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Abstract

Impact wear is one of the types of wear that have been least researched previously and therefore
data on the causes is still quite scarce. It occurs in many engineering and industrial components, posing
severe wear problems and limiting service life, but has not been studied as frequently as other wear
mechanisms (e.g., abrasion, adhesion, erosive). Impact wear also occurs widely in industrial machinery
such as valves, bearings and cams used in energy, metallurgy, petroleum industry and electric power
applications, and tools used in mining for rock drilling. Knowing what and how different impact wear
parameters affect the wear intensity would be helpful to gaining better understanding of their effects on
the impact wear and eventually longer optimal life of the equipment.

The work presented in this thesis aimed to investigate the previously undetermined contribution
of the ‘zero wear’ volume for five metallic alloys under repetitive normal impact with point contact
geometry. These materials are: austenitic stainless steel AISI 304; medium carbon steel (EN8); ductile
cast iron (EN-GJS-600-3); aluminium alloy (AISi9Cu3) and phosphor bronze (PB102).

The mechanical performance and wear resistance of these materials were assessed using an
impact hammering wear rig, while the wear scar features were examined using microscopy techniques
and 3D profilometry of the surfaces through use of an Alicona SL in addition to both Vickers hardness
and microhardness tests. The analysis of the wear scars suggests that zero wear volume (volume loss
due to compression and specimen surface moving in space to a different location but remains in the
contact zone) is the main contributor to the total volume ‘loss’ for all materials, and, for specific
materials, plastic flow volume and bulk hardness could be a significant parameter in characterising zero
wear volume and scar depth.

The research also focused on the crucial role of impact angle for three metal alloys: two types
of austenitic stainless steel (AISI 304 and AISI 316) and medium carbon steel (EN8). Wear resistance
and mechanical performance were evaluated using the same techniques as utilised for zero wear volume
and metallurgical characterisation was achieved through surface and subsurface examination for plastic
deformation, grain size, crack initiation and propagation on both the surface and subsurface, and
eventually cracks types (intergranular or transgranular). The results suggest that the impact wear damage
mechanism changed depending on the impact angle and it has a significant effect on the wear loss of
tested materials and the depth of plastic region and deformed grains.

Microhardness profiles for the wear scar were plotted for all ductile materials during this work
for both surface and subsurface under different impact angles using an automated hardness tester
(Struers Durascan). The results suggest that the hardening value and depth are inversely proportional to
impact angle and reduced significantly from normal impact 90° to compound impact 60° and 45°.

Finally, the research developed a new predictive model extracted from the experimental work
on both AISI types, 304 and 316, and the EN8 medium carbon steel that was compared with other
published papers, taking into consideration the role of impact angle during impact throughout the
calculation of both the normal and tangential components of impact force.
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Introduction

Chapter 1

1.1 Introduction

This chapter first provides a general view of the impact wear problem in industry and the most common
types of metal alloys used in engineering applications that are thus relevant to the work presented in this
thesis. The aim and objectives of this research are then identified, and finally, the thesis structure is
presented as well as a brief explanation of each chapter.

Wear and failure prediction of components are of significant interest and challenge the design of
materials and their application. Without sufficient knowledge of how materials fail, it is difficult to
improve their performance; therefore, it is important to know how to prevent or slow down the wear
rate. Wear can be defined as a process of interaction between surfaces which causes deformation and
material loss to the contacted bodies. This process can be due to mechanical action (e.g. erosion,
abrasion, adhesion, or impact) or chemical action (e.g. corrosion).

Impact wear, sometimes known as hammer(ing) wear, has been defined as the wear of a solid surface
that is due to repetitive exposure to dynamic contact by another solid body(ies) that eventually could
lead to mechanical degradation of an entire system [1].

The impact wear of solid bodies is categorised as either damage due to multiple impacts from a large
number of smaller solid bodies impacting randomly on a much larger body (known as erosive wear); or
repetitive impacts from a single solid body on another with contact in a well-defined location are more
similar (known as percussive impact wear) [2].

Impact wear modes can be categorised into normal and compound impacts as illustrated in Figure 1.1.
Both (b) and (c) involves compound impacts between the specimen and the striker (small arrow)
resulting from relative motion or non- normal impact angle.

&

L ->
SPECIMEN SPECIMEN SPECIMEN

>

Figure 1.1 Different impact wear modes where specimen under (a) normal impact, and compound impact
resulting in interfacial sliding due to; striker-specimen relative motion (b), (c) non-normal impingement angle.

Impact wear is one of the highest importance types in mining processing which demand wear resistant
machines and components, because the forces and masses of interacting bodies are significant. Impact
wear has been a problem since tools were first used in the late Neolithic period for manufacturing of
stone axes [3]. Failures of tools used for drilling and machines used for mining coal and other media
lead to unnecessary costs associated with regular replacement or refurbishment [4, 5].

Failures due to impact wear can be costly; for example, excessive wear of impacting poppet-type inlet
and exhaust valves in internal combustion engines can lead to loss of cylinder pressure, increased
emissions, reduced fuel economy, and ultimately engine failure [6-10]. In wind turbine gearboxes the
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variable load from the wind causes components to hammer against each other [11] and drastically
reduces the service life of these components. Severe wear of valves and valves seat inserts in automotive
engines are frequently observed, impact wear is also being found in printer typefaces or in dental
implants and heart valves where health is at stake. In industry, the rolling journal bearings suffering
from impact wear is not rare.

The selected metal alloys (ferrous and nonferrous) used in this work represent a variety of materials that
are widely used in engineering applications and that could fail due to repetitive impact wear during the
life of a machine or a component. It is therefore important to broaden the knowledge about them and
their resistance to wear caused by impacts.

Austenitic stainless steels alloys types (AISI 304 and AISI 316) are the most commonly used of this
class of steel. They are easy to weld and have good mechanical properties with high work hardening
ability due to the high ductility and excellent wear resistance provided by their high chromium and
nickel contents.Both types of austenitic stainless steel are used at various temperatures in industrial and
engineering applications such as; oil and gas, chemical storage, marine, piping, heat exchangers, food
processors, nuclear reactors vessels, furnace parts, boilers used in fossil fuel electric power plants, and
medical devices.

Medium carbon steel (e.g. EN8) is a readily machinable material that is widely used in industry for
applications such as automotive parts, bolts, railway, gears and shafts due to its superior properties to
mild steel and its reasonable cost.

Ductile cast iron (e.g. EN-GJS-600-3) consists of spherical graphite in a matrix of 70 % pearlite and 30
% ferrite and offers good machinability and excellent surface finish combined with high wear resistance,
strength and fatigue. This material is used in many applications, such as forging dies, vehicle
manufacturing, rotors, machine tool construction, shafts, gear cogs, crane pulleys, brake casing,
bearings, running wheels, high pressure valves for gas and water, pumps and lift pulleys.

Aluminum cast alloy (e.g. AISi9Cu3) has excellent cast ability, machinability and corrosion resistance,
good strength and chemical resistance. While its copper content gives the alloy good high temperature
strength and the combination of both Si and Cu ensures high mechanical strength. Typical applications
for this alloy include complex machine and automotive engine parts such as cylinder heads,
manufacturing of crankshafts and transmission housing, engine blocks and gear manufacturing.

A common grade of wrought phosphor bronze is PB102 and consists mainly of copper. Due to its high
tin content (4.5-5.5) %, it offers high corrosion resistance that is close to that of aluminum alloys and
high fatigue resistance. It also has high wear resistance, is easily joined by brazing and welding and has
excellent cold forming properties. PB102 is utilised mostly in industrial applications including marine
and chemical applications, automotive parts, electrical connectors, gears, bushes, pumps and valve trim,
bearings, shafts, flanges, springs and washers.

They are a few impact wear models which have made a valuable contribution in the field of impact wear
and these rely on generation of experimental data to produce accurate predictions of wear volume loss.
However, these models depend on impact velocity or energy rather than the impact force, in addition to
the wear damage mechanism type, could highly affect the amount of wear volume.
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1.2 Aim and Objectives of this Research

The overall aim of this study was to improve the understanding at the fundamental level of failure due
to wear of industrially relevant engineering materials under repetitive impact. The work encompasses
practical experiments and supporting analysis to further characterise impact wear resistance of metallic
alloys, based on the study of two types of austenitic stainless steel AISI types (304 and 316); a medium
carbon steel (ENS); a ductile cast iron (EN-GJS-600-3); an aluminium alloy (AISi9Cu3); and a phosphor
bronze (PB102).

To achieve this aim, the following main objectives were identified:

1. Modify the existing Sheffield reciprocating hammer type impact wear rig to be able to:

o Directly measure the impact force during repetitive normal impact by using a specific
designed load cell (strain gauge type).

e Heat test specimens for elevated temperature testing.
Perform experimental tests on selected metal alloys: austenitic stainless steel AISI 304; a
medium carbon steel EN8; a ductile cast iron; an aluminium alloy; and a phosphor bronze, under
normal impacts to define and measure zero wear volume.
Investigate the role of impact angle in the wear volume and damage mechanisms of three
different metal alloys (AISI types (304 and 316) and EN8) and illustrate how the impact angle
could affect the impact wear resistance of these materials.
Measure the expected increase in hardness due to the role of work hardening of ductile materials
after N cycles using microhardness measurements for both normal and compound impacts.
Develop a new model to accurately predict the results of impact on a component under specific
conditions, taking into account the role of different impact angles during impact.

