13).

Figure 3.1 summarizes the methodology used in this project as a material flow chart. The flow chart
starts with the material selected for this project in its as received condition (AISI 52100 bearing
steel quenched + tempered standard rollers 10 mm in diameter 14 mm long). The flow chart
continues through the different stages described above, following the thick arrows, and ends
showing the results obtained in red text. The thin blue arrows indicate a secondary material flow
related to the characterisation of both the annealed rollers by LOM / SEM and of the debris found
in the anvils cavities after conducting the HPT tests. Details of these procedures are discussed in

sections 1.7 and 1.9 respectively.
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Figure 3-1 Schematic material flow for the AISI 52100 studied in this project. The original material

in its as received condition is processed and characterized through different stages (blue boxes)

following the blue arrows. The product of these processes is highlighted in red text.

3.1 Annealing heat treatment

The material selected for this study was the AISI 52100 bearing steel to British standard BSI 2S 135-

2009 [104]. The steel was provided by a local company Simply Bearing Ltd. (Halton House,

Greenfold Way, Leigh WN7 3XJ, UK) as standard rollers 10 mm in diameter and 14 mm long. The

Vickers hardness of the rollers was measured as 750+5 HV (the hardness test was conducted during

15s at 200 g). Table 3-1 shows more technical information on this steel.
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Table 3-1 Specified composition ranges of AISI 52100 steel in weight % [105].

Chapter 3

% C

% Fe

% Cr

% Mn

% Si

% P

%S

0.98-1.1

96.5-97.32

1.3-1.6

0.25-0.45

0.15-0.3

0.025

0.025

Table 3-2 Technical details of AISI 52100 used in this study. Information provided by the supplier

[105]

Feature Values
Hardness 60-67 HRC / 700-900 HV
Density 7833.4 kg/m?3
Tensile Strength 2.24 GPa
Yield Strength 2.03 GPa

820 °C

T (°C) r

\

700

500 °C

2h

Figure 3-2 Schematic of the annealing heat treatment applied to the standard rollers.

23 h

27 h

33h

t (h)

As the maximum hardness of specimens that the HPT test machine can process is 800 HV, it was

necessary to apply an annealing treatment to decrease the hardness of the rollers prior to HPT

specimen preparation (figure 3-2). Annealing produces spheroidized carbides in a ferritic matrix

without tempered martensite and retained austenite. This heat treatment consisted of the

procedure indicated in figure 1-2 of austenitising followed by slow cooling as described in BSI

standard [105]. Austenitising was carried out at 820+10°C for at least 6 h (in this study the rollers

remained at this temperature for 9 hours). Then, the rollers were cooled to 700°C at a rate not

greater than 10°C per hour by controlling the furnace set point. After that the rollers were furnace

cooled to ambient temperature from 700°C. The annealing was conducted in air in a Carbolite CSF

1100 electric furnace.
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3.2 Sample extraction

After this heat treatment, the roller diameter was reduced to 9.8 mm to eliminate the decarburised
surface produced during annealing. The rollers were then cut into slices 1 to 1.2 mm thick using a
Mecatome T210 Cutting Machine. The slices were then ground on both sides using 800 and 1200
grade silicon carbide papers to reduce their thickness to 0.8 — 0.9 mm. This reduction in thickness
had two purposes, firstly, to eliminate any plastic deformation caused by the cutting process, and
secondly, to reach the thickness value required for conducting the HPT tests. The weight of the

samples was measured using a precision balance with a resolution of 0.001 g.

3.3 Conducting SPD tests on the HPT test machine

The SPD tests were conducted on a HPT machine manufactured by Riken Enterprise Co. Ltd. in
Kokuraminami Ku Kitakyusyu City (Japan), available at the University of Southampton (figures 3-3
and 3-4). Basically, the HPT tests consisted of three steps: loading, turning and finishing. Once the
sample was set up in the cavity in the bottom anvil, the loading step started when the machine
pushed the bottom anvil against the top anvil. After 5 s of applying a pre-set pressure, the turning
step started with the rotation of the bottom anvil against the fixed top anvil for the number of turns
selected manually. Finally, the finishing step consisted of stopping the rotation and moving the
bottom anvil down to extract the disc samples. The geometry of the cavities is showed in the figure

2-24.

The pressure and torsion are produced by a hydraulic unit (figure 3-4 b); if the temperature of the
oil reached 30°C, the machine was stopped to protect the power source. Three pre-set pressures
could be selected through buttons on the control panel of the machine: 1, 3 and 6 GPa, however,
other pressure values were available by varying manually the pressure in the hydraulic unit. Thus,
lower and higher pressures such as 0.5 GPa, and 8.4 GPa were possible. All disc samples were
processed under the same rotational speed of the bottom anvil (1 rpm); the speed was measured
manually with a chronometer. The rotational speed could be changed directly by the hydraulic unit,
but this option was never used. Likewise, the HPT machine allows the rotation sense to be changed
but this option was also not used. All tests were conducted rotating in an anticlockwise sense with

respect to the top anvil.
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Static
plunge

Anvils

Rotating
plunger

Figure 3-3 Details of the HPT testing machine, with the plunger and anvils used to deform the

steel samples.

Figure 3-4 Images of the HPT testing machine available in the SPD Lab. a) The machine itself, b) the

hydraulic unit and control system required to operate the machine.
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The machine operational envelope was restricted by the highest final hardness admissible for
samples which was 800 HV. This limit was set to prevent permanent damage to the anvils used to
process the disc samples. After conducting some preliminary tests during Stage 1 (see below), it
was clear that the top of the operational envelope range was restricted to 6 GPa and 3 turns. Hence,
all HPT tests conducted in this project were limited by these parameters. In all tests conducted, disc
samples appeared stuck to the bottom anvil. Adhesive tape was used to collect any debris
remaining on both, top and bottom anvils after concluding each test. Several HPT tests were

conducted for the purposes detailed below:

3.3.1 Stage 1, Scoping HPT tests:

HPT tests were conducted using 0.5, 1, 3, 6 GPa and 1, 2, 3 turns, at least two repeat tests were
conducted for each pressure/turn combination. The purpose of these tests was to evaluate the
operation of the test machine and to establish whether microstructural changes similar to the
White Etching Areas observed in failed rolling bearings could be obtained. This stage was carried
out following a standard practice used to study HPT samples: After retracting the bottom anvil, one
side of the sample was selected for characterisation by LOM. This meant that one of the sides of
the sample was slightly ground and polished to eliminate all signs of contact with the anvil. The side

selected was the bottom surface of the sample.

3.3.2 Stage 2, Tests for surface characterisation

HPT tests were conducted using 0.5, 1, 3, 6 GPa and 1, 2, 3 turns with two repeat tests for each
pressure/turn combination. These tests were to evaluate differences between the top and bottom
surfaces of the disc samples, such as slippage or morphology and to characterise the white

structures revealed on the top surface of some of the HPT samples.

3.3.3 Stage 3, Tests for determining the microstructure in the thickness direction

A group of HPT tests was conducted using 0.5, 1, 3, 6 GPa and 1, 2, 3 with two repeat tests for every
pressure/turns combination to study white structures produced sub-surface. These samples were

processed using circumferential serial sections generated from the bottom surface.
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334 Stage 4, Tests for determining the roughness of the anvils

A sample group was processed using only pressure. The aim of these tests was to obtain a record
of the anvil roughness by deforming the top and bottom surfaces of the disc samples. Compression

tests under 0.5, 1, 3, 6 and 8.4 GPa were conducted.

3.4 Macroscopic characterisation

After conducting HPT tests the samples from stages 2, 3 and 4 were observed using a Wild
Makroskop M420 macroscope. Macroscopy was also useful to carry out the angular displacement
method developed by Edalati et. al. [106] to establish the amount of slippage between samples and
anvils. For these two parallel lines were drawn across the diameter of both top and bottom surfaces
of the discs prior to HPT testing. After testing the angular displacement of the two lines was
measured in degrees and compared with the angular rotational of the HPT machine. Any difference
in the angular displacement of the lines and the machine rotation angle allows the slippage to be
determined. Figure 3-5 a) reveals how the machine was set up prior to conducting a HPT test. Figure
3-5 b) shows the condition of the bottom anvil with a sample stuck to it after conducting a HPT test
under 6 GPa 1 turn. The lines drawn to determine the angular displacement are visible before and

after conducting the HPT test.

Lower anvil Rotatory base Sample disc

~ Drawn line

Figure 3-5 HPT sample in lower anvil. a) Before conducting HPT b) After conducting the HPT test

with the sample stuck to the lower anvil. Tests conducted underl GPa 1turn 1 rpm
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3.5 Roughness measurements

The samples from stage 4 were compressed by the HPT test machine under pressures of 1, 3 and 6
GPato obtain an impression of the roughness of the anvils: The impressions on both top and bottom
sides of the sample discs were evaluated using a Taylor Hobson Form Talysurf 120L profilometer
system to obtain roughness profiles along the diameter of the disc samples. Parameters such as Ra,
Rq, Rz were evaluated for all disc samples. In addition, a reconstruction of the surfaces was made

using an Alicona G4 Infinite Focus optical system.

3.6 Generation of circumferential surfaces
3.6.1 Stage 1, Scoping HPT tests:

Disc samples were hot mounted in Bakelite using a APA OPAL 410 mounting press. The bottom side
of the samples was ground using 1200 and 4000 SiC papers until approximately 200 um to 360 um
of material had been removed by grinding from the bottom sides. After grinding, the samples were
polished using suspensions of 6 um / 1 um diamond pastes. Grinding and polishing were carried
out using a Struers TegraPol 15 automatic machine. After evaluating different combinations,
grinding pressures of 10 or 15 N were used for both 1200 and 4000 SiC papers. Polishing was carried
out using 25 N for both diamond paste types. The final thickness was determined by using a
Mitutoyo Micrometer, 25 mm Max Measuring Range (0.001mm, Ref. 293-821-30) to measure the
thickness of the Bakelite mount, the initial thickness of the Bakelite mount before grinding having
been measured previously. Thickness measurements were taken at four locations in the samples in

the Bakelite mount.
3.6.2 Stage 2, Tests for surface characterisation

Disc samples were ground and polished on both their top and bottom surfaces until 40 um of
material had been removed in order to study the differences in the roughness patterns on both
surfaces. The grinding was conducted using 4000 SiC paper in an automatic machine, with 15 N
pressure. Polishing was carried out with suspensions of 6 um / 1 um diamond paste and 25 N

pressure.
3.6.3 Stage 3, Tests for determining the microstructure in the thickness direction

Disc samples were ground and polished in successive steps of 40 um from the bottom surface until
360 um of material had been removed so that subsurface WES could be identified for further

analysis. Samples were ground using 4000 SiC papers and polished using suspensions of 6 um / 1
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pm diamond pastes. The grinding and polishing were carried out using a Struers TegraPol 15

machine with 10 - 15 N pressure, the polishing pressure was 25 N.

3.6.4 Stage 4, Tests for determining the roughness of the anvils

This sample group was not ground or polished.

3.7 LOM on circumferential and axial surfaces

After grinding and polishing, the surfaces were cleaned with ethanol in an ultrasonic bath, etched
with 2% Nital (2ml HNOs, 98ml ethanol) or Vilella’s reagent (5ml HCl 1g picric acid, 100ml ethanol)
for 5 s to reveal the white structures and the prior austenite grain boundaries. Some debris
produced during HPT testes was also observed; this was cleaned and preserved between
microscope slides. An Olympus 3X41 M-LED microscope with 5x, 10x, 20x, 50x and 100x objective

lenses was used to examine samples.

3.8 IPP

Complete montages of the sample surfaces from stages 2 and 3 were constructed by photographing
10-14 images taken by LOM. For stage 3, the montages did not include images from close to the
centre of the samples as WES were not present in this area. The montages were made using the
Stitching - Mosaic J tool of the image processing program (IPP) Image J — Flavour Fiji. This software
is a free and open source IPP inspired by IPP NIH Image written by Wayne Rasband in Pascal for
Macintosh Co released in 1987. The version Flavour Fiji includes many plugins useful for scientific

image analysis in fields such as life sciences [107].

In order to visualize the WES black/white masks were generated from the micrographs and the
montages using the tool Adjust - Threshold of Image J. This tool binarises the images and produces
8 bit images using at least 16 global (histogram-derived) thresholding methods. After testing all of
these thresholding methods, the default threshold method was selected to process the images as
it defined better the WES. Using the grey level histograms, the grey levels were suitably adjusted

so as to delineate the WES.

Once the black/white masks were generated, the new images were processed using the Particle
Analyse tool from Image J. This tool provides information on particles in the images, such as size or
% area (a particle is an isolated black portion in the black/white mask). The size of the particles

analysed is defined by the user, setting the minimum and maximum pixel area. Particle Analyse was
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thus used to exclude unwanted objects with respect to a specific size, for example 20, 40 and 60

um? (figure 3-6).
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Figure 3-6 Use of the Analyze Particle tool from Image J to eliminate particles according to their

size. The original image appears at the left, the other images were obtained after defining a

particular size. [107]

The IPP software was also used to determine the amount of WES on the top surface of the stage 2

samples by calculating the %WES. To do this, four representative LOM images were taken every 90°

at a radial distance of 2.5 mm. The % of black mask generated by Image J was calculated for all

images, thus obtaining 4 %WES per sample. This procedure was repeated twice and hence 8 %WES

were acquired from the two samples. Finally, an average of all 8 values was reported as a

representative %WES for each HPT parameter combination (pressure and turns) used in stage 2.

Figure 3-7 shows a schematic of the position of the selected areas used for this analysis. An example

of one of these images is presented in figure 3-8.

—_—
=)

Figure 3-7 Position of the representative areas analysed by IPP Image J to determine the %WES in

the HPT samples from stage 2.
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Figure 3-8 Top surface of a disc sample processed using 3 GPa and 1 turn. a) Micrograph taken at
a radial distance of 2.5 mm from the centre. b) IPP Image J to determine the %$WES in the HPT

samples from stage 2

To analyse the influence of the strain on WES formation, the total % black area in several concentric
circles drawn on the mask was calculated. Then the %WES corresponding to the next smaller circle
was subtracted from the first circle analysed to define the %WES in a ring of known radius (the ring
was defined by its mid radius). Circles were drawn using the macro Circle tool and the %WES were
found using Set Measurements from Image J. Figure 3-9 shows a print screen of the areas and
%WESs calculations made by Image J. This process generated eight rings with mid-radius position
located at 3.125, 3.375, 3.625, 3.875, 4.125, 4.375, 4.625, 4.875 mm from the centre. The %WES in
all rings were plotted in relation to their mid radius position and with the strain at that location.
One example of a ring with mid radius 4.125 mm used in is shown as a hatched region in figure 3-

10. Circles of 3 and 5 mm radius were also drawn to show the area analysed in the rings
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Figure 3-9 Calculation of areas and %WES in nine concentric circles drawn on a black/white mask of

a periphery montages. The radii of the circles were 3, 3.25, 3.5, 3.75, 4, 4.25, 4.5, 4.75 and 5 mm.
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Figure 3-10 Example of a ring with mid — radius of 4.125 mm used to calculate the %WES in relation
to the radius. Eight rings were defined to calculate the %WES along the area limited by circles of 3

and 5 mm radius.