1.3 The Key Novelty of this Work is in Regard to the Following Knowledge Gaps:

The key novelty and contributions from this study are shown below:

Defining the role of zero wear volume in percussive impact which has been neglected in the
previous papers and measuring this using a specific Equation for this purpose.

Gaining better understanding of the wear damage to metallic materials exposed to different
impact angles using an impact hammering wear rig (spring loaded type) throughout the surface
and subsurface investigation.

Using microhardness method to measure the expected increase in hardness for the centre of
wear scar with different number of cycles and angles, such a trend has not been reported in any
of the papers in the literature review.

Developing a new predictive model that takes into account the role of shear force (tangential
force) which has not been considered in any of the existing models.
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The overall structure of this thesis is shown in Figure 1.2 below:
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Figure 1.2 Flow chart of thesis work

This thesis is divided into eight chapters as shown below:

Chapter One: Introduction

Presents an introduction to impact wear and sets out the aim and objectives of this work.

Chapter Two: Literature Review

Presents a comprehensive review and discussion of previous works accomplished in the field of impact
wear in order to investigate different aspects of impact wear and gain better understanding of the
materials, conditions and parameters that have an effect on impact wear. In addition, the chapter

evaluates the available impact wear models.

Chapter Three: Impact Wear Methodology and Metallurgical Procedure

This chapter outlines the modification of an existing impact wear test rig hammering type used to
damage different materials that are widely used in engineering and industry applications. Theoretical
and experimental calculations for impact wear parameters are presented, with details of materials
considerations and tested specimens, and both surface and subsurface Hertzian stress calculations for all
tested materials. The zero wear methodology, sample preparation, surface and subsurface examination

techniques used in the work, and Design of Experiment process are also presented here.
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Chapter Four: Defining the Role of Zero Wear VVolume in Percussive Impact

This chapter presents the results of zero wear volume on five different metallic materials widely used in
engineering applications under repetitive normal impacts by using the impact wear rig, and presents the
importance of zero wear.

Chapter Five & Six: Investigation on Impact Wear and Damage Mechanism of Austenitic
Stainless Steel Alloys Types (AlS1304 and AlSI316) and Medium Carbon Steel EN8

This chapter presents the results of different impact conditions (number of cycles and impact angle) on
the wear volume of AISI types (304 and 16) and EN8. Using the impact wear rig, the surface and
subsurface damage were studied in detail during this work by applying different measurement
techniques such as optical microscope (OM), scanning electron microscopy (SEM), micro hardness and
3D non-contact profilometer. Crack initiation and propagation, and their orientation, were also
investigated.

Chapter Seven: New Proposed Impact Wear Model

This chapter presents a new model that takes into account the effect of the impact angle on wear volume
of materials. The model is compared and validated with other published and peer reviewed work.

Chapter Eight: Conclusions and Future Work

The chapter presents the main conclusions extracted from the analysis and discussion, highlights the
main key novelty, and suggests possible future work.

References: Citation of all papers used in this work

Appendices: The appendices present supporting information from the current study (map grading
criteria and MATLAB code).
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Chapter 2 Literature Review

2.1 Introduction

This chapter presents a review of the literature relating to work completed in this study. It begins by
identifying the potential areas of research through examination of similar work done within this area
and analysis of the knowledge gaps that demand further investigation. In addition, to gain better
understanding of the damage mechanisms behind impact wear and contribute to the field by establishing
a new predictive model for a variety of materials and, where possible, to compare it with the previous
findings.

2.2 General Impact Wear Mechanism

The mechanism of impact wear has been the important aspect in the study of tribology, from different
categories of wear, impact wear is probably the least understood, yet it can cause significant damage to
materials. Wear and damage of different ferrous and nonferrous materials under repetitive normal and
compound impact could lead to degradation of the overall mechanical system durability. The wear
damage is divided into two forms, plastic deformation and wear degradation. Impact wear can be
associated with erosion when the size of impact object ranged to micron level (particles).

2.2.1 Material Removal Mechanism

Different wear mechanisms are likely to exist during impact and, when examining impact wear scars, it
is typical to find evidence of different mechanisms which could be the result of variation in contact
conditions.

The body of literature suggests that during repeated impact, several mechanisms of materials removal
from the surface could be involved [2]:

1. Oxidative (mild wear): tends to occur at low level of stress in both normal and compound impact
contacts; oxide film will reduce the contact between bodies. EDX analysis for the contacted
region is usually carried out to investigate the oxidation resistance of different materials [12].

2. Adhesive wear: occurs in both compound and normal impact contacts and is represented by
material smearing and transfer from one body (one body wear) or from both contacted bodies
(two body wear) and that results in formation of welded junctions at the asperity tips. The
asperity tips are highly deformed regions, so cracks start to nucleate easily at these regions and
then particles break away and the adhesive transfer is complete.

3. Abrasion: mainly found in compound impact, happens with one body or two body wear, and
can be recognized by the formation of plough grooves.

4. Surface fatigue: is a more severe type of wear than the previous form and can be represented
either by cracks parallel to the surface and delamination occurrence or cracks normal to the
surface and spalling of surface materials.

5. Plastic deformation: when no material is removed from the surface (no mass loss) and either
displacement of material occurs from the contact zone and ridges around the circumference of
impact wear are formed, or the material remains in the contact zone and is compressed causing
its surface to be at a different point, known as zero wear (as discussed in Chapter 4).
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The impact wear mechanisms are summarised in Figure 2.1.
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Figure 2.1 Impact Wear Mechanisms

2.2.2 Impact Wear of Metals
2.2.2.1 Impact Wear of Steel

A hammering impact wear rig was designed by Mahoney to study the effect of normal impact on high
carbon steel (EN42) with surface roughness of 1 pum and using a ball bearing hammer with diameter 5
mm and made of high carbon alloy steel (EN31) [13].

The results showed that the mass loss of steel increases with increasing the number of impact cycles.
SEM showed that extensive deformation in the impact wear scar is due to the highly deformed surface
layer beginning to crack and eventually became detached from the surface as a delaminated layer and
wear debris is plate shape and extensively fragmented as shown in Figure 2.2.

Fragmented Wear Debris

Delamination

(b)

Figure 2.2 Surface morphology of high carbon steel where, (a) show the delamination after 100,000 cycles and
(b) represent the wear debris (plate shape) after 250,000 cycles extracted from [13]
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A hammering impact wear test rig was used to investigate the impact wear resistance of flat specimens
of hardened carbon steel in normal and compound impact close to nhormal conditions (80°, 70°) [14],
hardened carbon steel is used widely in agricultural equipment that undergoes repetitive impact wear.

Results revealed radial and circumferential cracks were produced outside and inside the contact area and
flakes of material were removed from the surface near the center of depression at both normal and
compound impact as delaminated layers.

Permanent deformation occurs from the first impact cycle, microhardness measurements for the centre
region of the wear scar revealed an increase in hardness by 22.7 % compare with the bulk hardness of
material measured from outside the contact region. These circumferential cracks outside the contact
region in hardened steel were not found in the non-hardened steel (EN42) [14].

Rail weld joints are an important part of connecting rails and are widely used for ensuring the safety and
stability of railway transport, the microstructure and mechanical properties of a rail weld joint are
significantly different from those of rail material. This causes different wear damage for the rail weld
joint and rail material [15].

By increasing the wheel speed, the impact force significantly increases between wheel and the rail weld
joint and with the existence of these bulges or sags, it leads to serious damage of wheel and rail

An impact wear hammering rig was used to study the damage to both rail and weld joint materials under
normal impact and dry conditions, the hardness of weld joint was 340 HVys higher than rail materials
313 HVos. The wear scar diameter and depth was measured using 3D non-contact profilometer while
the wear volume was estimated by assuming that the scar has a spherical cap shape [15].

The results revealed that rail material has more wear volume loss than the weld joint which could be
explained as deformation resistance to impact wear under same conditions, also a significant amount of
pile up materials (plastic flow) on the edges of impact wear scar were found for both materials.

The wear volume of both the rail weld joint and rail material increases with increasing the number of
impact cycles or impact force similar to the previous types of steel (EN42) and hardened steel, whereas
the resistance to impact wear of the rail weld joint is better than that of the rail material. No evidence of
circumferential cracks outside the contact region were found for both materials [15].

SEM examination under low impact force and number of cycles for both materials revealed adhesive
wear and tiny delamination were the main wear damage and cracks initiated from surface and then
propagated parallel to the surface for both materials as shown in Figure 2.3. By increasing the impact
force and number of cycles both materials showed a transition to cracks formation, delamination and
spalling and eventually fatigue wear as shown in Figure 2.4 [15].
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Figure 2.3 SEM image for surface and subsurface deformation of both rail material (a, b) and weld joint material
(c, d) showing the delamination on surface (a, ¢) and crack propagate parallel to surface (b, d) after 10,000 cycles
with normal impact force of 200 N extracted from [15]

Delamination

(b)

Figure 2.4 SEM image for surface damage of rail material (a) and rail weld joint (b) after 50,000 cycles and
impact force of 400 N extracted from [15]
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Impact often leads to surface fatigue which is localized fracturing of materials from a solid surface
caused by action of repetitive compressive stressing of a surface. The compressive stresses are Hertzian
in nature; in addition, the shear stress condition is different in impact from rolling and sliding as shown
in Figure 2.5 [16].
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Figure 2.5 Shear stress in rolling, sliding and impact contacts extracted from [16]

Repetitive impact wear of medium carbon steel with bulk hardness of approximately 500 HV using
impact wear test rig (ballistic type) under compound impact 45° revealed that the mass loss increases
linearly with increasing the number of impact cycles similar to all previous types of steels and the fatigue
failure is due to the formation of white layer [17].