3.9 Generation of axial surfaces

Selected disc samples from stages 2 and 3 were cut along their diameters in the axial direction to
reveal WES both on the surface and subsurface. Typically, two sections from each disc cut at 90° to
each other were prepared. The new surfaces were ground using 1200 and 4000 SiC papers to
eliminate any plastic deformation produced during the cutting. After grinding, the axial sections
were polished using suspensions of 6 um / 1 um diamond paste. Axial sections were also cut from

the rollers in both their as received and annealed conditions for characterisation.

3.10 Hardness measurements

Vickers microhardness measurements were taken to determine two features: the variation of the
hardness along the diameter of the disc samples and the difference of hardness of WES and the
areas surrounding them. A Matzusawa Seijki MHT-1 micro hardness tester with a Vickers indenter

(100 g load for 15 s) was used. The hardness tester was calibrated by using a reference hardness
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block. Firstly, the hardness profiles were determined at nine positions located every millimetre
across the sample diameter. Figure 3-11 shows these positions, starting from the edge of the
sample to the centre. Each hardness value reported for these positions is an average of four

measurements that were taken in a cross pattern around them.

Edge

Point 3
Centre

w
N
v
S
2
N
v

1 mm “1mm “1mm
Measuremegnt

Hardness
Measurement

Figure 3-11 Hardness positions taken across the sample diameter used to determine the hardness
profiles. The external circumference corresponds to the sample perimeter. 36 hardness

measurements were taken for each hardness profile.

Other hardness values were taken in the WES and in areas near to them, using the edge of the
sample as a geometrical reference. However, the position where hardness was measured was
defined with respect to the centre of the sample. Their positions were obtained by using an
Olympus BX51 Optical microscope (LOM) and the IPP Image J. In addition, hardness maps were
constructed from measurements taken with a NanoTest Vantage, nano indenter test machine
(Micro Materials Ltd). The NanoTest Analysis Mode software was used to process the data and

produce the maps.

3.11 SEM characterisation

SEM images are obtained using two electron sources, those produced by elastic interactions

between the Electron Beam (EB) and the atom structures in the sample, and those produced by the

69



Chapter 3

inelastic interaction with both weakly bound conduction band electrons or outer shell valence
electrons. In the first case, the EB interacts with large volumes (interaction volumes) inside the
sample because of its high energy. Eventually, some electrons will be reflected or back scattered
out of the specimen interaction volume. Since heavy elements (high atomic number) backscatter
electrons more strongly than light elements (low atomic number), and thus appear brighter in the
image (BSI), back scattered electrons are used to detect contrast between areas with different

chemical compositions.

On the other hand, the electrons produced by inelastic interactions have much less energy
compared to the back scattered ones and their interaction volume is significantly smaller.
Cathodoluminescence radiation, x - rays and lattice vibration (heat) are also produced because of
these interactions. The ejected secondary electrons are used to produce another kind of SEM image
called Secondary Electron Images — SEI, which are useful for characterising the surface topography

of the sample.

In this project, both BSI and SEI methods were used to characterise microstructure, crystal
orientations and compositional differences. Two Scanning Electron Microscopes were used, a JEOL
JSM-7000F with SEI/BSI detectors and a Smart Insight / TEAM™ EBSD Analysis System (Smart Insight
System from Ametek) and a FEI/Philips XL30 ESEM with SE/BSI/GSI detectors. The same surface
preparation as applied for LOM was used for samples studied by SEI, whilst BSI required two
additional steps as prior polishing and etching could create surface deformation capable of
interfering with the BSI (this can also interfere with EBSD /EDS analysis). Hence, the samples
selected were lightly polished using a % um diamond suspension to remove the etched layer and
then polished with 50 nm colloidal silica Polishing Suspensions (OP-S) for 5 — 8 minutes. Thus, SEM
/ SEl characterisation was conducted before the SEM / BSI. SEM / SEIl was operated with voltages
between 5 and 10 kV and working distances between 10 and 15 mm. For SEM / BSI the working

distances varied between 5 and 7 mm and a relatively low accelerating voltage of 10 kV was used.

3.12 SEM/EBSD

Electron Back-Scatter Diffraction, EBSD, is an advanced characterisation technique that captures
and analyses electron diffraction patterns from crystalline structures. These patterns can be used
to study microstructural features such as morphology or phase composition, but its main use is to
determine the texture or crystallographic orientation of crystalline materials. As texture is closely
linked to the mechanical response, EBSD has become a popular and powerful tool to determine the

properties of a wide variety of materials, from metals and ceramics to semiconductors [108] [109]
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Figure 3-12 Kikuchi patterns used in EBSD analysis. a). Schematic of diffraction pattern generation
due to the interaction between the EB and the sample. b) Typical Kikuchi patterns on a phosphor

screen [109].

EBSD patterns are generated on a phosphor screen by backscatter diffraction of a high energy EB
that interacts with regions located within 20 nm of the surface of the sample analysed. The
diffraction is visible as a regular series of parallel bright bands which intersect at several points on
a dark background. These lines, called Kikuchi bands, are a gnomonic projection of the crystal lattice
on the flat phosphor screen [109]. Figure 3-12 a). presents a schematic of how Kikuchi patterns are
formed due to interaction with the EB. The figure also shows an example of these patterns on a
phosphor screen (figure 3-12 b)). The diffraction cones are the edges of the Kikuchi bands, and the
plane through the centre of these cones is the gnomonic projection of the diffracting plane on the

phosphor screen [109].

The lines represent the reflecting planes in the diffracting crystal volume and depend of the
orientation of the crystal lattice. The line patterns indicate the symmetries of the crystal, while the
width and the intensity of the bands are related to the spacing of atoms in a crystallographic plane.
The angles between the bands indicate the angles between different crystallographic planes.
Because of the size of the interaction volume in the sample, several crystal structures with different

orientations can overlap generating different Kikuchi bands [109].

EBSD analysis is a three-step process consisting of, conversion, identification and orientation
determination [109]. In the conversion step, the Kikuchi bands are converted in points or peaks in
a Hough space, using a Hough Transformation. In the identification step the intensity of these peaks
is compared to theoretical diffracting lattice planes; the angles between bands are also compared
with theoretical values. Once the planes have been approximately identified, other similar patterns

are indexed. Usually, there is more than one solution that could explain the diffraction patterns (i.e.
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approximately match the diffraction patterns), so is necessary to decide which could be the best
solution. A parameter called the Confidence Index (Cl) is used to define the best solution. Cl use a

voting scheme calculated by [110]

Cl =Wy = V2)/VipgaL (3.1)

where V1 and V2 are the number of votes for the first and second solutions and Vipeay is the total
possible number of votes from the detected bands. This “voting scheme” generates values between
of 0 and 1 which is used to qualify the indexing success rate. Thus, an indexing success rate can be
defined as the fraction of points with a Cl greater than a specified tolerance value (0.1 or 0.2 are
typical). Points at grain boundaries tend to have very low Cl values even though they may be
correctly indexed with orientations matching either of the orientations of the grains separated by
the boundary [111]. In the third step, orientation determination is based on the calculation of the
orientation of the corresponding crystal lattice with respect to a reference frame. Several rotations
of the image are tried by the software until the lattice orientations is determined which is then
defined by Euler angles. Once the diffracted patterns have been identified, the information related
to the crystal lattice can be represented assigning colours to distinguish feature variations and

creating different maps:

e Image Quality maps (1Q) show the intensity of the diffracted patterns captured from the
sample. They are affected by factors related to crystalline defects such as grain boundaries,
high dislocation densities and localized strain. Other factors that affect IQ are
discontinuities such as voids and cracks. All these factors are visible as variations in the 1Q

contrast, which will be brighter when the diffracted patterns are well defined [112].

e Auto Phase maps (AP): Differences between phases can also alter the intensity of the
Kikuchi bands. EBSD can reveal these differences due to the diffraction pattern

identification process carried out.
e Inverse Pole Imaging map (IPF) assigns colours to different texture orientations in terms of
Miller vectors and planes according to a unique geometric reference expressed using three

coordinate axes.

e Kernel Average Maps (KAM) provides information about local misorientation by calculating

the average misorientation between each pixel and its nearest neighbors.
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In this project, SEM / EBSD analysis was conducted using a JEOL JSM 7000F SEM with Backscattered
(BSI) and Secondary electron (SEl) detectors. The diffraction patterns were analysed by a TEAM™
Pegasus system that provided simultaneous data collection from Electron Backscatter Diffraction -
EBSD (for crystallographic analysis) and Energy-dispersive X-ray spectroscopy - EDS (for chemical
analysis). The system also supported a direct correlation between the elemental content and

microstructural features of the material studied.

The EBSD characterisation was carried out in two stages, an examination via SEM / BSI and then the
EBSD analysis. Firstly, SEM / BSI examination was used to delimit the regions selected. The images
were taken with a working distance of 5 and 7 mm (WD) and a relatively low 10 keV accelerating
voltage to reveal the crystallographic orientation. Secondly, the region selected was scanned using
a 15 keV accelerating voltage with probe currents of approximately 30 nA at a WD of 15 mm with

different step sizes (50, 100 and 150 nm).

The data obtained was evaluated using OIM Analysis V. 7.3 software using points with a confidence
index (Cl) greater than 0.1. For indexing purposes, the y - Fe (Austenite), a-Fe (Ferrite) and FesC
(Cementite) were chosen. No additional clean-up of the data was carried out. After data processing,
Image Quality Analysis (1Q), Auto Phase maps (AP), Inverse Pole Figures (IPF), Kernel Average
Misorientation (KAM) maps were generated. IPF maps were obtained to each orthogonal direction,
but only the normal orientation (direction z axis) was reported. The averages in KAM maps were

conduct between neighbours located at 150 nm.

3.13 SEM/EDS

During the inelastic scattering of the EB x-ray are produced as a continuous process or as an inner
-shell ionization process. The continuous process is related to the interaction between the
electrons from the EB and Coulomb field created by the atom nucleus. This interaction produces
energy loses resulting in the emission of photons and electromagnetic energy. The incident beam
may excite an electron in an inner shell, ejecting it from the shell and creating an electron hole. An
electron from an outer, higher-energy shell then fills the hole, and the difference in energy between
the higher-energy shell and the lower energy shell may be released in the form of an X-ray. The
number and energy of the X-rays emitted from a specimen can be measured by an energy-

dispersive spectrometer.
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As the energies of the X-rays are characteristic of the difference in energy between the two shells
and of the atomic structure of the emitting element, EDS allows the elemental composition of the
specimen to be measured. These characteristic x-ray emissions can be detected using intrinsic Si
semiconductors doped with Li. The signal produced by the detector can be expressed as spectrum
or maps, according to the intensity of the signal and the element evaluated. To improve the quality

of the measurements higher voltages are usually used for the EB and long count times [112].

In this project EDS analysis was conducted simultaneously with EBSD analysis using the same SEM
operational parameters. Compositional maps for Carbon, Iron, Chromium, Manganese, Aluminium

and Phosphorus were produced.
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Chapter 4  General characterisation after HPT tests

The results presented in this chapter were obtained after conducting HPT tests on the annealed
AIS| 52100. The main part of the information was obtained through metallography, MA and LOM
characterisation, and consists of a large quantity of micrographs taken from the surfaces defined in
sections 3.6 and 3.9. The results obtained through other activities linked to metallography and LOM

such as IPP processing, roughness and hardness measurements are also included in this chapter.

4.1 Samples condition after conducting HPT tests

Macroscopic examination of the samples from stage 2 revealed that slippage has occurred during
HPT testing. By inspecting the lines previously drawn along sample diameters, the amount of
slippage in degrees after 1 turn was measured. The percentage slippage was also calculated in
relation to the 360-degree corresponding to one turn of the machine. It was not possible to assess
the slippage after more than one turn as the drawn lines were then no longer visible after HPT
testing. Table 4-1 gives the slippage measured after HPT for 1 turn. Five measurements were taken

for each test configuration using samples from stages 1, 2 and 3 (See section 3.3).

Table 4-1. Slippage in HPT tests after 1 turn. The values correspond to averages from 5 samples

HPT Slippage Absolute Standard %
parameters angle (%) error (°) Deviation® Slippage
1GPalT 80.2 2.2 2.9 22.3
3GPal1T 52.6 1.9 2.3 14.6
6GPalT 29.6 1.7 2.1 4.05

The top and bottom surfaces of the discs had different appearances: concentric circle tracks
alternated by smooth and shiny regions appeared on the top surface, whilst a pattern similar to an
orange peel appeared on the bottom surface (area enclosed by orange dots in figure 4-1). When
higher pressures were applied, this orange peel pattern also partially appeared on the top surface;
applying 6 GPa, both top and bottom surfaces exhibited this orange peel pattern over all their

surface (figure 4-1).
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0.5 GPa 1GPa 3 GPa 6 GPa

Figure 4-1.Top and bottom surface of annealed AISI 52100 samples after conducting HPT tests using
0.5, 1 GPa, 3 GPa, 6 GPa and 1 turn. Samples after tests with flash removed. Top surfaces exhibit
circular grooves (except for those processed using 6 GPa) and the effects of misalignment (red
arrows), whilst bottom surfaces showed a roughness pattern similar to an orange peel (enclosed

with orange dotted lines).

Evidence of misalighment was found on all samples after HPT as two different circular contours
were visible on their top side (red arrows in figure 4-1); the displacement of the centres of these
circular contours along a common diameter indicated a slight misalignment between the anvils, the
average of all the misalignment observed in the samples of figure 4-1 was 0.25 mm. Moreover, a
thin extruded ribbon or flash was observed to form concentrically around the middle periphery of
the disc for all samples processed, the size of this flash increasing with higher pressure and number
of turns. The flash was removed by grinding using the bottom surface as a circular reference. All
samples remained adhered to the bottom anvil once the HPT tests ended; some metal debris was

also collected from their top at the end of the tests.

A first LOM exploration at low magnification revealed how the circular tracks referred to in figure
4-1, appeared as discontinuous grooves alternated by shiny and smooth patches that looked white
under LOM after to be etched (figure 4-2). These white patches covered the main part of the top
surface as a succession of concentric rings, except for a small circular area at the centre of the

samples.

All samples from stage 2, after removing by grinding and polishing 40 um of material from their top
surfaces, showed a similar white patch configuration, except for those processed under 6 GPa. Their
extent and shape seemed to be related to the pressure applied during the HPT tests. For pressures

of 0.5 to 1 GPa, they looked slim and elongated and affected large areas, whilst at 3 GPa their
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incidence was less despite their bigger size. Figure 4-2 also shows the orange peel pattern observed
previously which affected the bottom side of all samples processed by HPT tests. On samples
processed using 6 GPa, this pattern covered the top surface as well, replacing the grooves and white
patches. As these white patches are similar to WEAs observed in failed rolling bearings, they will be

referred to as Top surface White Etching Areas or TWEAs. More details on the size and morphology

of these changes are shown in section4.2.1

]
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Figure 4-2. Montages of top and bottom surface of annealed AISI 52100 samples after conducting
HPT tests using 0.5, 1 GPa, 3 GPa, 6 GPa and 1 turn. Details of the same sample after polishing (to
a depth of 40 um) and etching. The top surface exhibited grooves alternated by white patches. The
bottom surface showed var amounts of orange peel pattern as a function of the pressure applied.

The images were taken from samples of stage 2. LOM, 2% Nital.
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4.2 LOM characterisation of top and bottom surfaces

4.2.1 Top surfaces

Figure 4-3 shows detailed LOM images taken at 40 um depth from the top surface of a samples
processed using 1 GPa 1 turn. TWEAs appeared elongated and in irregular patches that seemed to
follow the circular tracks on the samples. In some cases, TWEAs alternated with grooves, in other

cases they overlapped them.

Figure 4-3. Details of WES structure on the top surface of a sample processed using 1 GPa 1 turn.
The red rectangles show the regions detailed in the next image. a) Overlapping TWEAs (enclosed
by yellow dotted line). b) Isolated TWEAs (indicated by blue arrows) c) Cracks in TWEAs and across
them (blue arrows). d) Fibre / layered structures inside the TWEAs (regions enclosed by yellow

dotted line), and a region of the ferritic matrix (enclosed by white dotted line). LOM Nital 2%.
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At a radial distance of 3.5 mm, regions of higher plastic deformation were visible where TWEAs
overlapped each other more, producing bigger TWEAs (figure 4-3 a) area enclosed by yellow dotted
lines). In other places, small isolated TWEAs appeared, but their orientation and shape suggested
that they were part of larger TWEAs located at the same radial position. (figure 4-3 b) blue arrows).
Both linked and isolated TWEAs seem to be related to the high plastic deformation imposed by the
rotation of the top surface of the disc against the upper anvil. Small cracks also were observed,
especially close to the TWEA borders (figure 4-3 c) blue arrows). A fibre / layered structure was
visible inside some TWEAs, the fibres forming a swirl or vortex pattern in some regions (figure 4-3
d). Area enclosed by yellow dotted lines). The matrix that surrounded the TWEAs and grooves
appeared as a continuous ferritic phase with many small spheroidal carbides (approximately 2 um
in diameter) that seemed to be distributed relatively uniformly at first sight. No carbides were

observed inside the TWEAs by LOM (white dotted line in figure 4-3d)).

Significant changes were observed at the surfaces after applying higher strains. In a sample
processed by 1 GPa 3 turns TWEAs appeared more deformed and elongated in a circular direction
as observed in (figure 4-4 a). areas enclosed by yellow dotted lines). Large grooves were apparent
affecting significant areas of both TWEAs and the ferritic matrix (figure 4-4 b). blue arrows). Lots of
small circular grooves also appeared along all the surfaces analysed (figure 4-4 a), b) and c)). These
grooves could be associated with abrasive wear produced by sliding contact between the anvil and

the sample.

TWEAs contained brittle cracks oriented in a radial sense and perpendicular to the apparent sliding
direction. Cracks were easily identified due to their preferential location at the leading edge of the
TWEAs, where several overlapped white layers seemed to be present (blue arrows in figure 4-4 c).).
The overlapped layers could originate from the sliding contact itself that dragged the layers during
the HPT tests. The material loosening associated with the crack networks suggested that some
TWEAs detach during the sliding contact with the anvil due to delamination (area enclosed by
yellow dotted lines in figure 4.4 c).). The overlapped layers appear near to the radial cracks
(enclosed by yellow lines and indicated by arrows in figure 4.4 d).), suggesting high plastic
deformation and strong adhesive contact in these regions. In some regions the ferritic matrix

appeared exposed and had not suffered any significant alterations to its annealed condition.
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Figure 4-4. Details of WES structure on the top surface of a sample processed using 1 GPa 3 turns.
The red rectangles show the regions detailed in the next image. a) Elongated TWEAs due to high
plastic deformation (areas enclosed by yellow dots). b) Typical abrasion grooves (indicated by blue
arrows) c) Transverse brittle cracks in TWEAs (blue arrows) and loose material (enclosed by yellow
dotted lines). d) Evidence of extensive plastic deformation due to sliding contact (areas enclosed by
yellow dots) and the ferritic matrix (enclosed by white dotted line). The orange arrow indicates the

sliding direction. LOM Nital 2%.

The pressure imposed in the HPT test also affected the top surface of the samples during HPT tests.
Figure 4-5 shows details of the top surface after being processed by 3 GPa and 1 turn. The TWEAs
present had similar features to those formed under 1 GPa observed in figures 4-3 and 1-4, such as
elongated shapes produced by high plastic deformation, radial brittle cracks and grooves. The
grooves in the case of 3 GPa appeared larger, affecting significant areas (Blue arrows in figure 4-5
a)), it seems they were produced by an abrasive process. As was observed before, damage due to
adhesion also appeared combined with that due to abrasion, although at 3 GPa there appears to

be now more detachment of loosened material. (Yellow dotted lines in figure 4-5 b)).

80



Chapter 4

Figure 4-5. Details of WES structure on the top surface of a sample processed using 3 GPa 1 turn.
The red rectangle shows the region detailed in the next image. a) Large grooves affecting the top
surface. b) Radial brittle cracks and evidence of delamination are visible inside the TWEAs (Yellow

dotted lines). LOM Nital 2%.

a. b.

Figure 4-6. Details of WES structure on the top surface of a sample processed using 3 GPa 3 turns.
The red rectangle shows the regions detailed in the next image. a) High plastic deformation and
clusters of small TWEAs oriented in the sliding direction (enclosed by yellow dotted lines). b) Cracks

affecting TWEAs and the ferritic matrix. LOM Nital 2%.

A dramatic reduction in the areas affected by TWEAs was noted on a more highly deformed surface
where grooves were not easily visible in a sample processed through 3 GPa and 3 turns. Abrasion
and adhesion combined appear to have removed the majority of the TWEAs, leaving just a few
TWEA clusters oriented in the sliding direction (areas enclosed by yellow dotted lines, figure 4.6 a)).
The high plastic deformation and wear not only had removed the grooves but also the cracks visible
in samples produced with fewer turns, although, some of them still prevailed (Blue arrows in figure

4.6 b)).
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The abrasion and adhesion eventually produced wear debris that was trapped between the
contacting surfaces. Some of this debris was collected with tape after finishing a HPT test conducted
using 3 GPa 3 turns. Figure 4-7 shows some of the debris which exhibited typical sliding wear

features, such as high plastic deformation, delamination and grooves produced by abrasion.

a. b.

Figure 4-7. Debris produced during a HPT test (3 GPa 3 turns). a) Evidence of delamination (blue

arrows) and b) grooves (yellow arrows). LOM Nital 2%.

1 turn

2 turns

3 turns

0.5 GPa 1GPa 3 GPa 6 GPa

Figure 4-8. Examples of images used to calculate the % TWEAs shown in table 1.3. All samples

processed correspond to Stage 2. Nital 2%.
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Figures 4-8 shows that the TWEAs distribution changed with pressure and number of turns applied
during HPT tests. This variation was quantified by calculating the % TWEA in representative areas
using the IPP Image J. The method used (section 3.8) required eight images to be taken over the

HPT samples from Stage 2; examples of these images are shown in figure 4-8 as well.

The results of these calculations are summarised in table 4-2 by black / white masks generated by
IPP Image J. The highest % TWEA was registered in samples processed using 0.5 GPa 1 turn (75 %
1.2 %) and reduced with the number of turns to a very low value (around 6%). The amount of TWEAs
varied more with number of turns than with pressure, but in all cases, a significant reduction was

reported with increasing turns/pressure.

Table 4-2. % TWEA on the top surface of samples after HPT tests under different conditions. Images

correspond to the micrographs shown in Figure 1.8. TWEAs are represented as black in each case.
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4.2.2 Bottom surfaces

The bottom surfaces looked completely different from the top surfaces of the samples. No evidence
of adhesion or abrasive wear such as grooves, delamination or brittle cracks was visible on their
surfaces. However, all lower surfaces had been affected by high compressive plastic deformation
which had produced impressions of the asperities present on the lower anvil in their surface. These
embedded asperities extruded the soft material from the sample between the anvil asperities and
so created the orange peel pattern. Figure 4-9 shows details of the orange peel pattern on the
bottom surface of a sample processed by 6 GPa 1 turn. Although compressive plastic deformation
is predominant on all the surfaces, small circular grooves were also visible, indicating sliding

contact.

4.2.3 Top surfaces at 6 GPa 1 turn

With increasing pressure, the grooves and TWEAs on the top surface started to be replaced by a
pattern similar to that observed on the bottom surfaces. The orange peel pattern on the top
surfaces seems to have the same origin as that responsible for its formation on the bottom side:
The higher compressive pressure and thus friction progressively reduced sliding between the top
disc surface and the upper anvil. Figure 4-10 shows details of the top surface of the same sample
shown in figure 4-9. The top surface was also covered by the orange peel pattern, indicating that it

was now stuck to the top anvil in the same way as it was stuck to the bottom anvil.

a. b.

Figure 4-9. Details of the bottom surface of a sample processed by 6 GPa 1 turn. a) The red rectangle

shows the region detailed in the next image. b) Details of the deformed surface
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Figure 4-10. Details of a top surface of a sample processed by 6 GPa 1 turn. The red rectangle shows
the regions detailed in the next image. a) Despite looking white, the patches on the image are
asperities ground and polished during sample preparation. b) Small spheroidal carbides in the

ferritic structure (enclosed by yellow dotted lines).

4.3 Compression tests on samples as a means of measuring the surface

finish of the anvils

Samples from stage 4 were pressed under 1, 3 and 6 GPa using the HPT machine. The purpose of
these experiments was to measure the roughness of the anvils indirectly by generating a copy of
their surface finish on the samples. The surface finish of the disc surfaces so produced was

measured using a contact profilometer. Images of the pressed samples are shown in figure 4-11.

The orange peel pattern was clearly visible on the bottom surface of the sample processed under 6
GPa but was only partially reproduced on the upper disc surface. The roughness measurements
were made on random diameters and the results are given in table 4-3. The roughness of an
unprocessed sample was also measured so as to compare it with the pressed sample. The profiles
given in table 4-4 were used to calculate the roughness parameters Ra, Rq, Ry reported in table 4-
3. The profiles exhibit higher asperity peaks and troughs on the discs in contact with the lower anvil
than on the top surface in contact with the upper anvil. This indicates that the lower anvil has a
higher roughness than the upper anvil. This is confirmed by the roughness parameters in table 1-3,
where all values reported were higher on the bottom surface than on the top surface. Figure 4-12
presents a 3D reconstruction of the roughness along a diametral band in a sample pressed under 1
GPa. Although both, top and bottom surfaces have impressions of the asperities on the anvils, the

bottom surface showed much more clearly the orange pattern described previously. Moreover, the
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top surface registered a large flat area with no significant impressions, which suggests minimum

contact between samples and anvil over this region.

Top

Bottom

1GPa

3 GPa

6 GPa

Figure 4-11. Samples after pressing by the HPT machine. a). 1 GPa, b). 3 GPa, c). 6 GPa,. The surface

patterns reproduced the surface finish of the machine anvils.

Table 4-3. Roughness measurements taken from samples discs after being pressed in the HPT test

machine. Values are the average of five measurements (Ra £ 0.5 um, Rq £ 0.2 um, Rz £ 2.1 um)

Parameter Unprocessed 1 GPa 3 GPa 6 GPa
(um) Top Bottom Top Bottom Top Bottom Top Bottom
surface | surface | surface | surface | surface | surface | surface | surface
Ra 0.18 0.16 2.62 3.64 2.69 4.14 2.6 3.95
Rqg 0.25 0.22 3.28 4.39 3.38 4.88 3.29 4.87
Rz 1.73 1.62 15.04 19.14 15.6 20.86 14.97 22.14
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Table 4-4. Profiles taken from samples after being compressed in the HPT machine
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| a.

Figure 4-12. 3D reconstruction of a). top and b). bottom surface along a diameter of a samples disc
pressed under 1 GPa. The roughness of the top surface is less than that of the bottom surface. Note
the big flat area on the top surface, enclosed by the blue dotted line and the orange peel pattern

on the bottom surface.
4.4 Subsurface characterisation

4.4.1 Circumferential sections

The circumferential sections generated every 40 um by polishing from the bottom side reported
several white structures inside the samples (samples used were from stage 3). To distinguish them
from the white patches located on the top surface (called TWEAs) these new structures were called
SWEAs (Subsurface White Etching Areas). SWEAs appeared preferentially between 240- 360 um
from the bottom side, the majority being located at a radial distance of between 3.5 and 5 mm. No
SWEAs were found in regions located at a radial distance of less than 3 mm. In the sections
examined from samples processed using 3 GPa, a significant increase in the amount of SWEAs was
observed between 1 and 2 turns, but then reduced somewhat after applying 3 turns. Relatively few

SWEAs were found in samples processed using 6 GPa and 1 turn.

Two SWEAs configurations were identified, those with ill-defined borders and those with more solid
areas. The SWEAs with ill-defined borders had a swirled morphology and resembled spiral clouds

or vortices without clear boundaries, hence they are referred to here as “cloud SWEAs”. Similarly,
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to the TWEAs discussed earlier, these cloud SWEAs usually appeared overlapped by the ferritic
matrix (figure 4-13). Their size also varied considerably with radial position and tended to be bigger
close to the edge of the samples. Solid areas were characterised by their more well-defined borders;
their size also increased with radial distance, from isolated spots located at a radial distance of 4
mm to large regions close to or at the edge of the samples (figure 4-14). In general, cloud SWEAs

were not located close to the sample edges, whilst the main part of solid SWEAs was found there.

Figure 4-13. Large cloud SWEA system located between a radial distance of 4.2 mm and the edge

of a samples processed using 3 GPa 2 turns. LOM Nital 2%.

Figure 4-14. Large solid SWEA system located between a radial distance of 4.6 mm and the edge

of a samples processed using 3 GPa 2 turns. LOM Nital 2%.

In other cases, cloud and solid SWEAs appeared joined in complex arrays that extended across large
areas until the edge of the samples was reached. Some parts of the clouds appeared as solid,
especially those located in the centre of the swirl pattern or close to the edge of the samples. These

systems often appeared linked to crack networks which extended for significant distances. Details
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of this kind of system are shown in figures 4-15 and 4-16. For these cases is not possible to establish

a clear difference between clouds and solid structures.