Homogeneous white layer (WL) started to generate on the worn surface (WS) after only five impacts,
initiation of microcracks inside the white layer occurred after further impacts, and eventually cracks
started to propagate and cause failure [17].

Two mechanisms of failure modes have been identified within the white layer as shown in Figure 2.6.

1. Delamination due to microcracks that initiate on the white layer and then propagate parallel to
the worn surface
2. Spalling due to microcracks propagate along the deformation zone (DZ)

WS \ N 4 WS
wLo Y oo wo
/7770 7 VAL
oz’ /) /) /) /v
NN [
(a) (b) ()

Figure 2.6 Failure modes induced by white layer which (a) and (b) are the delamination mode and (c) is the
spalling mode extracted from [17]

Subsurface examination revealed that both surface and subsurface cracks were generated with impact
angle 45° and the wear debris has a flake shape with obvious sliding marks as shown in Figure 2.7.
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Figure 2.7 SEM image of medium carbon steel with impact angle 45° showing (2) surface and subsurface cracks
and (b) the flake wear debris with obvious sliding mark extracted from [17]

(a)

The delamination results from the white layer deviate from the delamination theory presented by Suh.
The traditional theory of delamination proposed by Suh suggested that the delamination occurs due to
dislocation occurs at the surface and by increase the shear deformation on the surface, formation of
microcracks and voids occurs at subsurface, by further repetitive impact these cracks will propagate
parallel to the surface and delamination occurs [18].

While the results of Yang [17] indicate that the delamination is different wear mechanism from Suh,
due to repetitive impact, a thin white layer is formed on the worn surface, then a thicker white layer is
formed after further impacts. This layer is highly deformed one and an intensive work hardening layer
with a significant increase in surface hardness up to 1000 HV, so the microcracks nucleate inside it
easily and then propagate along the easiest path and delamination occurs.

The three factors that are responsible for the formation of white layer, either individually or in
combination, are [19]:

1. Rapid heating and quenching
2. Mechanical deformation
3. Surface chemical reactions

Two main types of failure were found during compound impact of three auto-tempered martensitic steels
and chromium carbide reinforced steel in both normal and compound impact using the high velocity
particle impactor (HVPI) rig by Lindroos [20]:

1. Adiabatic shear band leading to formation of white layer
2. Subsurface shear fracture

Four grades of steel with a range of hardness (300-450) HV tested under different impact energies (0.98-
19.6) J have been investigated under normal impact, the results of Rastegar [21] using 3D non-contact
profilometer revealed the following:

11
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For single impact: heavily plastic deformation for all four grades of steel and formation of thin layer of
adiabatic shear band (ASB) about (20 um), but no microcracks have been formed during single impact.
Also, both the edges (plastic flow) and scar (below surface) volumes increase with increasing the impact
energy. For multiple impact: volume loss increases with increasing the impact energy and steel grade
with higher hardness showed lower volume loss while the steel grade with lower hardness showed higher
volume loss.

Microhardness profile for the four grades of steel revealed higher hardness in the impacted zone compare
with the bulk hardness which indicate the role of work hardening during impact.

Formation of white layer and extensive microcracks as a result of micro voids growth inside the ASB in
addition to heavy plastic deformation region were observed for multiple impact and particles removed
from material as flake wear debris [21].

Both single and multiple impacts showed that the subsurface deformation increase with increasing
impact energy, impact energy plays a role in wear loss of materials, and increase in the impact energy
would lead to an increase in the wear loss of materials, which agrees with results obtained by Lindroos
and Fricke [20, 22].

The impact wear behaviour of three tempered steel subjected to various heat treatment process in order
to generate different mechanical and wear properties has been investigated by Zhang using impact
hammering wear rig under compound impact [23].

The results of Zhang revealed that the mass loss of the three types of tempered steel increases with
increasing impact cycles as expected and the steel with best combination of hardness and toughness has
the least mass loss, hardness has a significant effect on the wear properties [23].

Microstructural examination for both surface and subsurface using SEM and OM revealed that with
increase the number of impact cycles, the dominant wear damage mechanisms of all three tempered
steels has changed from slight plastic deformation to micro-cutting and adhesive wear in addition to
micro fatigue. Fatigue occurs due to both cracks that initiated from surface or subsurface and then
propagate and converge to form mostly fatigue delamination as shown in Figure 2.8.

Delamination

Surface Crack Crushed Particles

Figure 2.8 SEM image of steel showing delamination layer extracted from [23]
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Figure 2.8 revealed that the delamination occurred due to cracks that initiated from surface and then
propagated below the surface at a steep angle and then turned to the surface and delamination happened.
Crushed particles were trapped between the delamination layer (same as the worn surface) and the
deformed region [23].

Surface structure of two types of steels (austenitic stainless steel 566 HV.1 and austenitic Hadfield steel
741 HV,.1) have been investigated by Petrov using projectile test rig in normal impact conditions. The
worn surface has been tested after 12,000 impact using TEM to get information about the internal
structure that cannot be provided by SEM such as evidence of structure transformation from cold worked
crystalline to nanocrystalline and finally to a fully amorphous surface layer [24].

The results of Petrov revealed formation of very thin amorphous layer (a few nanometres) above the
work hardening layer in both steels. Also, it has been found that the major reason of the mass loss is
likely to be fatigue under repeated impacts for both steels, but the wear resistance of austenitic stainless
steel is higher than austenitic Hadfield steel. This could be due to the fact that the stainless steel fracture
strength is twice than Hadfield steel [24].

The amorphous layer meaning lacking of crystalline structure and also known as metallic glass or glassy
metal and it is produced through quick cooling and the layer is from few nanometers to some
micrometers thickness and some research has been found it is useful for abrasion and adhesion wear
resistance [24]. It may also important to mention that both materials have a lot of manganese Mn in
their chemical composition (12-17) % and that could be a reason for the formation of this layer.

The impact wear damage mechanisms that occur to different types of steel is mainly surface fatigue due
to both delamination and spalling with the existence of abrasive wear and adhesive wear during
compound impact. The subsurface damage of steel or any other ductile material can be categorized into
three zones as illustrated in Figure 2.9.

1. Zone 1 is the unaffected zone or the base material

2. Zone 2 is the plastically deformed region and falls between the unaffected zone and the surface
zone

3. Zone 3 is the surface zone or the hardened layer zone which is severely plastically deformed

Impact
Contact Surface l Sliding —mnkw—y
Worn Layer (WL) Zone 3 _I
______ e
I, /, /,
/ / /

Plastic Deformation
(Zone 2)

Base Material (Zone 1)

Figure 2.9 Schematic diagram of subsurface zones
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The key trends to be considered in order to form a better understanding of the wear damage
mechanism(s) due to impact can be outlined as follows:

1. Itisobvious that the information on the impact wear of ferrous materials (mainly steel) focused
on carbon steel and there is a lack of information and data about the impact wear damage for
stainless steel and specifically the austenitic stainless steel such as AISI 304 and AISI 316. The
current work investigated in details the surface and subsurface wear damage for those materials
and identified the possible wear damage mechanisms that could occurs in both normal and
compound impacts (see Chapter 5 and Chapter 6).

2. The available papers that identified the abrasive wear during compound impacts did not reveal
if it occurs as two body abrasive wear or three body abrasive wear which could accelerate the
wear volume loss. Therefore, the current work focused on providing better understanding to
the abrasive damage for three different types of steel (AISI 304, AISI 316 and EN8) (see
Chapter 5 and Chapter 6).

3. No papers are available that describe the nature of cracks during repetitive normal and
compound impact (intergranular or transgranular) which has been investigated during this work
for the three types of steels mentioned above (more details in Chapter 5 and Chapter 6).

2.2.2.2 Impact Wear of Nonferrous Materials

This section provides a review about the impact wear of nonferrous materials and it is not comprehensive
(does not include other materials such as polymers or ceramic).

Aluminum, titanium and copper alloys are the only nonferrous materials available in the literature and
investigated due to their wide use in engineering and industry applications. There is a little published
information on the wear resistance of these materials.

The impact wear resistance of two aluminum alloys (2011-T3, 2124) was investigated by Rice [25] in
both normal and compound impact using a reciprocating impact wear rig. The results with different
number of cycles (10,000 to 250,000) in the elastic region revealed that the mass loss of aluminum alloys
increases with increasing the number of impacts.

SEM examination of the surface showed that the wear mechanism seems to be plastic deformation,
surface fatigue due to delamination and abrasive wear as represented by the formation of ploughing
grooves. While SEM examination of the subsurface revealed voids and cracks were found inside zone
3 [25] (see Figure 2.10).

14

14




Literature Review

(c)

(d)

Figure 2.10 SEM morphology of aluminium specimen where (a) and (b) shows the surface damage while (c) and
(d) revealed the subsurface damage extracted from [25]

Figure 2.10 shows that abrasive wear occurs during sliding impact with obvious grooves (a) and multiple
layers of delamination (b), also subsurface examination revealed voids and cracks that initiated and
propagated both normal and parallel to the surface. It can be seen that the subsurface region can be
divided into three zones similar to that described in Figure 2.9 [25].

Titanium alloys have many good mechanical properties such as high strength capability and creep
resistance and have consequently been used extensively in the field of gas turbine engines. The impact
wear resistance of titanium alloys (IMI 685, RMI 5522S) was investigated by Rice [26] using the
reciprocating impact wear rig in compound condition.