Figure 4-15. Large system of cloud and solid SWEAs linked to a crack network (blue arrows). The

red rectangle shows the region detailed in figure 4-16 a). LOM 2% Nital

Figure 4-16. Details of large cloud and solid SWEAs. The red rectangle shows the region detailed in
the next image. a). Cloud SWEAs (enclosed by yellow dotted line), and cracks (blue arrows). b.)
Cloud SWEAs (enclosed by yellow dotted line) with some solid SWEAs inside (indicated by yellow
arrows). LOM 2% Nital.
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Table 4-5. % SWEAs as a function of strain at the midpoint of the concentric rings defined on the

samples (section 3.8) of five samples processed using 3 GPa 2 turns.

Montages Black / White masks Plot % SWEAs vs shear strain
. M 100
8.0
6.0
4.0
2.0
0.0
45 55 65 75 85
6
4
2
0
50 60 70 80
5.0
4.0
3.0
2.0
1.0
0.0
45 55 65 75 85
20
15
10
5
0
45 55 65 75 85
20
15
10
5
0
45 55 65 75 85

To evaluate the SWEA distribution in the samples, IPP Image J was used to calculate the % WEA

with respect to the total samples area. Table 4-5 shows montages of several images taken from

around the periphery of the disc and the masks generated by using the Threshold tool from Image

J. The % SWEAs as a function of shear strain at the mid points of the concentric rings used to define
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the measurement areas is presented in table 4-5. All plots show a similar behaviour suggesting that
a relationship between % SWEAs and shear strain exists: SWEAs appeared with a shear strain of
55-66 and the majority of SWEAs was located close to the edge of the samples where the shear
strain was greater than 75. No SWEAs were found at shear strains lower than 40 i.e. SWEAs were
not present close to the sample centre. However, these results contain significant scatter, indicating

that more factors than just shear strain are involved in SWEAs formation and distribution.

4.4.2 Axial sections

A detailed microstructural characterisation by LOM on the axial sections revealed several changes
inside the samples after conducting HPT tests. These changes included evidence of plastic
deformation, carbide redistribution and the presence of TWEAs and SWEAs. These microstructural
changes were found mainly in two regions, one close to the top surface (corresponding to the
TWEASs) and another located at a depth of 240-360 um from the bottom side. TWEAs were located

in all samples except those processed by 6 GPa. All TWEAs were located at depths of less than 100

pum from the top surface and appeared as isolated forms with irregular sizes and shapes.

Figure 4-17. TWEAs (indicated by blue arrows) and SWEAs inside the sample (indicated by yellow
arrows) in a cross section of a sample processed by 3 GPa 2 turns. The red rectangles show the
regions detailed in figure 4-18. Some SWEAs also appeared at the edge of the sample in another

well-defined WES group (enclosed by white dotted line) LOM 2% Nital.
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SWEAs appeared in two well defined groups, one located far from any border of the sample and
another located near the sample edge. Only a few samples registered SWEAs in their cross sections,
due to the random nature of the sectioning direction and the restricted parameters used to
reproduce them (3 GPa 1, 2, 3 turns and 6 GPa, 1 turn). Figures 4-17 shows a cross section of a

sample processed using 3 GPa and 2 turns where both TWEAs and SWEAs were visible.

Figure 4-18. Details of TWEAs and SWEAs in a cross section of a sample processed by 3 GPa 2 turns.
a) SWEAs and cracks (indicated by blue arrows) at the edge of the sample. b) Elongated SWEA
system located far from any border of the sample. c) Small and isolated SWEAs located at a radial
distance of approximately 4 mm and at a depth of 200 um from the top surface (Yellow arrows). d)

TWEAs located at a radial distance of approximately 4 mm. LOM 2% Nital

Lots of the SWEAs located at the edge of the samples consisted of a fibre/ layered structure that
seemed to flow towards the edge (indicated by the orange arrow in figure 4-17 a)), cracks usually
appeared associated with them (blue arrows figure 4-17 a)). These SWEAs could be formed by solid
and cloud SWEAs combined. Other SWEAs appeared as groups (Figure 4-17 b)) or completely
isolated. Due to their location, these SWEAs could correspond to the cloud SWEAs observed in the
circumferential sections. SWEAs also showed a fibre / layered structure elongated in a particular
direction, in this case parallel to the top surface. Finally, TWEAs observed at the top surface consist
of an arrangement of several small white structures, some of these solid, other more ill-defined.

They were not connected together, but the deformed areas close to them facilitated their
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identification. Some fibre / layered structures were also visible between the solid TWEAs. All TWEAs
and SWEAs observed in the cross sections analysed exhibited similar features (i.e. a mixture of solid

and ill-defined structures, fibre / layered structures, preferential orientations, cracks) irrespective

of pressure and number of turns applied.

4.5 Hardness measurements

4.5.1 Microhardness profiles
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Figure 4-19 Microhardness variations across the diameter of the disc samples after conducting HPT

tests under a), 0.5 GPa, b) 1 GPa, c) 3 GPa and d) 6 GPa. The hardness of the disc sample prior to
being processed by HPT was 180 + 10 HV.
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Micro hardness profiles are commonly used to show the variation of hardness in disc samples after
conducting HPT tests. The measurements were taken using the methodology described in section
3.10 with a 100 g load on Stage 2 samples. Microhardness measurements were made on randomly
selected diameters, however SWEAs were avoided and thus the microhardness values
corresponding to SWEAs are not included in these measurements. Figures 4-19 shows the
microhardness profiles obtained on samples processed using different HPT pressures and number

of turns.

The disc samples showed a significant increase in hardness with radial distance, the values being
two or three times larger at the edges than at the centres. The lowest values were at the centres of
samples processed by 0.5 GPa (approximately 250 HV) and increased with the pressure applied until
values close to 425 HV were obtained at the centre with 6 GPa. The hardness values also increased

with pressure at other radial positions and number of turns, i.e. at other shear strain values.

4.5.2 Measurements close to TWEAs and SWEAs

Hardness measurements were taken to reveal the differences between WES and the matrix that
surrounded them. Measurements were taken in very localized places over circumferential
surfaces evaluating TWEAs, cloud and solid SWEAs. Some of these measurements are shown in

figures 4-20 and 4-21.
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Figure 4-20 Cloud SWEAs located at radial distances of between 3775 and 4175 um; points A, C, D,
E correspond to measurements on SWEAs (enclosed yellow dotted lines). Sample processed

through 3 GPa 2 turns. LOM 2% Nital
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In Figure 1-20, Points A and E correspond to the matrix that surrounded cloud WES, whilst points
B, C, D and F correspond to the hardness registered in WESs. Despite of the radial distance
variations, which itself causes a difference in matrix hardness (the largest distance between the
points was around 300 um), cloud WES were approximately 18 % harder than the matrix close to
them. Figure 1-21 shows hardness values at locations close to the interface of a solid SWEAs located
between 4410 and 4710 um from the centre. Points A and B located in the matrix, whilst points C
and D located in solid SWEAs had hardness values between 12 and 15% greater than the matrix

values.

A (509 HV)

B (514 HV)

C (576 HV)

D (580 HV)

Figure 4-21 Solid SWEA located at radial distances of between 4410 and 4710 um; points C, D
correspond to SWEAs. Sample processed through 3 GPa 2 turns. LOM Nital 2%.

4.5.3 Nano hardness maps

The hardness differences between TWEAs, SWEAs and the neighbouring matrix were evaluated in
two different positions (radial distances of around 4.2 mm and 4.7 mm), one on the top surface of
a sample processed by 3 GPa 3 turns, another on a cross section of a sample processed by 6 GPa 1

turn.
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Centre of the
sample

Figure 4-22 Top surface of a sample processed using 3 GPa 3 turns. The red rectangles show the

regions detailed in figure 1.23 a), b) Images taken at increasing magnifications to localise the

analysed region. LOM Nital 2%

The TWEAs observed in figure 4-22 were at radial distances of between 4 and 4.6 mm and appeared
as isolated patches affected by wear (Yellow arrows in figure 4-22 a)). The dark patches
corresponding to over-etched regions. The area analysed is visible through the red rectangle in
figure 1-22 b). Figure 4-23 shows the results of the nano indentations conducted over an area of

200 x 200 um in the region detailed in figure 4-22 b).
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Figure 4-23. Nano hardness map taken from the red area shown in figure 4-22 b).
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Figure 4-24. Cross section of a sample processed using 6 GPa 1 turn (stage 3). The red rectangles
show the regions detailed in the next image a), b). Images taken at increasing magnifications to

localise the analysed region. LOM Nital 2%.
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Figure 4-25 Nano hardness map taken from the red area shown in figure 4.24 b).

The SWEAs analysed were from a sample processed using 6 GPa 1 turn. They were located at the
edge of the sample and consisted of an elongated structure approximately 200 um long without
clear borders with the matrix. The dark regions correspond to over etched areas in figure 1-24 b).
The area selected for nano hardness measurements is shown in figure 4-24 b). as a red rectangle.

The results of these measurements are given in figure 4-25
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The higher nano hardness values were easily identified as they were located at the top of the region
analysed where the TWEAs were concentrated. The hardness in this region varied predominantly
between 658 and 963 HV corresponding to the green, yellow and red colours in the map; there was
also an isolated measurement of 1063 HV. The lower hardness values corresponded to regions
occupied by the matrix and here the hardness varied predominantly between 405 and 608 HV.
Figure 1-25 of a region with SWEAs showed similar hardness values to Figure 1-23, the higher
hardness values corresponding to the areas affected by SWEAs. The hardness values registered in
the SWEAs varied between 724 and 972 HV and thus were similar to the values observed for the
TWEAs. Moreover, the significantly lower hardness values at the centre of figure 1-25 correspond
to an area with an overlapped ferritic structure. The nanohardness values reported for the TWEAs
and SWEAs are higher than the microhardness values shown in figures 4-20 or 4-21. The differences
are a consequence of the scale of the nano and micro indents. Nano indents could be located on
hard particles such as inclusions, carbides or carbide clusters so generating higher values. On the
other hand, different factors could influence the lower measurements, such as indents on ferritic
regions free or carbides or the lack of effective contact between the indenter and the material due
to roughness variations. Micro hardness indents, on the other hand report the hardness of larger

areas with mixed microstructures and so give more “averaged” values.
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Chapter 5 Advanced characterisation

This chapter reports the results of a detailed study by Scanning Electron Microscopy of both TWEAs
and SWEAs in HPT disc samples. Their characterisation had three aims: firstly, to describe their
morphology using Secondary Electron Imaging — SEl, secondly to explore some of their
crystallographic features using Backscattered Electron Imaging — BSI, and thirdly a qualitative
evaluation of their chemical composition using Energy-dispersive X-ray spectroscopy, EDS.
Morphological characterisation by SEM / SEI was studied on circumferential and axial sections

prepared from the HPT disc samples.

5.1 SEM / SEI characterisation of top surfaces of HPT discs

As was shown in chapter 4, TWEAs were observed along most of the top surface of the samples,
except for a small circular region close to the centre of the sample. Their amount and distribution
varied significantly with the pressure and number of turns used in the HPT tests. Despite these
variations, common morphological features were observed for all TWEAs. Common features
include high plastic deformation, overlapped structures, fibre / layered structures, evidence of wear
due to sliding contact and a reduction in carbide content compared to the material surrounding

them.

5.1.1 lll-defined TWEAs

OkvV  X1,000 10um WD 12.1mm SEI 10um WD 12.1mm

a. b.

Figure 5-1. TWEAs and surrounding ferritic matrix with spheroidised carbides (radial distance 3.5
mm) on the top surface of a disc sample processed using 0.5 GPa 1 turn. The red rectangle shows
the region detailed in (b.) Region 1 corresponds to the TWEAs, region 2 corresponds to the ferritic

matrix. Elongated carbides (indicated by blue arrows) are visible in b). SEM / SEI, Nital 2%
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In previous LOM images (figures 4-4,4-6), some TWEAs did not have clear limits with the
surrounding ferritic matrix; in some areas they overlapped the ferritic matrix while in others they
seemed to share part of the typical carbide distribution observed in the ferrite. Figure 5-1 shows
details of one of these boundary regions, where region 1 corresponds to the TWEAs and 2 to the
ferritic matrix. The carbides in the ferritic matrix in the proximity of the TWEAs appeared elongated
due to plastic deformation, some of them seeming to be part of the TWEAs boundary (white dotted

circles in figure 5-1 b).

5.1.2 High plastic deformation and overlapping

The overlapping phenomenon seemed to be caused by the sliding contact between the disc sample
and the anvil, which deformed plastically the ferritic matrix and the TWEAs. This phenomenon is
visible in figure 5-2 where some TWEAs located at a radial distance of 3.5 mm on the top surface of
a sample processed using 0.5 GPa 1 turn are shown. The smooth surface of the TWEAs appears to
be comprised of several overlapped layers stacked over each other as a result of plastic
deformation. A small portion of the ferritic matrix is still visible in a), whilst deformed carbides can

be seen between the layers in b).

10pm WD 146mm =MC SE 50kv  X2,00 10pm WD 146mm

Figure 5-2. Details of TWEAs structure on the top surface of a sample processed using 0.5 GPa 1
turn, in a region located at a radial distance of 3.5 mm. The red rectangle indicates the area shown
at higher magnification in (b). a) Differences between the appearance of the deformed ferritic
matrix (1) and TWEAs (2). TWEAs layers appeared to overlap (red arrows) b) High plastic
deformation produced by severe sliding. SEM / SEI, Nital 2%
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5.1.3 Flake formation
Flakes were visible on TWEAs at several radial distances but were present in greater amounts when

the pressure and the number of turns were higher. Flakes were formed by the high plastic

deformation resulting from sliding which generated severe adhesive wear conditions.

SEI 5.0kV  X2,000 10um WD 11.4mm

a. b.

Figure 5-3. Formation of flakes in a TWEA located at a radial distance of 3.5 mm on the top surface
of a disc sample processed by 1 GPa 1 turns. The red rectangle indicates the area shown at higher
maghnification in b). Blue arrows in b) shows debris produced by material detaching from the flakes.

SEM / SEI, Nital 2%

SEI 5.0kv  X1,000 10um WD 14.7mm

a.

Figure 5-4. Cracks and material detaching on TWEAs due to flaking failure. The detached material
exposed the ferritic matrix. TWEAs located at a radial distance of 3.5 mm on the top surface of a
disc sample processed by 0.5 GPa 2 turns. The red rectangle indicates the area shown at higher
maghnification in (b). Region 1 correspond to the exposed ferritic matrix, region 2 to a TWEA affected

by flaking and cracks. SEM / SEI, Nital 2%
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Figure 5-3 shows some of these flakes on a TWEA located at a radial distance of 3.5 mm in a sample
processed by 1 GPa 1 turns. Eventually, with higher pressures and number of turns, cracks form in
these flakes which promotes material detachment. Figure 5-4 shows TWEAs located at a radial
distance of 3.5 mm affected by cracks (region 2 in a)) in a sample processed by 0.5 GPa 1 turns. The

detached material exposed part of the ferritic matrix (b).

5.1.4 Fibre / layered structures

Axial sections of the HPT samples revealed that the TWEAs that form on the top surface of the
samples have a fibrous / layered structure that extends parallel to the top surface as a
discontinuous layer in some regions but as swirls or vortices in other places (Figures 5-5 to 5-8). This
layer was restricted to a depth of less than 100 um. Many small white structures appeared
interconnected forming complex systems close to the surface: other white structures appeared
more isolated from the top surface and from other TWEAs. Although TWEAs can be distinguished
easily from the ferritic matrix (white dotted lines in figure 5-5 and 5-7 indicate the boundary), their

detailed shape was better revealed by SEM / BSI (figure 5-16).

Interconnected TWEAs

SEI 15.0kv  X1,000 10um WD 10.1mm

Figure 5-5. Axial section of a disc sample located at a radial distance of 4 mm processed by 1 GPa 1
turn. The red rectangle indicates the area shown at higher magnification in figure 5.6 a). Region 1
shows the ferritic matrix with spheroidised carbides, region 2 consists of TWEAs close to the top

surface. The green arrow indicates the top surface of the sample. SEM / SEl, Nital 2%
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SEl 150KV X2000  10mm T0mm WD 10.2mm SEl  150kV X4000 1gm WD 102mm

a. b.

Figure 5-6. Details of the image shown in figure 5-5. The red rectangle indicates the area shown at
higher magnification in (b). a) The carbide distribution in the ferritic matrix in region 1 is different
to that found in the TWEAs in region 2. b) Highly deformed carbides linked to the fibrous structure
in a cloud TWEA (white arrows). SEM/SEI Nital 2%.

Figure 5-7. Axial section at a radial distance of 4 mm of a disc sample processed by 1 GPa 2 turns.
The red rectangle indicates the area shown at higher magnification in figure 5-6. The white dotted
line encloses interconnected TWEAs present close to the top surface. Other isolated TWEAs appear
at greater depths beneath the surface, at depths close to 100 um (yellow arrows). The green arrow

indicates the top surface of the sample. SEM / SEl, Nital 2%
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=

SEl 150KV X4,000  1gm  WD10.2mm

Figure 5-8. Details of the image shown in figure 5-7. The red rectangle indicates the area shown at
higher magpnification in b). a) The depth to which TWEAs extended beneath the top surface is not
regular along its length. A fibre / layered structure is visible inside the TWEAs. Deformed carbides
appeared between the fibres /layers (white arrows in b)); some of these seemed to be linked to the

fibre/layered structure (enclosed by yellow dotted lines in b)). SEM/SEI Nital 2%.

In addition to the changes in the microstructure, significant variations were observed between the
carbides in the ferritic matrix and in the TWEAs. Firstly, fewer carbides were observed inside the
TWEAs, and their distribution between the fibres was non-uniform, compared to their relatively
homogeneous distribution in the matrix (figure 5-5 and 5-6). The carbides seemed to have been
dragged in the direction of the fibres, following the plastic deformation visible inside the TWEAs.
Secondly the carbides in TWEAs looked smaller, elongated and fractured (white arrows in figure 5-
6 b). and 5-8 b).), some of them seemed to be linked to the fibre / layered structure at different

points (yellow dotted lines in figure 1.8 b)).

5.2 Solid and cloud SWEAs

Examination of the circumferential serial sections prepared through the cross section of the disc
revealed more details of the morphology and distribution of SWEAs. Characterisation focused on a
region of solid and cloud SWEAs located close to the edge of a disc sample from stage 2 (radial
distance of 4.5 — 4.8 mm), processed by 3 GPa 2 turns. Figures 5-9 to 5-12 were taken from the
same region studied by LOM in figure 4-15 As was highlighted for TWEAs, the features described in
these figures were observed in all SWEAs identified in this thesis, no matter the pressure or number

of turns used for the HPT tests.
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Figure 5-9. Solid WEAs (white dotted lines, region 1) and cloud SWEAs (yellow dotted line, region
2) located close to the edge of a sample processed by 3 GPa 2 turns. The red rectangle indicates the

area shown at higher magnification in figure 1-10. SEM/SEI 2% Nital.

e

SEI 15.0kV X950 10um WD 9.8mm

Figure 5-10. Details of the SWEAs system shown in figure 5-9. Yellow dotted lines enclose clouds
(region 1), whilst the white doted lines enclose the solid SWEAs (region 2). The red rectangle

indicates the area shown at higher magnification in figure 1-11. SEM/SEI 2% Nital.
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Figure 5-9 shows a general panorama of the selected SWEA system, which consisted of a solid well-
defined white region located close to the edge of the sample (white dotted line, region 2) and a
group of small and elongated cloud SWEAs located close by. Figures 5-10 and 5-11 present details
of the same SWEA system at higher magnifications. Many cracks were located preferentially in the
solid WEAs, forming an extended network. SEM images taken from the clouds and small solid
SWEAs showed a twisted and folded fibrous structure that overlapped the ferritic matrix (figure 5-
10 a)). The carbide distribution in the vicinity of the SWEA differs from the random distribution
observed in the ferritic matrix. The carbides seemed to have been dragged by a flow force that
surrounded the WES, some of the carbides appearing deformed and linked to the thin fibres (blue

arrows in figure 1.11 b)).

Figure 5-11. Details of cloud SWEAs linked to a typical solid SWEA located at the edge of the sample.
The red rectangle indicates the area shown at higher magnification in (b). a) Fibrous structure in a
cloud (region 1, enclosed by a white dotted line) and solid SWEAs (region 2 enclosed by an orange
dotted line). b) Deformed carbides that seem to be linked to the twisted fibrous structure in a cloud

SWEA (blue arrows). SEM/SEI Nital 2%.

Figure 5.12 presents SEM images from a solid SWEA linked to a cloud SWEA. The structure of the
SWEAs looked similar to that observed in the TWEAs (figures 5.5 to 5.8). A fibrous structure has
replaced the deformed matrix and the carbide content is much reduced. However, there are some
differences. Firstly, the fibres tend to be thinner, more compact and bonded to each other in the
SWEAs especially at locations far from the SWEA-matrix interface and the typical carbide
distribution is not visible inside the fibrous structure, with only a few carbides being present (blue
arrows in figure 5.12 b)). Secondly, the fibre structure is different close to the border of the SWEAs
with the matrix, as compared to its centre. The fibrous structure at the centre of the SWEA looked
more deformed and compacted than that observed in the TWEAs, suggesting a more significant

relationship to the plastic flow imposed in this region. The orange dotted line shown in figure 5.12
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b). separates both fibre structures. Thirdly, just a few carbides appeared at the centre (or core) of

the SWEAs suggesting a partial or complete dissolution of the carbides inside the SWEAs.

SEl 150KV X2,000  10mm WD 10.4mm SEl 150KV X5000  1am WD 104mm

a. b.
Figure 5-12 Details of a solid SWEA located at the edge of a circumferential section of a sample
processed by 3 GPa 2 turns. The red rectangle indicates the area shown at higher magnification in
(b). a) Interface between the ferritic matrix (Region 1) and the SWEAs (Region 2). b). Variations of
the fibre structure close to the centre of the SWEA. The orange dotted lines separate regions with

significant differences in their carbide content. SEM/SEI, Vilella’s reagent.

Figure 5-13. Details of cloud SWEAs located at the centre of a diametral axial section of a sample
processed using 3 GPa and 2 turns (white dotted line). The red rectangle indicates the area shown
at higher magpnification in (b). a) The fibrous structure in the cloud (blue arrows) and cracks in the
solid SWEA (red arrows). b). Deformed carbides linked to the fibrous structure (yellow arrows).

SEM/SEI Nital 2%.
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Finally, figure 5-13 shows images of SWEAs found in an axial section of a disc sample processed by
3 GPa 2 turns (from stage 3). This axial section was examined in figure 4-15 b) via LOM. These images
basically show the same features observed in figures 1.9 to 1.12, but in a plane at right angles to
the surface of the disc sample. Cloud SWEAs had a highly deformed fibrous structure with no clear
boundaries and seemed to overlap the ferritic matrix. Cracks, oriented at right angles to the disc

radius, were present in a small solid SWEA. (white arrows, figure 5-13 a)).

5.3 EBSD characterisation

EBSD characterisation was conducted on four representative regions identified in three different
samples: an annealed roller (region 1), a sample processed using 3 GPa 2 turns (region 2 for TWEAs
and region 3 for SWEAs) and a sample processed using 6 GPa 1 turn (region 4 for SWEAs at the edge
of the sample). These samples were selected not only because of the relative position of the TWEAS
and SWEAs in the sample (at the top surface, subsurface and close to the edges of the samples) but
also their size / shape. The samples used to characterise TWEAs and SWEAs correspond to those in

stage 2. Table 1 summarises the regions studied.

Table 5-1. Sections taken to be analysed and WES selected for characterisation using advanced SEM
techniques

Region S Description Position analysed Scher'n.atlc
type position
1 Annealed Ferritic matrix with Random position (]
spheroidal carbides .
At top surface (within 100 '
) 3GPa2 WES on top surface, | um depth of surface) and o
Turns (*) TWEAs 1.5—-5 mm radial -
distance —
240-360 um from the
3 3GPa2 WES located inside bottom surface and 3.5 —
Turns (*) the samples, SWEAs and 5 mm radial . a
distances -
WES close to the 240-360 pm from the
4 6 GPa1l sample edges bottom surface and 4.8
Turns affected by flash, and 5 mm radial -
SWEAs at edge distances

(*) Two areas studied on the same sample
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5.3.1 Region 1: Annealed AISI 52100

The microstructure of the AISI 52100 after the annealing heat treatment is presented in figure 5-14
using a) SEM / SEI, b) SEM / BSI, c) Image Quality, IQ d) Auto Phase maps e) Inverse Pole Imaging
IPF and f) Kernel Average Maps, KAM.

- Phase
R B o )
B I ron (Gamma)
] Cementte

e. f.

Figure 5-14. Microstructure of the axial section of an annealed AlSI 52100 roller analysed by: a) SEM
/ SEl, b) SEM / BSI c) Image Quality (IQ) d) Auto Phase maps (AP), e) Inverse Pole Imaging (IPF) with

the Z axis as normal direction, and f) Kernel Average Maps KAM (150 nm 5°).
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The microstructure of the annealed AISI 52100 consisted basically of a ferritic matrix with a
homogeneous distribution of spheroidal carbides of different shapes and size. Etching with Nital
2% was effective at revealing the carbides but did not reveal all the ferritic grain boundaries (figure
5-14 a)). The brightness and contrast of the images obtained by SEM / BSI can be used to study the
microstructure of the samples because BSI taken at relatively low acceleration voltages detect
variations in crystallographic orientation. The contrast differences allowed the size and shape of
the ferritic grains and their orientation to be visualised (figure 5-14 b)). Brighter well-defined ferrite
grains were observed in an 1Q image, these grains exhibiting a low defect density (figure 5-14 c)).
The absence of austenite was confirmed through an Auto Phase map determined using previous
indexed y - Fe, a-Fe, and FesC (figure 5-14 d)). IPF taken using the-Z axis as the normal direction,
confirmed the random orientation of both phases (cementite and ferrite) (figure 5-14 e)). Finally,
KAM (150 nm, 5°) image shows a very homogeneous microstructure free from significant changes

in the average internal grain orientations (figure 5-14 f)).

An artefact is present in the KAM image where three ferritic grains appeared in a different colour
compared to the rest of the grains in the image. All images in figure 5-14 exhibit a relaxed
microstructure with a low defect density and no preferential crystallographic orientations.

Preliminary SEM / BSI examination

Figure 5-15. Axial section of a HPT sample processed using 3 GPa 2 turns. Red rectangles correspond

to Regions 2 and 3, which are shown in figures 5-16 and 5-17. The blue circle shows a typical
example of a SWEA located at the edge of the sample. A similar SWEA is present in Region 4. The
orange arrow indicates the top surface of the sample. Montage constructed from SEM / BSI images

(10 kv, x200 and 5.1 mm WD).

Figures 5-15 to 5-17 show SEM / BSI images taken from Regions 2, 3 and 4 illustrating various
features of the WEAs. Firstly, TWEAs in Region 2 (figure 5-15) did not form a continuous or
homogeneous structure close to the top surface; they appeared as small and bright patches,

scattered parallel to the top surface and at a radial distance of 1.5 — 5 mm. Some of these patches
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appeared isolated and well defined (blue arrows in figure 5-15), but others seemed to be
overlapped by the matrix that surrounds them and had ill-defined borders (yellow dotted lines in

figure. 5-16). A third TWEAs group could be distinguished as a mixture of these two types and

extended across large areas.

Figure 5-16. Isolated (blue arrows) TWEAS with ill-defined borders (yellow dotted lines) and mixed
(red dotted line) TWEA types in Region 2. Blue arrows show cracks at the top surface. The orange
arrow indicates the top surface of the sample. Significant regions appeared without carbides.

Montage constructed from SEM/ BSI images (10 kV, x200 and 5.1 mm WD).

Figure 5-17. Well-defined SWEA located in Region 3. The Orange arrow indicates the top surface of

the sample. Montage constructed from SEM / BSI images (10 kV, x200 and 5.1 mm WD).
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Figure 5-16 shows a well-defined SWEA located in the subsurface of the HPT sample (Region 3). A
fibrous structure affected by high plastic deformation is visible inside the SWEA where some cracks
were also present with different orientations (blue arrows in figure 5-17). Finally, Region 4 is shown
in figure 5-18 and is revealed to consist of a mixture of well-defined and ill-defined SWEAs similar
to the TWEA systems described in figure 5-16. A fibre / layered structure is visible inside the white
structures; this had a preferential direction that seemed to be related to the plastic flow at the edge
of the sample caused by the HPT tests. The presence of cracks was widespread in this case and they
appeared to follow the preferential direction exhibited by the fibre / layers (blue arrows in figure

5-18)

Figure 5-18. Well-defined SWEA located in Region 3. Orange arrow indicates the top surface of the

sample. Montage constructed from SEM / BSI images 10 kV, x200 and 5.1 mm WD) images.

5.3.2 Imaging Quality Maps (1Q)

Figures 5-19 to 5-21 present the Image Quality (1Q) maps corresponding to Regions 2, 3 and 4. The
dark regions observed in 1Q correspond to the white structures, whilst the brighter regions
correspond to the ferritic matrix. The dark regions derive from the absence of clear diffraction
patterns from the structures present in these regions. Large discontinuities such as cracks, as
observed in all regions (blue arrows) can also disturb the diffraction responses. The differences in
the contrast revealed modifications in the ferritic matrix as well, not only in the vicinities of the

WEAs, but also in other areas analysed.