The results revealed that the mass loss of titanium alloys increases with increasing the number of impacts
similar to aluminum alloys and steel alloys. The results of Rice [26] using SEM for surface revealed
plastic deformation, surface fatigue due to delamination and finally abrasive wear as a result of
ploughing grooves. While the subsurface examination by SEM showed no evidence of formation of
cracks and voids in zone 3 as found in the aluminum Alloys [25]. The surface and subsurface damage
is very similar to the aluminum specimen shown in Figure 2.10.
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The impact wear resistance of copper alloy was investigated by Groeger [27] using the reciprocating
impact wear rig in compound condition, and results indicated that the weight loss of copper alloy
increases with increasing the number of impacts. SEM was performed for assessment of surface and
subsurface damage.

For Surface: worn surface exhibits wear in the form of delamination and abrasive wear as a result of
ploughing grooves as shown in Figure 2.11 and it did not show differences from that of aluminum and
titanium alloys. For Subsurface: severe plastic deformation in zone 2 (plastic region) without voids or
cracks formation.
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Figure 2.11 SEM image of copper alloy specimen showing the worn surface after 250,000 cycles extracted from
[27]

The stress level represented by the impact force has a great effect on the amount of wear loss, with
results indicating that increasing the stress level leads to increase in the wear losses of materials [25,
27].

The damage to surface and subsurface of nonferrous materials shows the same features described earlier
for ferrous materials such as cracks initiation and propagation with the evidence of more clear cracks
propagated normal to the surface from zone 3 to zone 2 (see Figure 2.10-c), but the abrasive wear is
more obvious with nonferrous materials. Also, no wear debris was examined for any of nonferrous
alloys.

2.3 Experimental Impact Wear Testing
2.3.1 Impact Wear Rigs

Two different types of test rigs have been designed and used widely in the field of impact wear for
various materials.
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2.3.1.1 Ballistic Impact Wear Rig

In ballistic impactor wear testers, repetitive impacts are achieved by firing projectiles at a counterface.
To ensure the projectiles impact at the same point each time, guides are provided [2], some test rigs that
use one projectile repeatedly impacting against a counterface are shown in Figure 2.12 and Figure 2.13
[17, 20].

Ballistic test rigs have two main disadvantages. The first is that, because of cleaning problems with the
projectile guides, lubricated tests are difficult to carry out. The second is that it is sometimes difficult to
retune the rigs to take different weight projectiles [2].
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Figure 2.12 Ballistic impact wear rig extracted from [17]
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Figure 2.13 Ballistic impact wear rig extracted from [20]
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2.3.1.2 Pivotal Impact Hammering Wear Rig

To date, the pivotal impact hammering wear rig designs have been widely used to identify material loss
due to wear from repetitive impact, in both normal and compound impact.

In pivotal hammer impact wear test rigs, a hammer is made to impact a counterface. A stationary
counterface is used for normal impact studies, while for compound studies, shear is imparted by altering
the angle of the counterface before a test. Again, synchronization is required for rotating counterfaces
to ensure impact occurs at the same point during each cycle.

A number of different designs of these pivotal hammer test rigs are used and various mechanisms are
employed to move the hammer up and down including electromagnets and cams, typical examples are
shown in Figure 2.14 and Figure 2.15 [28, 29]. Pivotal hammer test rigs overcome the contact lubrication
and retuning problems encountered with ballistic rigs.

However, there are problems associated with the flexure arising in the hammers and the elastic
vibrational modes of the hammers may complicate analysis.
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Holder

Figure 2.14 Hammering impact wear rig using cam and spring extracted from [28]
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Figure 2.15 Hammering impact wear rig using electromagnetic fields extracted from [29]
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Impact hammering wear rigs with abrasive particles are also used to investigate the impact abrasive
wear of different materials. For steel this important in order to obtain a higher wear resistance for
applications such as mining machines and grinding mills. Impact abrasive wear can be found in these
applications and their combinations are the most important cost factors in the areas of mining and
mineral processing as shown in Figure 2.16 [5].

Hammer

Quartz Sand

LL L L L)
A\ \\\\\\\\

Sample Holder —___|

&
/’LJ"S =
Upper Sample R

Figure 2.16 Schematic diagram of impact abrasive wear testing equipment extracted from [5]

2.3.2 Wear Measurements

The literature review revealed that two different methods were typically used to measure the wear
volume loss of materials under repetitive impact; mass loss (by mass scale) and measurement (by
profilometry) and calculation of volume loss. Based on the literature the mass scale is used more
frequently than others, which used either spherical cap estimation or 3D non-contact profilometer to
calculate the volume loss.

2.3.2.1 Mass Scale

The easiest and simplest way to determine the wear volume of materials under both normal and
compound impact is by weighing the specimen before and after a number of impact cycles, using a scale
with high accuracy, and calculating the mass loss.

Prior to testing, the striker and specimen are typically ultrasonically cleaned, dried and weighed to a
precision of 0.1 mg. Mass loss can be found in the specimen only or in both the specimen and the striker.

Many studies reported in this literature review used mass losses to identify the wear losses of materials
under repetitive impact [13, 14, 17, 22, 25-27, 30-36].

This method provides the most accurate measure of material removed, but does not indicate exactly
where it is lost from. For this, profile measurements are needed.
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2.3.2.2 Volume Loss

The volume of impact wear scar for point contact can be calculated by assuming that the scar has a
spherical cap shape [7-9, 15, 29, 37] (based on 2D scar diameter and depth measurements) as shown in
Figure 2.17 or could also be directly measured through 3D non-contact profilometer techniques [20, 21,
28, 38, 39].

Average Wear Scar Radius, a

- W om w

Wear Scar Profile

Wear Scar Depth, h

Figure 2.17 Diagram represent spherical cap method extracted from [40]

The first method of wear measurements can measure the mass loss of materials and this could be
converted to wear volume throughout the density of material accurately. However, it cannot indicate the
components of the wear scar geometry, which include depth and width or radius. Neither can it predict
the plastic flow volume of the ridges often present on the outer circumference of the wear scar.
Therefore, the second method seems to be more reliable in this situation (3D non-contact profilometer).

The latter can overcome those limitations but conversion of measurement data to the equivalent mass
loss assumes uniform distribution of density. Extremes of surface geometry and reflectivity properties
can also cause difficulties.

Error of mass scale may be raised from environmental factors such as unclean surface of scale due to
dirt from other objects and any significant changes in laboratory temperature can lead to inaccurate
results. Therefore, a 3D non-contact profilometer overcome these difficulties, but it needs to scan the
surface in a proper way to create a reference plane and goes out of focus above and below the reference
plane in a way that ensure both lower and upper volume are included in the scan.

2.4 Impact Wear Modelling and Simulation
2.4.1 Zero Wear Model

The only previous fundamental work of significance in this area is that of Engel which was conducted
in the late 1970s. These studies initially defined, in terms of number of cycles, two stages that all
materials undergo throughout repetitive impacts. The first stage is an induction period, where no material
is lost, and the end of this stage is defined as the zero wear limit (No), as shown in Figure 2.18. The
second stage is the measurable wear region [41].
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Figure 2.18 Zero and measurable impact wear extracted from [41]

Engel then developed a model for steel specimens subjected to repetitive compound impacts in the
elastic contact stress range to calculate the number of cycles at the zero wear limit [1, 41-43].

The following equation was derived to evaluate the zero wear limit for steel specimens subjected to
repetitive compound impacts in the elastic region. It considers wear damage resulting from the surface
shear stress, n, and the maximum subsurface shear stress, 7, during each impact.

_ 1 (Yo’
No—1+a(Po) 2000 2.1

where No is the number of cycles at which the zero limit is reached; oy is the tensile yield stress; Po is
the peak Hertzian contact pressure and Y is a material wear factor (approximately 1.1 for carbon and
tool steel specimens) [1].

0 is the ratio of the surface damage D: to the subsurface damage D1, where:

D= J; Tf(t>dt -
5, = j;rg(t)dt 2.3

0="1 2.4

Where: 7, is the maximum subsurface Hertz shear stress = 0.31 P, 7, is the shear stress arising in relative
tangential motion during impact = P, while t* is the contact time and € is the slipping time.
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This zero wear model can only be applied when the contact is elastic in nature, but cannot predict the
maximum scar depth at the zero wear limit. Additionally, the model can only predict the number of zero
wear cycles.

Therefore, the model has three main limitations, first it can only be used to predict the number of cycles
at which the zero limit is reached when the contact is elastic in nature and therefore the maximum contact
pressure should be below or equal to the yield stress of material. In reality materials in the plastic region
will go through a further number of cycles before they start to wear.

2.4.2 Extant Impact Wear Models

A number of wear models that claim to be able to predict wear due to impact have been published in
literature. They are all empirical and rely on generation of experimental data to produce accurate
predictions. The models are introduced here with their relative merits then discussed at the end of
Subsection 2.4.2.6.

2.4.2.1 Wellinger and Breckel

Wellinger and Breckel [44] studied impact wear in dry conditions of various metallic materials such as
steel, aluminum, copper and titanium alloys using three types of impact test rigs (hammering rig,
projectile rig and reciprocating rig) using a spherical hard steel striker head and loads producing plastic
deformation from the first impact.

The results based on mass loss revealed the following empirical Equation:
W = KNV ™Wellinger 25

where:

W represents the wear volume

K is a constant impact wear coefficient, normally in the range (15-42) x10°

N is the number of impact cycles

V the impact velocity (m/s)

Nweliinger 1S the velocity exponent and vary from 1.5-2.2 according to the tested materials
2.4.2.2 Rabinowicz

Rabinowicz [45] suggested that the wear during impact of ductile materials under normal impact in dry
conditions for all tested materials except for stainless steel 304 with lubrication was similar to the wear
of the same materials during sliding (adhesive wear). In later studies, Montgomery, Bayer, Engel and
Sirico, lturbi, Greenfield and Chou, working on different materials, concluded that impact wear is
similar to surface fatigue wear [45].