The alterations included bigger overlapped areas than those revealed by SEM / BSI images (dark

contrast), flow patterns affecting the white structures (Regions 2 and 3) and slight variations in the
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contrast of the matrix possibly related to localised plastic deformation. The plastic flow patterns
were also visible inside some SWEAs, where a fibrous structure appeared here stacked to form

several parallel layers.

Figure 5-19 1Q maps taken from Regions 2, 3 and 4. White structures (TWEAs and WEAs) are easily

distinguishable from the ferritic matrix because of their dark contrast.
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5.3.3 Auto Phase Maps (AP)

The AP maps showed the cementite and ferrite distribution. The poor quality obtained in the white
structures in IQ maps is visible in the AP maps as black regions. Inside these black areas some ferritic
fibre / layers were visible, indicating signals corresponding to ferrite structures figure 5-20 b).
Overall, the carbide distribution in the ferritic matrix looked homogenous except for some isolated

clusters. No carbides were revealed inside any white structure.

Phase
Il iron (Alpha)
[ iron (Gamma)
[] cementite

[ iron (Gamma)
8 [ 1 Cementite

Phase
[ Iron (Alpha)
[ iron (Gamma)
[ cementite

Figure 5-20 AP maps from Regions 2, 3 and 4 show as black regions without any recognized phase.

The absence of carbides inside the white structures was reported by both 1Q and AP maps.
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5.34 IPF maps

The IPF maps show the matrix has a very refined ferritic grain structure containing the spheroidal
carbides (figure 1.21 a), b), c)). Both phases, ferrite and cementite reported heterogeneous
crystallographic orientations in relation to the Normal Direction or Z axis used as orthogonal
reference. Similarly, to the AP maps given in figure 5-20, TWEAs and SWEAs appear in figure 5-21

as black areas because of the lack of clear diffraction patterns from them.

Figure 5-21 IPF from Z axis (ND) taken from Regions 2, 3 and 4. A very refined structure is revealed
in all regions studied after applying 3 GPa 2 turns and 6 GPa 1 turn. TWEAs and SWEAs appeared

black as was observed in AP maps. IPF with Cl greater than 0.1
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5.3.5 KAM maps

The KAM maps showed how the average misorientation that a pixel has with its nearest neighbours
was very similar in all structures analysed. No higher or lower misorientation angles were
consistently registered in Regions 2, 3 and 4. TWEAs and SWEAs appeared black as shown in Figures
5.22.

Min  Max

mo s

Min  Max

EXo 3

Figure 5-22 KAM maps taken from Regions 2, 3 and 4 using a 150 nm step size and orientation

angles up to 3°
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5.4 EDS characterisation

5.4.1 Carbon and Chromium content determined by EDS analysis

Figure 5-23 and 5-24 summarise the results of EDS analysis for Carbon and Chromium in Regions 2,
3 and 4. Analysis of both elements is important in understanding the evolution of carbides during

HPT tests.

C.

Figure 5-23 Carbide distribution and WEAs in Regions 2, 3 and 4 revealed by Carbon EDS maps. Blue
circles show carbide clusters in the ferritic matrix, red arrows show C trails or comet tails inside

SWEAs (Image b) and c)).
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C.

Figure 5-24 Chromium distribution and WEAs in Regions 2, 3 and 4 revealed by Chromium EDS
maps. Blue circles show carbide clusters in the ferritic matrix, red arrows show Cr trails or comet

tails inside SWEAs (Image b). and c)).

Although spherical carbides appeared dispersed in all directions, some clusters were visible in
different areas (blue dotted circles). The WES were visible because of their different contrast
compared to the ferritic matrix, indicating that they had a slightly higher C and Cr content than the
matrix surrounding them. A significant reduction in the number of the spheroidal carbides was
observed in the WES, especially those located in Regions 2 and 3. The carbides that remained in
these WES were smaller compared to those located in the matrix, others seemed to flow in the
same direction as the fibre / layers described in figure 5-19, leaving behind an ill-defined trail similar

to a comet tail. These comet tails extended for significant distances and linked other small carbides
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(Red arrows in figures 5-23 and 5-24). A similar phenomenon was visible in the Cr — EDS map, but

with less intensity.

5.4.2 Phosphorus and Aluminium content determined by EDS analysis

EDS analyses conducted in Regions 2, 3 and 4 reported signhals from aluminium and sulphur as ill —
defined dots in very localized areas inside the white structures. The study of these elements is

important in understanding the role of inclusions in the evolution of TWEAs and SWEAs during HPT

/ X

tests.
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Figure 5-25 EDS maps of Sulphur in Regions 2, 3 and 4. Red arrows indicate the presence of
significant signals that appeared as ill — defined dots (Images a). and c).) and comet tails (image b).).

These signals are related to the presence of inclusions inside the TWEAs and SWEAs.
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Figure 5-26 EDS maps of Aluminium in Regions 2, 3 and 4. Red arrows indicate the presence of
significant signals that appeared as ill — defined dots which are related to the presence of inclusions

inside the TWEAs and SWEAs.

The Sulphur and Aluminium EDS analyses conducted in Regions 2, 3 and 4 reported signals from
Aluminium and Sulphur as ill — defined dots in very localized areas inside the white structures. These
dots appeared linked to the comet tails, similar to those observed for Carbon and Chromium in
figure 5-24 b). The dots correspond to dual-phase inclusions of Aluminium with Sulphur and
Manganese commonly found in AISI 52100 steel. These inclusions could have a significant role in
the initiation of the white structures, as they would interrupt plastic flow inside the samples during

the HPT tests.
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5.4.3 Carbide clusters

The long austenisation heat treatment time and the uniform and very slow cooling applied during
annealing produced large ferritic grains, a relatively homogeneous carbide distribution and the total
absence of austenite. However, some pearlitic structures were visible as parallel lamellae clusters
in the material prior to be processed through HPT. (blue circles in figure 1-27 a). These cluster could
be related to the origin of the carbide clusters observed after to conduct the HPT tests showed in

figure 1-28.

BSE 100KV X5000 1gm  WD56mm

Figure 5-27. SEM / BSl images of pearlite clusters in the annealed AISI 52100 microstructure (orange
circles). These clusters can irrupt plastic flow during the HPT test.

Figure 5-28. SEM / BSI of carbide clusters in the vicinity of the SWEAs showed in figure 5-17 (orange
circles).
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Chapter 6  Origin and Evolution of WES

Based on the results obtained from the experimental work in this thesis and those presented in the
literature review, different topics related to the microstructural evolution of annealed AISI 52100
in HPT tests are discussed in this chapter. Five main topics are considered in separate sections
namely: the relevance of the parameters used for the HPT tests, some considerations on the results
obtained from the SEM / BSI / EBSD / EDS characterisation, considerations on the formation of both
TWEAs and SWEAs in disc samples, and finally, a comparison of the white structures observed in

HPT tests and those found in failed rolling bearings (or WEAs).

6.1 HPT parameters

The knowledge accumulated over recent decades on SPD processes, has allowed the development
of highly efficient methods to refine polycrystalline grains to nano metre scales. These advances
have provided not only better machinery and tools to be used for the processes, but also suitable
parameters to obtain ultrafine grain sizes efficiently. In this context, HPT has been one of the most
prolific information sources on SPD processes, due to its long history and simplicity. Although no
standard procedures have been established for HPT processes, a consensus is recognized by many
researchers on the parameters necessary to produce ultrafine grains. However, these guidelines

were not entirely adequate for the current research and this is discussed below:

6.1.1 Hardness saturation and number of turns

Saturation in HPT tests implies hardness stabilization and material homogenization to produce an
ultrafine grain size structure over the main part of the disc sample (except in some cases at the
centre). This saturation is easily identifiable when the hardness measured at different radial
distances is plotted against strain. For steels, the hardness shows a rapid increase with low strains,
followed by an asymptotic tendency at very high number of turns (similar to that shown in Figure
2-35). To evaluate the effect of the strain imposed in the HPT tests conducted on the annealed AlSI
52100 steel, the hardness was plotted against the shear strain using the data provided in figure 4-
19. These plots presented in figure 6-1 showed significant scatter, except for the disc samples
processed under 6 GPa. Logarithmic regression curves were also fitted to the data obtained from
the HPT tests using 3 turns and the correlation coefficients are given in figure 6-1. A higher

correlation coefficient was obtained for tests conducted at higher compressive stresses.
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Figure 6-1. Hardness as a function to the strain for disc samples processed using a) 0.5 GPa, b) 1

GPa, c) 3 GPa and d) 6 GPa. The regression curves correspond to the disc samples processed using

3 turns.
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The samples processed using 6 GPa and 3 turns showed very good agreement with similar curves
reported for without recovery materials (see section 2.4.6). The curves in Figure 6.1 indicate that
the most efficient way to process the annealed disc samples was using 6 GPa. Increase in processing
pressure and number of turns (strain) led to higher hardness values and so to a more pronounced
grain refinement [113]. Despite this, the hardness values did not show stabilization, suggesting that
3 turns were not enough to reach saturation and therefore, a complete nano grain refinement over

the disc sample has not been reached.

6.1.2 The influence of pressure applied

To guarantee a successful HPT test, the cavities in the anvils must be fully filled with the disc sample
material. To do this, the disc samples are deformed by the preliminary compressive stress applied
before the rotation. The disc samples reproduce not only the size and shape of the cavities but also
the roughness of their surfaces. If the friction force generated by the pressure is not enough to
prevent movement between the anvil surfaces and the top and bottom sides of the disc samples
during torsion, slippage between anvils and samples will occur. To avoid these problems, a
minimum pressure equivalent to at least three times the yield strength of the material processed
must be applied [113]. Taking the annealed 52100 steel yield strength as 427 HV from the

correlation [114]:

Ys = —90.7 + 2.876Hv (6.1)

It’s clear that this value is lower than three times the yield strength to pressures such as 0.5 and 1
GPa. Thus, these pressures are not the best options to process the annealed material. At 3 and 6
GPa, the ratio of compressive stress to yield strength is higher than three (7.14 and 14.29 times
respectively), however, as was shown in Chapter 4, rotational movement between the disc sample
and the anvils (slippage) was still registered in samples processed using 3 and 6 GPa. (See figure 4.-
1 and table 4-1) However, as HPT progresses the hardness and thus yield strength of the steel
increases and TWEAs form and hence a higher pressure might be then necessary to avoid slippage.
In addition, other factors might also be important namely the roughness of the disc samples and

the anvils.

6.1.3 Slippage

TWEAs only appeared on the top surface of the samples where slippage took place. This suggests
that TWEAs could have formed as a consequence of the sliding taking place between the top surface
of the disc and the anvil. Thus, to understand the origin of TWEAs, it is necessary to study slippage

evolution. At the beginning of the HPT tests, the pressure imposed embedded the anvil asperities
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in both top and bottom surfaces of the samples. Once torsion is applied the top surface of the
sample in contact with the non-rotating anvil rotates but the anvil asperities slip producing grooves
and deform the top surface (except for samples processed using 6 GPa). Thus, the circular patterns
alternated by smooth and shiny areas were formed. Similar configurations have been reported as
a usual feature on samples affected by slippage [115]; in this case, the frictional stress generated at
the surface by the torsion in the HPT test is below the shear yield strength of the sample, thus the
disc will not deform, and slippage occurs. Localized plastic flow takes place because of asperities
sliding and the circular pattern features observed on the sample surface are formed. When the
pressure is increased, the frictional stress at the surfaces will also increase and at certain point it
will exceed the shear yield strength producing sticking between the surfaces in contact. In other
words, this occurs when the friction is high enough to ensure that the surfaces are “stuck” to each
other. Hence, the circular patterns reduce significantly until they disappear, whilst plastic flow
begins inside the sample and the slippage starts to reduce [116] [117]. Significant % slippage
reductions have been reported experimentally in Al, Cu and Fe when pressures are increased from
2 to 6 GPa. In the annealed AISI 52100 steel samples studied here the % slippage also reduced
significantly as the pressure increased from 1 to 6 GPa (see table 4.1). The transition from slippage
to plastic flow inside the sample is gradual, and both phenomena, slippage and sticking usually
appeared together in different proportions [118]. To avoid slippage, a relatively high roughness of

the anvils (approximately 30 um Ra) has been recommended [16].

6.1.4 Surface roughness of the anvils

Nevertheless, the process described above cannot be used to explain the interaction between the
bottom surface of the samples which reproduced the anvil roughness in all cases, generating the
orange peel patterns. A similar behaviour has been described in a previous study, where the
roughness of the anvils used to process stainless steels was carefully characterised [118]. Based on
this examination it was concluded that the orange peel impression occurred on the lower surface
of the disc because the roughness of the bottom anvil was higher than the top anvil. To demonstrate
whether this was the case here, some sample discs were pressed using the HPT test machine under
1, 3 and 6 GPa to obtain an impression of the roughness of the anvils. The results of these
measurements are summarised in table 4-3 and figure 4-11. The top surfaces of the disc samples in
contact with the non-rotating top anvil had smaller values of all roughness parameters evaluated
(Ra, Rq, Rz) than the lower surfaces in contact with the rotating anvil. figure 4-11 also shows that
some parts of the top surface, arrowed, had no impression of the anvils indicating that over some

areas of the sample there was no contact between anvil and sample. Regarding the latter, it
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important to highlight the procedure used to prepare the disc samples prior to conducting the HPT

tests.

After cutting the disc samples from the annealed rollers, the disc samples were ground on both
sides using 800 and 1200 grade silicon carbide papers to reduce their thickness to 0.8 — 0.9 mm.
Although sample thickness was measured several times during the grinding processes by a
micrometre, it was not possible to guarantee that the thickness across all the sample was
completely uniform and thus that the top and bottom sample surfaces were completely parallel to
each other. Although the variations in thickness were very small, less than approximately 60 pm
(table 4-4), this variation could be enough to create areas that did not have contact with the anvil
asperities at lower pressures. At higher pressures, the deformed material finally contacted all the

anvil asperities eliminating these flat areas where there was no contact with the anvils.

The lower roughness of the top anvil could act to produce lower frictional forces between the top
anvil and the top surface of the disc and thus aid slippage and the possible generation of TWEAs.
However, because the bottom surface of the anvil has a higher roughness (Rz results particularly
close to 30 um), the pressures applied were sufficient to generate a significant real contact area

and hence, with higher frictional forces, slippage did not occur on the bottom disc surface.

6.2 Advanced characterisation results

6.2.1 EBSD analysis

Several details of the microstructure of TWEAs and SWEAs and their relationship with the ferritic
matrix that could not be ascertained by LOM and SEM / SEl images were revealed through EBSD
analysis. Firstly, SEM / BSI revealed how the initially relaxed ferritic grains (figure 5-14) were
replaced by a very refined and deformed structure without clear grain boundaries (figures 5-16 to
5-18). However, these images showed multiple grey tones, suggesting variations in orientation of
the ferrite grains as SEM / BSIl images are sensitive to crystallographic orientation at lower voltages.
The carbide distribution also looked different after HPT, some of the carbides appeared in clusters,
whilst other areas appeared free from carbides. This carbide distribution could result from the
plastic flow generated during the HPT tests that dragged the carbides. However, the most
significant feature is the clear difference between the matrix and its carbides and the white

structures visible in figures 5-16 to 5-18.

Both TWEAs and SWEAs were more visible in the IQ maps where they appeared clearly
differentiated from the matrix due to their darker contrast (using the qualitative grey scale cited at

the bottom right corner in the IQ images of figure 5-19). 1Q showed that these dark regions
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extended over significant areas with different configurations namely fibre / layers that seemed to
be stacked close to the top of the surface (region enclosed by the red dotted line in figure 5-19 a))
and swirls (vortices) resembling the patterns produced in turbulent flow (fibre / layers inside the

white structure in the 1Q image in figure 5-19 b)).

The grey scale in the 1Q images indicates the intensity of the diffraction patterns obtained from
Regions 1 to 4 defined in figures 5-16 to 5-18 respectively, the brighter and clearer regions resulting
from areas with well-defined diffraction patterns [119]. Many factors can influence these IQ maps,
for example the proximity of grain boundaries, high dislocation contents and lattice distortion
produced by plastic deformation. This can lead to the superposition of the signals generated from
individual crystal lattices and thus produce poor diffraction patterns. Moreover, other factors such
as nanocrystalline structures and defects such as cracks can produce the total absence of indexed
diffraction patterns [111] [62]. Hence, the dark contrast observed in the WEAs can be a

consequence of one or more of these factors.

However, the WES also appeared as black areas in AP, IPF and KAM, suggesting a total lack of
indexed diffraction patterns from these areas resulting from a nanocrystalline structure (figures 5-
20, to 5-22). Thus, this is also the most likely explanation for the findings from the 1Q maps. In
addition, AP maps showed small ferritic fibre / layers inside the WES. Fibres were more visible in
Region 3 (figure 5-20 b)), corresponding to a well-defined SWEA. AP images also showed clear
differences between the ferritic matrix and the carbides, compared to the SEM / EBSI and 1Q
images. Despite the new ferritic grain sizes being less than 2 um, it was possible to obtain
information on their texture through IPF and KAM maps (figures 5-21, 5-22). IPF confirmed the well-
refined condition of the ferritic matrix and the absence of any preferential orientation in the ferritic
grains, both features previously observed in SEM / BSI. In addition, the average misorientation
between each pixel and its nearest neighbours in the KAM maps, suggest homogeneous and low
misorientation angles (figure 5-22). These results indicate the lack of relaxed new grains produced

by recrystallization [120] [121].

6.2.2 EDS analysis

The large decrease in the amount of carbides inside the WES registered in SEM / BSI images was
confirmed by EBSD and EDS analyses. All EBSD maps from the WES registered a significant reduction
in the cementite patterns detected in them, whereas the EDS signals taken from the same areas
indicated a carbon and chromium redistribution (figure 5-23 and 5-24). The changes observed in
the remaining carbides such as size reduction and their elongated shapes, suggest a progressive

degradation. This degradation is visible as comet tails extending with the fibre / layer structure
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following the plastic flow direction. Thus, carbon and chromium are dragged from the carbides and
dissolved in the nanocrystalline arrangement present in the white structures. As carbon has a lower
atomic number than chromium, this diffusional process is more visible in the Carbon EDS maps.
Figures 5-23 and 5-24 also showed how the dissolved carbon and chromium are distributed
throughout the entire white structure. The darker contrast of the ferritic matrix registered in both
EDS maps indicates that the carbon and chromium content is slightly higher in the white structures

than in the matrix.

6.3 TWEA formation

6.3.1 Fibres / layered structure formation

Sample axial sections revealed how TWEAs form on the top surfaces as an arrangement of many
small white structures distributed without a particular pattern. Some of these formed complex
systems over significant areas, other appeared isolated from the top surface and from other white
structures (figures 4-18 d), 5-7, 5-15, 5-16). In all cases, TWEAs were located at depths less than 100
um. TWEAs consisted of a fibrous / layered structure that extended parallel to the top surface in
some regions but containing swirls or vortices in other places. The origin of the fibres / layers seems
to be related to the strain and plastic flow caused by the interaction between anvil asperities and
the sample surface during slippage. As their geometry was not regular, anvil asperities could create
heterogeneous flow conditions in very localized places causing small neighbouring regions to flow
under different conditions, generating interactions between them. As a result, the interactions
could produce shear instabilities, atomic scale mixing, and the generation of nano eddies or vortices
at the sliding interfaces [88] [87]. As a consequence, the interface between the neighbouring

regions could change to nano fibres / layers with different mechanical properties [120]

The nature of these fibres / layers in the annealed AISI 52100 is not completely understood but
could be related to transformation mechanisms observed under SPD conditions, such as
segregation and diffusion of interstitial elements through “non-equilibrium” grain boundaries [121]
the formation of high density dislocation clusters (called by some authors dislocation cores) and

even the generation of new structures by dynamic recrystallization [11]

As slippage progressed, new fibres / layers were formed and stacked over each other. Different
flow conditions could appear between the deformed matrix and the stacked fibres, recreating new
heterogeneous flow conditions. Thus, the process described above could take place several times
until structures at a micro scale are produced. An example of these phenomena can be observed in

figures 5-7 to 5-8, 5-16 and 5-19 a) where the stacking fibre /layered structure is easily visible in
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regions close to the top surface. The differences between the mechanical properties of these new
fibrous / layered structures (the TWEAs have a higher hardness than the ferritic matrix) and the
ferritic matrix could also explain the beginning of small cracks around the fibres / layered structures.
The soft ferrite could tend to flow more easily around the TWEAs than through them (figure 5-8).
This movement could continue until the interface cannot support the flow and the excess energy

accumulated is liberated through crack formation.

At higher strains, bigger vortices appeared affecting ever larger regions. The vortices by themselves
could provide more conditions where more interactions take place to generate new fibres / layers
and so extend the TWEAs. The nature of these bigger vortices is not related directly to the atomic
interaction and will be discussed later for the SWEAs case. However, voids and cracks could
progress creating bigger crack networks on a micro scale and are possibly responsible for the

detachment of significant portions of the deformed surface.

6.3.2 Carbide distribution

The changes in the carbides between the deformed ferritic matrix and the TWEAs are significant.
Firstly, fewer carbides were observed inside the TWEAs and their distribution between the fibres
was non-uniform, compared to the relative homogeneous distribution in the matrix (figure 5- to 5-
8). Secondly the carbides in the TWEAs were smaller, elongated and looked fracture (Figure 5-6).
Based on these observations, it would appear that the shear stress produced by the slippage was
responsible for the transformation of the ferrite matrix and the carbides located close to and inside
the TWEAs. This transformation could include grain refinement and diffusion of carbon from the
carbides to the matrix, as a part of a dynamic recrystallization process in regions close to the
surface. Similar transformations have been considered to explain the formation of white layers in
AISI 52100 by hard turning and drilling machining processes [122] [123] [124] at temperatures
below any phase transformation, i.e. without static recrystallization promoted by high

temperatures.

6.3.3 TWEAs reduction with number of turns and pressure

Apparently, the amount of TWEAs decreased when the number of turns was increased, as was
shown in table 4-2 and with increase in compressive stress applied. The decrease in TWEAs resulted
from two main causes, wear and slippage reduction. In the first case, material detached from the
top sample surface due to its rotation with respect to the top anvil because of severe sliding wear.
It is clear that TWEAs have higher hardness than the matrix, but less than the anvil asperities. If

these asperities slide against the TWEAs after one or more turns, they could detach these areas
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eventually producing wear debris that becomes trapped between the surfaces in contact,
generating a three body wear system [125] Figure 4-7 shows some of the debris collected from the
top anvil after conducting HPT tests, classic sliding wear features appear on their surfaces as has
been reported by [126]. Moreover, the reduction in slippage caused by the increase of pressure
influenced directly TWEA formation. This phenomenon is visible on samples processed using 6 GPa,
where both top and bottom sides reproduced the roughness of the anvils as an orange peel pattern

without TWEAs.

6.4 SWEA formation

6.4.1 Strain and strain rate distribution

Equation 2.14 predicts the strain in HPT tests is constant throughout the thickness of the sample
discs but changes linearly with radial distance [12]. Thus, no significant variations in the mechanical
properties or microstructure should be expected in the thickness direction, i.e. on surfaces of axial
sections. This model has good experimental support when the materials have reached a saturated
condition, usually after applying high pressures and several turns, however significant differences
appear when low strains are imposed. Some studies in Mg, Al, Zr3Al, iron and pearlitic steels have
shown dissimilarities in terms of hardness distribution and microstructue on the axial sections of
samples which suggests a non-homogeneous strain distribution inside the samples and changes in
the plastic flow [113] [127-129]. Moreover, FEM simulations have reported concentration of the
strain at the centre of the diametral axial section, with the highest values at the edge. The strain

rate also appeared greater in this region, with values increasing with radial distance [80] [130] [131].

It is clear the annealed AISI 52100 samples did not show a homogeneous strain distribution after
being processed by HPT. The parameters used to conduct the HPT tests did not allow a completely
refined grain structure with similar mechanical properties to be achieved everywhere. On the
contrary, the samples showed microstructural changes across the whole thickness, such as
evidence of localised high plastic deformation in the ferritic matrix, cracks and the formation of the
subsurface white structures (SWEAs). These SWEAs seem to be located parallelly to the top or

bottom surfaces at a radial distance of 3.5 — 5 mm (figure 4-17).

Considering that the high plastic flows, expressed as higher strain rates, allow conditions to
generate white structures (as was discussed for the TWEAs case), the concentration of SWEAs at
the edge of the samples coul be justified [80] [129]. However, the plastic flow at the edge of the
sample can vary significantly due to other complex factors, such as the friction against the vertical

cavity walls [130], the friction between the flash and anvils outside the anvil cavities [131] or the
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formation of Dead Metal Zones (DMZs) [132]. Hence, the study of plastic flow in this region is

complex.

6.4.2 SWEA formation

Figures 5-11 and 5-13 shows SEM /SEI images from a solid linked to cloud SWEAs. These images
were from a region close to the edge of a sample processed using 3 GPa 2 turns. The SWEA structure
looks similar to that observed in the TWEAs case (see figure 5-6). A fibrous structure has replaced
the deformed matrix and the carbide content is much reduced inside it. However, there are some
differences. Firstly, the fibres tend to be thinner, more compact and bonded to each other in the
SWEAs especially at locations far from the SWEA matrix interface. Secondly, just a few carbides
appeared inside the SWEA cores suggesting a partial or complete dissolution of the carbides inside
the SWEAs. Thirdly, the SWEA fibrous structure looked more deformed and bonded, suggesting a
higher incidence of turbulence flow. The interaction between regions that flow under different
conditions discussed for the TWEAs case could be present for the SWEAs as well, supporting the
same transformation mechanisms (diffusion of carbon, the formation of high-density dislocation
clusters and possible dynamic recrystallization). However, in this case, two factors replace the
interaction of asperities on the anvil and sample. Firstly, the edge of the samples suffers from a
border effect, where there are several factors that can alter the plastic flow of the material.
Secondly, the interaction with strong obstacles such as inclusions or carbide clusters can promote
vortex generation and with them the beginning of fibres between neighbour regions affected by

different plastic flow conditions.

6.4.3 Vortices

According to FEM simulations [80] [129], the same strain rate is registered over all the axial section
at the same radial distance (except in regions very close to the edges i.e. at maximum radial
distances) but decreases towards the centre of the sample. But the plastic flow was not organised.
Unusual flow patterns such as swirls or vortices and tracks of local turbulence have been found
previously in high-purity aluminium and a Zn—22%Al eutectoid alloy processed by HPT. The patterns
resembled the vortices associated with Kelvin—Helmholtz instabilities in fluids, which could occur
where there are local shear velocity gradients between adjacent positions . Despite the similarities
between both phenomena, Kelvin—Helmholtz instabilities require inertial forces in rapidly flowing
low viscous fluids at high Reynolds numbers. However, plastic flow in metals has a very small
Reynolds number because of the high viscosities and the very low flow velocities. Thus, Kelvin—

Helmholtz instabilities do not appear to explain these turbulence patterns [82].
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Some authors have suggested that their origin is linked to dislocation-mediated plastic flow, with
suitably oriented slip systems. Subsequent folding could be explained by the inhomogeneity of
plasticity on polycrystalline surfaces which favours bulge formation on a scale of the grains [133].
However, the vortices observed are much larger than any grains, suggesting that another factor
must be related to their evolution. An interesting alternative to explain the formation of vortices in
a deformed material under simple shear is the presence of constituents that generate local blocking
of the shear deformation. FEM simulations supported by experiments have shown how the local
blocking of the shear causes rotation around strong obstacles, which leads to the formation of
vortices at a sufficiently large shear strain [81] [85] [134]. The nature of these strong obstacles is

highly interesting, because they could define not only the size of the vortices but also their position.

SEM images taken from cloud and small solid SWEAs found in different annealed AISI 52100
samples processed by HPT show a twisted and folded fibrous structure that overlapped the ferrite
matrix (figure 5-10 to 5-13). The carbide distribution in the SWEAs vicinity differs from the random
distribution observed in other ferritic matrix regions unaffected by the SWEAs. The carbides
seemed to have been dragged from the matrix by a flow force that surrounded the WEAs. Some
carbides appeared deformed and linked to the coil fibres (figures 5-11 b) and 5-13b). From these
images, it is possible to affirm that cloud SWEAs have features similar to the turbulence patterns
described previously, thus, their origin could be linked as well. However, the nature of the strong
obstacles present in the annealed 52100 samples are not clear but could be associated with carbide

clusters, pearlite colonies or non-metallic inclusions.

6.4.4 Carbide clusters and inclusions

The characterisation of the annealed AISI bearing steel prior to being processed by HPT tests
revealed the presence of pearlitic structures grouped in very well-defined clusters. Their origin is a
result of an incomplete transformation of the cementite lamellae into spheroids during cooling
from the annealing temperature. Due to their shape, size and proximity, the pearlitic lamellae can
distort the neighbouring matrix acting as a stress concentrator capable of interrupting plastic flow
during HPT tests. In addition, the proximity of the ferrite and cementite lamellae and the long
contact area between them can facilitate carbon diffusion [11]. Figure 5-27 shows two examples of
pearlitic clusters found in Region 1 corresponding to the annealed AISI 52100 prior to being
processed by HPT. Other carbide clusters were observed in all regions analised after to conduct HPT

tests, some of them are visible in the figure 5-28.