To study the impact wear experimentally a pendulum tester was built and the impactor made from a
hardened steel bearing (Rabinowicz 1995) for testing different types of materials (chromium, aluminum
bronze, titanium, stainless steel 304 and nickel) with different number of impacts (up to 2000 impacts).

The results for different materials revealed that the mass loss increase with increasing the number of
impacts.
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As a quantitative measure of impact wear, Rabinowicz built a model based on the linear model of
Archard starting with the relationship [45]:

W = kFx 2.6
Hy

where:

W is the wear volume

F is the applied Load (N)

X is the sliding distance (m)

H; is the hardness of the softer materials and k is a dimensionless sliding wear coefficient.

Load can be represented by (F«/x.) where F, is the friction force and  is the coefficient of friction and
(Fr % X) represents the energy dissipated during sliding. Further, if we define £as the total impact energy
expended during sliding and the term (ck/w) is replaced by a parameter K, then wear volume would be:

KeN 2.7
Hg

W =

where:

K is non-dimensional impact wear coefficient and e is the impact energy, K is related to k by:

K = k¢ 2.8

2.4.2.3 Fricke and Allen

A pivotal impact hammering wear rig with a frequency of 15 Hz was used to study the impact wear of
different types of steel: AISI 304, 440C, 431, 817M40, 1210, in dry and distilled water in normal impact
conditions and line contact configuration. The line contact configuration used to reflect the impact wear
of poppet valves used in mining equipment [22].

The results of repetitive impacts based on mass loss revealed that increase the number of cycles for all
materials increases both the contact area and mass loss. The mass loss of materials under dry conditions
is almost twice that in wet conditions (distilled water) with dark grey surfaces [22].

The surface examination for all tested materials revealed that two forms of wear damage exist, spalling
due to pitting with relatively smooth surface and delamination as a result of cracks that propagate parallel
to the surface and eventually material removal and the surface is relatively rough.

The angle between the impactor and the contacting flat surfaces was 90°, in actual valve system, the
angle should be less (45°) to reflect the actual situation of impact wear and to provide the maximum
material constraint at the contact [22].

The impact wear results for AISI 431 stainless steel specimens impacted at energies from 2-5 J can be
represented by the following impact wear model [22]:

W = KNe"Fricke 29
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where:

e is the impact energy (J)

N is the number of impact cycles

K is the empirically impact wear coefficient, and has a value of (2.715x10®)
Nrricke 1S the impact energy exponent (2.07)

2.4.2.4 Lewis

Building on more applied work, Lewis [46] developed a new, more general, predictive model to measure
the overall compound impact wear that comprises the sum of two wear models. One for predicting
impact wear, in the same form that is used in the erosion formula by Fricke [22], and one for sliding
wear based on an Archard Equation, [46] [47] and included the contact area ratio to the power q for
changing the contact geometry:

kPNx
HS

W= ( +KNeMewis ) (Ai/ A)9 2.10

where:

W is the wear volume (m°)

P = Average load (N) from Engel [48]

k is the sliding wear coefficient (0.001) for dry and (0.00001) for lubricated from Rabinowicz [49]
H;s is the hardness of softer material (kg/m?)

N is the number of cycles

K is the impact wear coefficient, normally in the range (3.5-5.3) x10%* from Lewis [6]
x is the sliding distance (m)

e is the impact energy (J)

NLewis IS the impact wear exponent, normally in the range (0.2-1.2) from Lewis [6]

A is the initial elastic contact area (m?) from Engel [48]

A is the contact area after N cycles (m?)

g is the exponent of contact area ratio measured experimentally

For validation purposes, the experimental data of Engel [48] where sintered bronze and hard steel plates
impacted with steel hammer were used, the initial contact areas Ai; were calculated from the same
reference using Hertzian line contact analysis and dynamic load were taken from Engel [48] as the
average load during contact.

K and neewis were determined from experimental data under normal impacts through iterative process of
Equation 2.10 to wear curve [6]. The exponent of contact area ratio (q) were calculated empirically
during the iteration process and the effective mass of the striker were taken from Engel [48] for the
impact energy calculation. The sliding distance (x) that occurs during compound impact was calculated
from the sliding velocity and sliding time t, the sliding time was measured by using an electrical
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inductance method [48], due to lack of other sliding wear data, the sliding wear coefficient k were taken
from Rabinowicz [49].

The model was validated first with the experimental data of Engel [1] under normal impact where steel
striker hit sintered bronze plate and good correlations is achieved. Then the model were further validated
with other data of Engel [1] under compound impact between soft steel striker and hard steel specimen
and also good correlation is found.

2.4.2.5 Akhondizadeh, Mahani & Rezaeizadeh

The effect of impact parameters on the wear of alloy steel plates has been studied using an impact wear
rig. Since the ball size and ball velocity are two important parameters in mill liners, different values of
impact velocity (2.5, 5, 7.5, 10) m/s, ball radius (7.5, 12.5, 20, 25) mm and impact angle (10°, 15°, 20°,
30°, 35°, 45°, 60°, 70°) are used. A steel plate is impacted repeatedly by AISI 52100 steel balls and the
mass loss is measured after a certain number of impacts (600) [35].

Results showed that the impact wear effectively depends on the impact velocity, impact angle and ball
size. Akhondizadeh built a model using design of experiments based on the effective kinematic variables
and is presented in the form [35]:

W =KV RPeb 211

where:

V is the impact velocity (m/s)

R is the striker ball radius (m)

a, 3, y are the constant parameters

K is the impact wear coefficient and have a value of 100
6 is the impact angle

The new model has been found by using the Taguchi method in the design of experiments with level 4
and 16 tests.

While the Taguchi method is useful for working on linear relationships, the results for impact angles
obtained in this paper are non-linear, which makes Taguchi unsuitable for use as it would be missing an
important interaction between parameters effectively.

Additionally, the number of cycles is not a parameter taken into consideration in this model which may
reduce the accuracy of the model especially when all the previous models considered it as a primary
parameter effecting on the results under both normal or compound impact.

Also, it is important to mention that the paper defined 6 as the impact angle and then in the model
Equation 2.11, they said that e is the impact angle, it is most likely a typo and possibly re-write as:

W =K Ve RFgY 212

25

25




Literature Review

2.4.2.6 Kai, Yang & Wei

A new impact fretting wear model was proposed based on both the Archard model and the energy loss
during impacts to reflect actual impact fretting wear occurs in some components such as the interaction
between the tubes /supports in steam generators (SG) [50].

The proposed model of Kai has the following form:

W = (kznx

N

+ KNAE) 2.13

where:

W is the wear volume (m°)

Fn is the normal impact force (N)

H; is the hardness of softer material (kg/m?)
N is the number of cycles

x is the sliding distance (m)

k is the sliding wear coefficient

K is the impact wear coefficient

AE is the energy loss (J) and = (% MeffV2 - %Meffvrz)
V is the impact velocity (m/s)

Vr is the rebound velocity (m/s)

Met is the effective mass (kg)

The proposed model has two components, one is similar to the Archard equation and presents the sliding
component while the other one which presents the normal component is based on the energy loss during
impact (AE).

The major drawback of the new proposed model is that the tangential components (k:“x) does not take

S

into consideration the number of impact cycles during impacts in a similar fashion to both Rabinowicz
(see Equation 2.7) and Lewis (see Equation 2.10). Which means that every time the number of impact
cycles has changed it would lead eventually to different value of k and thus disagree with all the previous
models described in Section 2.4.2.

Also, the model which should be built to reflect the sliding impact motion did not take into consideration
the role of tangential component (shear force) during impact and on the contrary, it contributed the
damage occurs during sliding impact to the normal impact force (F,). The normal component (KNAE )
also has another drawback, contrary to all the previous extant models which clearly stated that the
damage is mainly contributed to impact energy.

This model considers the energy dissipation during impact which is the difference between the impact
energy and rebound energy is responsible for the damage. For example, when a body goes into impacts
with another one with impact energy 7 J and the rebound energy is 4 J. It means that based on this model
the 3 Jwhich presents the energy loss during impacts is responsible for the damage during normal impact
which does not make sense.
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2.4.2.7 Summary of Extant Impact Wear Models

The models described in Section 2.4.2 have different forms and therefore, it leads to different impact
wear coefficients being used. Rabinowitz outlined different values of impact wear coefficient taken from
his work using Equation 2.6 and the work of others as shown in Table 2.1.

Table 2.1 Impact wear coefficient values extracted from [45]

Reference Surface Impact Number of Lubrication Impact Wear
Measured Energy (J) Impacts (N) Coefficient, K
Copper (hard) 2 1 N 53x106
Rabinowicz, Steel 20 1 N 67x106
1952 Steel 20 1 Y 10x10°¢
Copper 60 5x10° N 20x10°6
Soft Steel 120 5x10° N 19x106
. Alu:ﬁ?;um 60 5x10° N 42x10°
Vl‘;ileléiflef ;ggd Titanium Alloy 120 5x10° N 15x10
Hard Steel 160 5x10° N 28x10°6
Hard Steel 700 4x103 N 43x106
Hard Steel 42 2x10% N 104x10°¢
Hard Steel 0.36 6.5x104 N 14x10°¢
Hard Steel 0.36 4.3x10% Y 1.2x106
Engel, 1975 -
Soft Steel 0.36 1x104 N 247x106
Soft Steel 0.36 3.2x108 Y 0.8x106
Engel 1976 Hard Steel 0.48 107 N 0.2x106
Soft Steel 110 800 N 930x106
Nickel 110 1300 N 850x106
) ) Titanium Alloy 110 500 N 99x10°
Rabinowicz —
1995 Aluminium 110 500 N 37010
Bronze
Chrome Plate 110 2000 N 1200x10°¢
Soft Steel 110 500 Y 24x106

Table 2.1 shows that the impact wear coefficient K depends on the material tested, impact energy,
number of impact cycles and impact condition (dry or lubricated), in all cases the deviation in the impact
wear coefficient was between (0.2-1200) x10°.

All the models described in Section 2.4.2, with the exception of Lewis where the wear depth of his work
validated with the work of Engel, did not validate the wear volume with any other published papers. The
parameters were generated directly from their experimental works using either best line fitting such as
in the model of Wellinger [44] and Fricke [22] or from the regression of the DOE such as in the
Akhondizadeh model [35]. Therefore, there is no paper that developed a model and compared the wear
volume with the works of others for the same materials.

The models presented in Section 2.4.2 all share a significant limitation that they are unable to predict
the wear loss by taking into account the effect of tangential force (shear force) during compound impact
with different angles, especially at lower angles where more shear force than normal force is extant.
Additionally, all those models depend on the total applied force, rather than both force components
independently during compound impacts, so they are unable to predict as a function of impact angle.
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The majority of previous models, with the exception of Lewis, do not consider the role of work
hardening or the sliding component directly during impact and thus are more suitably applied to purely
normal impacts. The Lewis model attempts to overcome this by means of its Archard-based sliding
component, which is dependent on accurate knowledge of the magnitude of the interfacial sliding
distance at the point of impact, but does not include the impact angle as an input directly. This is
important because where impact wear occurs in many industrial applications, it is typically a compound
impact (poppet valves, drilling tools, gears, bearings, linkages), yet as described here, no existing model
can successfully predict the wear volume as a function of impact angle, more details in Chapter 7.

2.4.3 Impact Wear Numerical Simulation

Few studies have been carried out to simulate the contact mechanism during normal impact and even
fewer during the compound impact. Different commercial software used to model the contact during the
wear mechanisms includes programs such as ABAQUS and ANSYS that are based on the FEM.

Numerical modelling using finite element method (FEM) via ANSYS/Explicit was employed to
simulate the impact of a hardened stainless-steel ball striker (AISI 420) with diameter of 9 mm on a
rubber specimen at impact angle (30°) and impact velocity 135 m/s. The effective Von Mises stresses
were calculated at different rubber specimen thicknesses 1-16 mm [51] and the numerical results showed
highest stresses (Von Mises) with the thinnest rubber plate.

Numerical modelling using commercial software (SPAM) was employed to simulate the impact of a
hardened steel ball striker with diameter of 9 mm on a rubber specimen at an impact angle of 45° and
impact velocity 37 m/s to study the effect of goods on a conveyor rubber belt. The effective von Mises
stresses were calculated during modelling [52].

The results revealed that the Von Mises stresses which has the highest value beneath the surface
increases with impact time and the penetration depth increases also with increasing the impact time.

ABAQUS/Explicit was used to model the equivalent stresses (Von Mises) caused by a hardened steel
ball bearing striker (52100) according to ASTM A295 upon a specimen of hardened bearing steel under
compound impact at (45°) and impact velocity of 0.51 m/s. Making the simple assumption that the
contact pressures were equal to that of a normal impact with an impact velocity equal to the normal
velocity component of the sliding impact [11].

All the previous simulation programs have been used only to predict the amount of surface and
subsurface stresses. This would help to predict the location of cracks formation (initiation and
propagation) in case of point contact, but were not used to predict the amount of wear loss of different
materials under repetitive impact.

2.5 Impact Wear Parameters
2.5.1 Role of Impact Angle, High Temperature and Impact Conditions

In general, reducing the impact angle will lead to more tangential force (shear force), thus likely higher
sliding that will potentially lead to more wear loss depending on the mechanical properties of the
specimen. There appears to be no consensus in literature as to how impact angle is defined, and in this
work the impact angle (0) is defined as the angle between the direction of impact caused by the impactor
and the plane of the specimen, as illustrated in ~ Figure 2.19.
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Figure 2.19 Schematic diagram of different impact angles

The impact angle also plays a key role in controlling the type of wear mechanism [53] in ductile
materials. A larger impact angle will lead to more normal impact force than from a sliding impact, and
damage is therefore more likely to be in the form of plastic deformation and surface fatigue due to
spalling by surface cracking or delamination. However, a smaller impact angle will lead to more
tangential force and less normal force, causing more sliding impact in addition to spalling and subsurface
cracks and leading to delamination and excessive material loss (wear). The experimental work of
Akhondizadeh showed that the maximum wear loss occurred at 30° [35].

Further investigation on the role of impact angle was conducted by Tyfour and colleagues [30] who
performed impacts in the range 90°- 40° on a low carbon steel (A516-70) with a hardness of 145 HV.
They used an in-house built impact hammering wear rig and the results indicated that the mass loss is
highly dependent on the impact angle, with the lowest mass loss recorded with normal impact 0.18 mg
and highest mass loss at impact angle 40° (0.68) mg after 1000 cycles.

Similar results were also obtained by Zanoria [54] where highest wear volume occurred at 45° and slip
length was approximately 0.18 mm at 45° compare with 0.1 mm at 75°. Rigaud & Le Bot [29] results
of wear volume of medium carbon steel and austenite stainless steel 304 using spherical cap method
showed that no wear found at impact angles 60° and maximum of wear occurred at impact angle 30°
with significant increase in wear scar depth and diameter at impact angle 30°.

The above results show that the highest wear loss occurs with lowest impact angle and because there are
very few data available on the role of angle during impact and specifically for austenitic stainless steel.
Further investigation has been done during this work for both AISI (304, 316) and EN8. This will help
in better understanding the impact angle role and eventually connecting it to the new proposed model.

An impact hammering wear rig controlled by electromagnetic field was used by Wang [39] to study the
effect of dry and lubricated contacts using PB450 and PB1300 oils on wear rate of 40Cr steel with
hardness of 210 HV using steel ball of 25.4 mm diameter and number of impacts up to 100,000.

Results for dry contacts revealed that at short impact durations, a hardened layer is formed on the metal
surface that is useful in preventing surface damage and the scar depth is less than in the case of
lubrication which means that the existence of lubricant goes against the formation of the hardened layer
on the specimen surface. This could be explained by the effect of oil packing, the oil flows into the
crevices formed from previous impacts and therefore the crevices are expanded in the following impacts.
However, at higher impacts, wear for lubricated contacts is less because the lubricant acts as a protective
layer and restrains the impact wear and plastic deformation in addition to the fact that lubricants make
the heat generated in the dent transfer quickly to the specimen surface [39].
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The boundaries between the new surface and the hardened layer were blurred which indicates the
adhesive wear, delamination layer and crack formation can be also seen in specimens under dry contacts,
spherical debris is formed in dry contact inside the impact scar as shown in Figure 2.20 [39].

Spherical Wear Debris

Delamination

(b)

Figure 2.20 SEM image of medium carbon steel wear scar showing () the spherical wear debris and adhesive
wear while delamination and surface cracks are shown in (b) extracted from [39]

Results of impact wear on AISI 431 steel by Fricke [22] in dry and wet conditions (distilled water)
revealed that the rate of mass loss in dry impacting appeared constant, with an increasing number of
impacts, and this resulted in more than twice the mass loss after 100,000 impacts compared with that
from wet impacting [22].

There are only a few papers where the impact wear is in wet or lubricated conditions because in reality
the majority of engineering or industry applications of impact wear have dry contacts and therefore, the
work reported in this thesis was done in dry conditions.

Impact wear of components such as engine valves and valve seat inserts are frequently observed for
various actual engines, but yet the role of high temperature on their wear rate is still not clarified or
studied at present which complicate the understanding to their wear mechanism.

A repetitive impact hammering rig was used by Ootani [33] to investigate the damage that resulted from
repetitive impact for both austenitic stainless steel rings (impactor) with hardness of 380 HV and sintered
alloy disks (specimen) of 373 HV under room and high temperature (200 and 400 °C) and sliding speed
varying from 0.1 m/s to 0.8 m/s.

In normal impact (without sliding) the wear volume measured from mass loss of the disc (specimen)
and ring (striker) was very small compared to results obtained for impacts with sliding regardless of
temperature, 3 mm? for disc and 0.3 mm? for the ring after 500,000 cycles.

The results did not reveal a direct correlation between the wear volume and high temperature, at room
temperature, increasing the sliding velocity from 0.1 m/s to 0.8 m/s revealed accelerated wear volumes
for both specimen and ring, at 200 °C, softening played a role and the wear volume of disc accelerated.
However, at 400 °C, the wear volume decreased to less than those of room temperature because oxide
layer formed on the surface and had a strong effect on wear of disc and no acceleration of wear volume
was observed at any sliding speed.

Results showed that only one paper investigated the role of high temperature (200 and 400 °C) during
impact for both stainless steel and carbon steel and only under normal impact. The work reported here
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aimed to investigate the role of high temperature for stainless steel and carbon steel but under both
normal and compound impact (90° and 45°C) and it will be useful to get some data about the expected
wear volume of materials under high temperature.