Moreover, EDS analyses conducted in Regions 2, 3 and 4 reported signals from aluminium and

sulphur as ill — defined dots in very localized areas inside the white structures. These dots appeared
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linked to the comet tails, similar to that observed for carbon and chromium in Figure 5-26). The

dots correspond to dual-phase inclusions of aluminium with sulphur and manganese. These

inclusions could have a significant role in the initiation of the white structures, as they would

interrupt plastic flow inside the samples during the HPT tests. Non-metallic inclusions have also

been suggested to play a role in the initiation of WEAs in failed bearings [137 - 139]. They might not

only act as stress concentrators but also interact with the plastic flow and help to generate WEAs.

6.5

Comparison of WES and WEAs in failed bearings

Table 6-1. Comparison of TWEAs /SWEAs and WEAs. Material prior to transformation.

WES

WEAs

Heat treatment: Annealed condition
Original hardness: 180 + 10 HV
Microstructure:

Prior austenite grain boundaries, ferritic matrix
containing spheroidal carbides (cementite)
distributed relatively uniformly. [104]

s &

2‘; ] .; Sk ‘!Ac‘n ; L

GFE BSE 100KV X5000 1um  WD56mm

Heat treatment: Quenched + tempered
Original hardness: 700 — 900 HV
Microstructure:

Tempered martensite with small amounts of
retained  austenite,  primary carbides
(cementite particles), and temper carbides
(secondary or coherent carbides). [23]. Phase
proportions can vary with tempering
parameters

X10,000 1um
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Table 6-2. Comparison of TWEAs /SWEAs and WEAs. Microstructural morphology

WES

WEAs

Fibre / layered structures that looked
affected by the plastic flow.

Some cracks appeared with the same
orientation as the fibres, others at the
interface between the matrix and within the

TWEAs / SWEAs

150V %2000  “0pm WD 102mm

TWEAs

Aligned / fibrous morphology with micro-cracks
throughout the WEAs oriented along the length
of the WEAs and along the interface between the
matrix and WEAs

Chromium
carbides

Adapted from [3]
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Table 6-3. Comparison of TWEAs /SWEAs and WEAs. Texturing

Poor diffraction patterns (black regions) indicate nano structures in SWEAs.

Ferritic grains exhibit the same size and shape features.
No preferential orientation of grains in the vicinities of the SWEAs.

No recrystallized structures.

IPF
z axis
(7]
Ll
S
KAM
Poor diffraction patterns (black regions) indicate nano structures in WEAs.
Different grain structures appeared inside WEAs
Blue regions in KAM indicates recrystallization close to cracks
w
<
Ll
S

KAM

Adapted from [61]
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Table 6-4. Comparison of TWEAs /SWEAs and WEAs. Inclusions

WES WEAs
MnS inclusions appeared inside TWEAs and SWEAs, | MnS inclusions appeared close to WEAs
they interrupt plastic flow creating vortices Arrows | and cracks, they act as stress
indicate inclusions concentrators

. L’Im B | ;,vav

Contact surface !

)

L
: .
-’ i o)

Inclusion

Mn
Adapted from [8].

Table 6-5. Comparison of TWEAs /SWEAs and WEAs. Carbide distribution

WES

WEAs

Absence of carbides inside of the TWEAs /
SWEAs.
Carbon diffuses into the TWEAs / SWEAs nano
grain structure, increasing their carbide
content.

Se a2

Absence of carbides inside of the TWEAs /
SWEAs

A diffusional carbon process take place, but the
final carbon content inside of WEAsel is less
than the registered to the matrix

Adapted from [62]
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Table 6-6. Comparison of TWEAs /SWEAs and WEAs. Mechanical response

WES

WEAs

of the ferritic matrix

2

160 um 120 80 40

Nanoindentation shows that the white | Nanoindentation shows that the white
structures can exceed by 24 - 46 % the hardness | structures can exceed by 65 % the martensitic

1093
963
810
658
608
557
405
254

| | — Hardness HV

matrix hardness

Adapted from [138]

Table 6-7. Comparison of TWEAs /SWEAs and WEAs. Cracks

WES

WEAs

Apparently, there are some SWEAs without
cracks in their vicinity as illustrated in this
image of SWEAS located at the edge of a
sample processed by 6 GPa 1 turn

iAccV SpotMagn Det WD Exp j————— 50zm
/40 500x SE 102 1

Cracks usually appeared close to the WEAs

Deformed carbides

Cracks

Adapted from [1380

The white etching regions found in HPT tests on annealed 52100 strongly resemble those found in

WEAs from rolling contact fatigue in failed bearing. However, two features are different. Firstly,

cracks are not always associated with the white etching areas in HPT tests. This may arise because

the high compressive stresses present in HPT might well affect the propensity for crack formation.
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This could indicate that cracks are not necessarily a precursor to white etching areas, rather white
etching areas form before cracks. Secondly, recrystallized grains are not found in the SWEAs and
TWEAs produced by HPT but are present close to crack boundaries in WEAS in rolling contact
fatigue. It is suggested that rubbing of the crack surfaces caused by the cyclic shear stresses in RCF
could lead to the generation of sufficient heat to locally increase the temperature to a value
sufficient for recrystallization to occur. As rubbing of cracks does not take place in HPT as there are

no cyclic shear stresses hence recrystallized grains are not found in SWEAs and TWEAs in HPT.
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Chapter 7 Conclusions and future work

This chapter presents the conclusions from this study related to white etching areas found in

annealed AISI 52100 processed by HPT. In addition, some future work that could be undertaken as

a follow up to this study is described in section 7.2.

7.1

Conclusions

Several HPT tests were conducted on annealed AISI 52100 bearing steel to study the
microstructural changes developed under SPD conditions and to generate white etching
structures similar to the WEAs found in rolling bearings affected by WSF. Different
combinations of pressures (0.5, 1, 3, 6 GPa) and number of turns (1, 2, 3) were used to
produce these white etching structures. All tests were conducted at ambient temperature,
under non-lubricated condition and with the same rotational speed (1 rpm). In addition to
the expected grain refinement of the annealed structure, two white structure groups were
observed, one at the top surface of the disc samples (designated Top White Etching Areas
— TWEAs) and the other located subsurface, at a depth of between 240 — 360 um from the

bottom surface of the disc samples (designated Subsurface White Etching Areas — SWEAs).

The HPT tests conducted on the annealed AISI 52100 were influenced significantly by the
hardness of the material prior to the tests, the hardness of the anvils and the roughness
and integrity of the circumferential surfaces in contact. These factors are usually not
important in HPT tests when materials are processed using higher strains and pressures or
when the initial hardness is low. The effect of these factors was evident in three ways:

e As the maximum hardness of the samples tested in HPT cannot exceed that of the
anvils, in order to prevent their damage, and the steel samples strain harden during
testing, the strain imposed in HPT is limited. If the final hardness of the steel is to be
less than 800 HV the maximum strain that can be imposed in the samples is limited to
a value of less than that produced by the combination of 3 turns and a radial distance
of 5 mm (y = 88.7 using Eq. 2.1). This level of strain was not sufficient to reach a
saturation condition, which meant that a homogeneous ultrafine — grain size
microstructure and similar hardness were not obtained throughout the whole sample.

e As an AISI 52100 bearing steel exhibits a non-recovery response, the evolution of
hardness with strain can be approximated by a logarithmic curve. The best correlation
of the hardness data to this logarithmic curve was obtained in samples processed using

6 GPa, suggesting that this pressure, rather than a lower one, was more suitable to
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obtain an ultrafine — grain structure by HPT. Unfortunately, the hardness limitations on
the anvils meant that processing the material beyond three turns was not possible.

e Evidence of slippage between the top surface of the sample and the anvil was observed
after conducting the HPT tests. Grooves and TWEAs were visible as circular patterns on
the top surface of the sample. In addition, the relative angular displacement measured
between sample and anvils after the test was larger at lower pressures. Slippage was
caused by two factors: Firstly, low pressures cannot ensure “sticking” between the top
sample surface and the top anvil because of the relatively high hardness of the 52100
steel; secondly, the surface finish on the top anvil was smoother than that of the
bottom anvil, which resulted in less contact between anvil asperities and the top
surface of the disc samples from the compression and thus less friction. As a result,
sliding occurred between the top surface of the disc and the anvil producing abrasion
and adhesive damage, whilst the bottom surface of the disc in contact with the rougher
anvil where more friction was present, remained “stuck” to it and reproduced its

surface finish.

3. TWEAs covered the top surface of the samples as many white structures, some isolated and
other more interconnected that seemed to follow the circular tracks on the sample. Axial
sections of samples showed TWEAs as an arrangement of small white structures distributed
with no particular pattern at depths of less than 100 pm. SWEAs, on the other hand, varied
in size and shape with radial distance, from spots with ill-defined borders to well defined
solid structures. The regions with ill-defined borders, which looked similar to swirled clouds
(cloud SWEAs), appeared in various regions in random patterns. Solid SWEAs appeared
largely at the edge of the samples. TWEAs and SWEAs shared a similar morphology, which
consisted of a fibrous / layered structure that seems to follow patterns imposed by the

plastic deformation.

4, SEM / SEl / BSI and SEM / EBSD / ESD revealed details of the microstructure of the disc
samples after conducting the HPT tests:

e SEM / BSI revealed that the ferritic matrix had a very refined and deformed structure
without clear grain boundaries. The carbide distribution was altered by the plastic flow
generated during the HPT tests; it dragged them, creating carbide clusters.

o |PF confirmed the well-refined condition of the ferritic matrix and the absence of any
preferential orientation of the ferritic grains, whilst the average misorientation

between each pixel and its nearest neighbours in the KAM maps, suggests
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homogeneous and low misorientation angles. No recrystallized structures were
observed in the matrix or inside the TWEAs and SWEAs.

e TWEAs and SWEAs appeared with dark contrast in 1Q images, and as black regions in
IPF, AP and KAM maps. This suggests poor or even a lack of indexed diffraction patterns
from these areas resulting from a nanocrystalline structure. 1Q showed the fibrous /
layered structure seemed to be stacked close to the top surface or formed swirls
(vortices) subsurface that resemble the patterns produced by turbulent flow.

e EDS analysis indicated that carbon was dragged from the carbides and dissolved in the
nanocrystalline arrangement present in TWEAs and SWEAs. A slight increase of the
carbon and chromium content in the white structures compared to the surrounding
matrix was observed, supporting the dissolution process described. EDS also revealed

inclusions of aluminium with sulphur and manganese, inside of TWEAs and SWEAs.

TWEAs and SWEAs shared similar features, such as a fibrous / layered internal structure,
higher hardness compared to the deformed ferritic matrix that surrounds them and the
absence of the carbide distribution observed in the matrix. Different drivers were identified
to explain their origin. In the case of TWEAs, the sliding of the asperities on the top anvil
against the sample created heterogeneous flow conditions in small neighbouring regions
and instabilities between them. The origin of SWEAs is related to similar instabilities but
created by interruptions of the plastic flow due to different factors: vortex formation
around inclusions in highly strained regions of the sample, and the influence of Dead Metal
Zones, DMZ, lateral friction and flash formation at their edges. Plastic flow around carbide
clusters could also be a source of instabilities. The local shear instabilities produce atomic
scale mixing and nano eddies or vortices at the sliding interfaces. They transformed the
material into a nano fibre / layered structures with different properties. Although the
nature of these fibres / layered structures is not completely understood, it could be related
to similar transformation mechanisms observed under SPD conditions, such as the diffusion
of carbon or the formation of high-density dislocation clusters. Some cracks appeared close
to the TWEAs and SWEAs, but not all of them exhibited cracks. As HPT progressed, new
fibres / layered structures were formed and stacked over each other. The differences
between the mechanical properties of these new fibres / layered structures and the matrix
surrounding them could also explain the initiation and growth of small cracks around them.
However, not all TWEAs or SWEAs registered cracks, suggesting that white structures
appeared first, and then cracks developed. TWEAs were produced by adhesion and

abrasion produced by severe sliding between the top surface of the disc and the top anvil.

145



Chapter 7

6 TWEAs and SWEAs shared similar features to WEAs produced by rolling contact fatigue,
such as the fibrous structure formed by nano grains, carbon and chromium dissolution, a
link with inclusions and a higher hardness than the surrounded matrix. These similarities
suggest that the same phenomena responsible for the formation of SWEAs could also be
responsible for the formation of WEAs, i.e. plastic flow in well localized regions (close to an
inclusion or carbide cluster) creating instabilities between neighbour regions. However, two
features are different. Firstly, it seems cracks are not always associated with the white
etching areas in HPT tests. This may well be a consequence of the high compressive stresses
present in HPT tending to prevent crack initiation and growth. This suggests that cracks
could be not necessarily a precursor to white etching areas, rather white etching areas
might form before cracks. Secondly, recrystallized grains are not found in the SWEAs and
TWEAs produced by HPT but are present close to crack boundaries in WEAs in rolling
contact fatigue. Rubbing of the crack flanks caused by the cyclic shear stresses in rolling
contact fatigue could lead to a local increase in temperature that was sufficient to cause
recrystallisation to occur. As rubbing of crack flanks does not take place to the same degree
in HPT as there are no cyclic shear stresses, hence recrystallized grains are not found in

SWEAs and TWEAs.

7.2 Future work

Based on the limitations faced during the HPT tests and the characterisation of the annealed AlSI

52100, three main tasks are proposed as future research:

7.2.1 Conduct additional HPT tests on the annealed AlSI 52100

Additional HPT tests on the annealed AlISI 52100 bearing steel using 3 and 6 GPa and greater than
3 turns should be conducted until the saturation condition is reached. Characterisation using the
same techniques as the present study (LOM, SEM /SEI / BSI, SEM /EBSD /EDS) should then be
conducted on these samples to establish a comprehensive description of the transformations in the
steel until complete nano grain refinement is reached. This tasks requires the use of anvils with

hardness over 1000 HV.

7.2.2 Characterisation by Transmission Electron Microscopy, TEM

Despite of all the information provided in this thesis, the techniques used were not able to
characterise the structure at nano scales. TEM would be a useful technique to use to study different
features, such as lattice parameters, dislocation density variations in regions of interest. This

information would permit a greater understanding of the carbon and chromium dissolution
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processes taking place inside the TWEAs and SWEAs and the role of the inclusions and asperities in

promoting localised plasticity and the formation of the white structures.

7.23 Conduct HPT tests on AISI 52100 in its quenched and tempered condition

Despite the similarities observed between TWEAs / SWEAs in annealed 52100 and WEAs in failed
bearings, both materials are different in terms of microstructure and hardness. Thus, it would be
interesting to perform HPT tests on the quenched and tempered material. This would require the
use of a HPT machine with harder anvils. The samples so produced could then be studied using the

techniques of the present work together with TEM.
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