2.5.2 Role of Bulk Hardness and Surface Hardening

The role of both bulk hardness and Young’s modulus on impact wear of five metallic materials (Al, Cu,
Fe, Cr, W) with point contact has been investigated by Wang [37] using an impact hammering wear rig
with point contact configuration and steel chrome ball as an impactor. Specimens were polished to have
a surface roughness of Rs=1 um and the impact force for all materials was measured during impact by
using piezoelectric force sensor.

The results revealed that the impulse and peak impact force slightly increased during impact with
increasing cycles from 1000 to 100,000 cycles with a percentage of 7-9 % for the tested materials. For
example, the peak impact force of Chromium increased from 211 N after 1000 cycles to 240 N after
100,000 cycles. Also, an increase in the number of cycles for all materials led to an increase in both
wear volume and wear depth. The wear mechanism for softer material (Al) was mainly severe plastic
deformation and spalling while for moderate hardness materials (Cu and Fe) material flow, limited
plastic deformation, spalling and delamination were the wear mechanism. The hardest materials (Cr and
W) showed spalling, large delamination and wear debris with no evidence of plastic deformation [37].

Surface hardening is a treatment of metal by either heating or mechanical methods to increase the
hardness of the metal surface while the core remains relatively soft. The combination of a hard-upper
surface and a soft interior is beneficial in engineering applications because it can lead to improvement
of the hardness and strength of the material and increase the wear resistance of metal.

Plastic deformation occurs due to impact and so the wear rate decreases due to the hardening behaviour
[32]. So, surface hardening can be useful to improve the material resistance to impact wear and can done
through different methodologies such as:

e Conventional heat treatment: It involves heating a specimen in a furnace or electrical oven to
austenitizing temperature and kept in furnace for a specific period of time to enable the
temperature within the specimen to be uniform. For example, martensitic stainless steel is heated
up to 1020 °C and kept there for 10 minutes [12]. The specimen is then quenched by oil to
achieve the rapid cooling, for the tempering process, the quenched specimen is put in an
electrical oven pre-heated to the required temperature and kept there for 2 hours, then the
specimen is naturally cooled inside the oven at room temperature.

e Induction hardening: Is a type of surface hardening of steel and other alloys in which a metal
part is induction-heated and then quenched. The induction process which uses the principle of
electromagnetic induction to produce heat inside the surface layer of a specimen. The quenched
metal undergoes a martensitic transformation, increasing the hardness and brittleness of the part
and reducing ductility. Induction hardening is used to selectively harden areas of a part or
assembly without affecting the properties of the part as a whole.

e Cryogenic hardening: the process where the material is cooled to approximately —185 °C,
usually using liquid nitrogen and it is designed to increase the amount of martensite in the steel's
crystal structure, increasing its strength and hardness. This treatment is used on tool steels, high-
carbon, high-chromium steels to obtain excellent wear resistance.

e Laser hardening: the process that aims to improving the wear resistance of ferrous materials
suitable for hardening, including steels and cast iron with a carbon content of more than 0.2 %
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by heating the surface of a metal part to the hardening temperature above (1000 °C) in a reduced
area within a very short period of time and then let it quickly cool down in room temperature to
produce martensitic structure.

The role of a ball burnishing process on stainless steel 316 has been investigated by Yilmaz [28] using
an impact hammering wear rig under normal impact and point contact geometry with a ball as a striker
made of WC with diameter of 13 mm. The results revealed that the burnishing process which led to
higher hardness for specimens improved the material resistance to impact wear and reduced the volume
loss by between 53-62 %, also increasing the number of cycles led to higher wear volume.

The effect of normal impact wear on compacted graphite iron has been studied using the impact
hammering wear rig designed by Slatter [8]. Three sets of specimens were used in this work, an untreated
set, and two sets with two levels of induction hardening depth 2 mm and 3 mm.

The results showed a significant increase in hardness from 250 HV for untreated specimens to 650-700
HV for treated, also for a 2 mm induction hardened depth, the specimens showed both more wear
resistance and highest hardness, but formation of cracks near the wear scar edge was observed in these
specimens. Wear scar depth of induction hardened specimens was about a quarter of that for untreated
specimens [8].

The effect of normal impact wear on grey cast iron (EN-GJL-240) has been studied using the impact
hammering wear rig designed by Slatter [7]. Three sets of specimens were used, one of which was
untreated and the other two sets were laser treated.

The results of set A after 72,000 impacts showed very good wear resistance but also rough surface and
surface cracks formation at the melted layer and subsurface deformation occurrence in either the
hardened layer or the substrate layer. Results of set B after 36,000 impacts showed good wear resistance
and some damage to the hardened layer on the surface, but little subsurface deformation. Specimens of
set C, which included untreated specimens, exhibited the highest levels of wear, after only 18,000
impacts, and the wear scar depth was almost double that of Sets A and B [7].

The effect of normal impact wear on martensite stainless steel has been studied by Tianmin [12] using
impact hammering wear rig with ball on flat contact geometry, both conventional heat treatment and
laser hardening were used in this work. Results after 10,000 impacts showed surface fatigue in the form
of spalling for the conventional specimens and only plastic deformation for the laser specimens, but
after 50,000 impacts even the laser specimens exhibited surface fatigue (spalling).

EDX showed that laser hardening for stainless steel provides better surface properties regarding
oxidation resistance compared with those obtained by conventional heat treatment. Also, SEM analysis
and surface roughness measurement suggested that the size of the impact wear scars of steel specimens
decreases with the increase of the surface hardness [12].

The effects of normal impact wear on graphitic cast iron (EN-GJL-240) with hardness of 235 HV and
low carbon steel with hardness of 175 HV have been studied using the impact hammering wear rig
designed by Slatter [9]. Two sets for each material were prepared, one untreated and one with cryogenic
treatment.
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Cryogenic processing of low carbon steel produced a very clean wear scar edge that was well defined
after 4500 impacts, while after 72,000 impacts it became slightly rougher and exhibited cracks formation
at the wear scar edge [9]. Meanwhile, cryogenic processing of lamellar graphite cast iron produced a
dark ring of wear debris around the wear scar after 72,000 impacts.

Results revealed that the untreated specimens produced large metallic flake debris whereas
cryogenically processed specimens produced much finer, darker particles.

Cryogenic processing can thus have a positive effect on the wear resistance of low carbon steel. The
lamellar graphite iron showed greater improvement of its ability to resist impact wear compared to the
low carbon steel.

The results suggested that in general increasing the bulk hardness of material can lead to a reduction in
both wear volume and depth [37], but further investigation on different materials revealed that bulk
hardness may not play a primary role on wear loss of materials under repetitive impact such as by
Rastegar [21], Fricke [22] and Petrov [24].

Different surface hardening methods revealed an improvement in impact wear resistance for tested
materials but it should be noted that these papers either measured the wear volume by spherical cap
method or used 3D profilometer to measure the wear volume which is actually the total volume loss not
the wear volume and this agreed with results obtained in this study for the zero wear as explained in
details in Chapter 4.

2.5.3 Change of Surface Roughness during Impact

Surface profile measurements along two orthogonal lines after 30 min, 1, 2, 4, 8 16 and 24 h were
investigated by Rigaud & Le Bot [29] as shown in Figure 2.21.The surface damaging process can be
explained as follows. Below 30 min there is no significant evidence of plastic deformation at the surface,
or weight loss of the sample. At 24,000 impacts, which means after 1 h based on a frequency of 6.5 Hz,
a slight disturbance of the surface roughness appears due to repeated impact which causes metal fatigue,
without generating scar or detectable wear. The initial roughness of the sample of 0.1 um peak to peak
rapidly rises until 3 um peak to peak [29]. This observation is consistent with the Engel model [43].

Evolution of roughness leads to a modification in the real contact surface. Beyond this running-in period,
stress at impact may be sufficient to generate local plastic deformation at asperities and wear proceeds
by surface fatigue. Visual observations show that wear debris escapes from the contact zone under the
influence of gravity. The scar volume increases almost linearly with the number of impacts [29].
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Figure 2.21 Profiles measured along the horizontal and vertical diameters of wear scar extracted from [29]

2.6 Research Literature Grading
2.6.1 Methodology

In order to evaluate the current status of research on impact wear of different materials that are widely
used in industry applications, a grading system was established. It enabled quick identification of the
data that is available in relation to this literature review through scoring each reference according to a
set of criteria.

This methodology has been used in industry and at The University of Sheffield such as in the field of
rail friction by Lewis, Preece, and Ishizaka [55-57].

The criteria that were used to score the papers in the grading system are listed below:

1. Peer reviewed: assessment by experts in the field to determine whether the research satisfies the
established standards for such journal papers and industry reports.

2. Scaled test: involves using small scale test rigs to simulate the impact wear and gain control
over specific variables.

3. Full scaled test: involves carrying out testing using a full scale test rig to simulate the impact
wear with real components.

4. Experimental testing supported by modelling or simulation: to identify whether the testing is
supported by empirical equation or by FEM simulation using commercial programs such as
ABAQUS, ANSYS.

5. Field test using actual machine (for validation).

The research outputs assessed in the grading system have been given a mark out of 5 as illustrated in
Appendix A. They were then categorized into A and B. Category A papers, in green colour, fulfil at
least 60 % of the criteria, Category B, in amber colour, fulfil at least 40 % of the criteria. The results are
then plotted on a “knowledge map” to highlight the extent and quality of available information on impact
wear.

This grading system for research was useful to highlight the availability of data and the status of this
research according to the criteria mentioned above. Review papers and handbooks or textbooks or papers
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that are not directly connected to impact wear have not been included in this evaluation of the research
and also it is necessary to mention that while the research is categorized according to the above criteria,
this is not intended as criticism of the research in general.

The grading system has been sorted into primary and secondary groups according to the main areas of
the research. The grading system comprised the following four areas related to the impact wear rate of
materials:

e General impact wear mechanisms which covered the material removal mechanisms and the
impact wear damage of metals (ferrous and nonferrous).

e Experimental impact wear testing which covered all test rigs that have been used widely by
papers in the field of impact wear and the method used to measure the wear volume (mass scale
and volume loss).

e Impact wear modelling analysis and simulation: It includes all papers that measured either the
zero wear or developed a model under different impact factors to measure the wear volume.
Lastly FEM analysis throughout commercial software such as ANSYS, ABAQUS and SPAM
is performed to calculate the surface and subsurface stresses.

o Different impact wear parameters that have influenced on the material’s life such as impact
angle, temperature, hardness, et al.

To be included in a peer reviewed journal, the study needs to conduct testing that is supported by
modelling or simulation and carry out a scaled test or a full scale test that would give industry confidence
that the conclusions of the study paper are accurate.

2.6.2 Results

The chart displaying the results of the grading is shown in Figure 2.22. From the chart, it is obvious that
most of the research is marked as Category B, with only 10 papers marked as Category A.

According to the research grading methodology, one research has been achieved to study the effects of
high temperature on impact wear. Few models of impact wear are available to date and except for Lewis
model, all other models have not validated with any other papers.

Moreover, only one paper available studied the role of zero wear during impact by Engel to calculate
the number of cycles at zero wear limit in the elastic region. Two papers were conducted with lubrication
conditions and few papers investigated the role of impact angle during impacts for steels with lack of
information about stainless steel in general and the austenitic one in specific.

However, the map grading also illustrated that many laboratories have been using different impact wear
rigs for studying a variety of materials with majority of tests were conducted using impact hammering
wear rig while fewer used the ballistic rig.
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2.7 Literature Review Summary & Conclusions

A summary of the literature connected to the work achieved in this study has been utilised. This section
summarises the importance points and key findings from the literature as follows:

There is a lack of data about the impact wear damage mechanism for austenitic stainless steel
AISI 304 and AlSI 316 especially with different impact angles.

Two body and three body abrasive wear damage during compound impact of ferrous and
nonferrous materials has not been studied in the literature.

It is not obvious if the cracks that initiated and propagated during normal and compound impact
occur inside the grains or within the grain boundaries.

The role of zero wear volume on the total volume loss has not been taken into consideration in
the literature especially under normal impact.

Impact hammering wear rig is the most common type of rigs used in the field of impact wear.
Both mass scale and volume loss methods are complementary to each other, rather than simple
substitution for each other, in order to have an accurate measurement for the impact wear scar.
The impact wear damage is highly depending on the impact angle and there is a change of wear
mechanism from surface fatigue to abrasive wear with lower impact angle.

There is a lack of data about the correlation between the microhardness measurements for the
centre of wear scar and the impact angle in the published work.

The number of impact cycles, impact energy, impact force and impact angle are important
parameters during repetitive impact.

It is not obvious if the high temperature will lead to more or less wear volume than at room
temperature as the only available paper did not reveal a specific pattern.

The existing models made a good contribution in the field of impact wear, but the role of shear
force during compound impact (tangential component of impact force) has not been considered
in any of these models despite that highest wear volume occurs with the highest shear force.

A map grading methodology has been used in this work to summarise the main area of research
and give an idea about the potential gaps in the literature.
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Chapter 3 Impact Wear Methodology

3.1 Test Equipment and Specimens
3.1.1 Impact Test Rig

In order to ensure that the impact is repeated over the same contact region to reflect the actual impact
that occurs in many industrial applications and to study the details of that region under different impact
parameters. A modified impact wear rig similar to that used previously by Slatter [40] and later by Bruce
[8, 58] has been used for the purpose of work in this study.

Also, based on the previous literature review, the impact wear rig was selected as the most common and
reliable type of rig for measuring the wear loss of different materials under repetitive impacts.

The rig was designed by Slatter [40] in a simple form to achieve high quality repeatable and accurate
results at low cost. The rig was deliberately designed to allow better understanding of the impact wear
characteristics of different materials prior to being used in a particular component, rather than to simulate
a specific type of component or system.

A rig schematic is shown in Figure 3.1, illustrating the oscillating striker arm, made from silver steel to
improve the stiffness and driven by a spring / cam system comprising a cam and follower with helical
stainless steel compression spring. The majority of the rig was made from mild steel, except for the
pivotal block and striker block which were made from aluminum alloy to reduce flexural bending of the
arm throughout and to reduce the mass at the end of the arm.

.Speclrnen] | Striker Holder] Striker lStr'ilter Blcck] Spring Top Block ] |Sprlng | [ Follower | Arm Pivot Block |

Key

Fixed

lModuIar Element

\ ! | i Y
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) | > OR Heating Module . ] b I | L )
OR Load Cell

Figure 3.1 Schematic diagram of impact rig
The cam was arbitrarily taken from a 2.4 L (D.O.H.C) diesel engine and would be in direct contact with
the hardened face of the silver steel arm, while the other hardened face would be in contact with the

follower, inside which a compression stainless steel spring was located to ensure that the arm would
stay in contact with the cam during the rotation of the cam.

The rig is driven by a 1.1 KW electrical motor and the speed of the motor is regulated by a variable
frequency controller (inverter); steel ball bearings were used to support the camshaft and pivot shaft.

Lubricant oil can be supplied through two small holes in the centre of the top block to avoid friction and
wear between the compression spring and the follower.
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The striker holder at the end of the lever arm holds a 15 mm diameter series 400 chrome steel ball with
a material specification equivalent to AISI 52100 which is used as a striker and contacts the specimen.
The selection of this particular striker is arbitrary for the work conducted here, but it has been extensively
used in the previous work performed on this apparatus where it was selected to be representative of the
contact (s) being studied and shown to consistently reproduce the required levels of measurable wear
needed for this study.

The striker ball was made from a very hard steel (AlS152100), much higher hardness and strength than
the specimens to ensure that the damage would only occur on the specimens (one-body wear) and to
enable the ball to be considered as a rigid body without surface degradation; therefore, any damage to
the striker ball has been neglected.

A modified sacrificial plate similar to the one used by Slatter, made from hardened alloy steel, was
attached between the ball and the striker block to avoid excessive damage to the striker head, as this
plate would be easier to replace than the striker block. However, this modified hardened plate was used
for many tests before changing it since there was no evidence of damage or degradation after a few tests.

The rig can be operated with different test parameters; for example, changing the impact frequency will
enable the rig to work with different impact velocity/energy and force, while changing both the striker
and the specimen holders will allow the rig to work at different impact angles.

The contact geometry (point, line, or elleptical contact) can also be changed if required by varying the
form of both striker and specimen. In addition, the rig can be used dry or with lubrication as it is easy to
place a gasket between the specimen and the specimen holder to avoid any spillage during tests.

The original design of the rig enabled the tests to be performed at different impact angles by changing
the specimen holder base and the striker blocks to simulate the sliding wear occurring during impact.
The two designed angles that can be used in addition to the normal impact are 60° and 45°. Further
angles, such as 70° or 30°, can be accommodated by using a new specimen holder and new striker holder
in this rig.

Both (striker/holder) pairs were designed to ensure that, regardless of the configuration of the test rig,
the striker would impact the specimen at the same point in space and with the same effective mass and
distance. The specimen holder cap and the striker holder are universal and fit all three of the different
specimen holder bases and striker blocks.

The main modifications to the rig completed during the work carried out for the purposes of this thesis
and thus make it different from that used by Slatter are:

1. Aload cell has been used to measure the impact force during normal impacts.
2. A heater cartridges and controller box have been added to study the effect of high temperature
during impact (200, 400) °C for point contact geometry.

The new heater cartridges enable the rig to work with different temperatures to simulate actual
conditions of certain components where the operating temperatures approach, or exceed, the hot
hardness of the material they are made from.

Three heater cartridges were inserted inside a newly designed block made from medium carbon steel
with high thermal conductivity and low thermal expansion in order to ensure rapid heating distribution
within a short period, as shown in Figure 3.2.
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Figure 3.2 Controller box, thermocouple and heater cartridges connected to the designed block for use in high
temperature measurements

The location of these heater cartridges was designed in a way such that heat would be evenly distributed
to the specimen, with each heater cartridge able to withstand continuous operating temperatures up to
650 °C.

A high temperature Inconel overbraided silica fibre insulated thermocouple that could withstand high
temperatures of up to 1038 °C was attached to the heater block from one end, as shown in Figure 3.2.
The other end was inserted inside the controller box to measure the temperature on the block, bolted
into a hole, square end style, inside the block and secured with a screw.

An infrared thermometer is used to measure the temperature on the specimen surface and compare it
with the thermocouple reading on the controller box. Since the specimen was of 10 mm thickness it was
expected that the temperature on the block would be slightly less than on the specimen surface and 200
and 400 °C were the actual readings selected for the specimen surface.

The reason for selecting these two temperatures was to compare the wear behaviour of medium carbon
steel EN8 and austenitic stainless steel 304 with the only available previous results for the same range
of temperatures, from a paper by Ootani [33], and identify any similarities in behaviour.

A Universal Benchtop controller box with 4-digit input display is used to control the temperature on the
block, and the desired temperature can be set using manual instructions or software using USB drive
before carrying out experimental work.

The temperature as measured by the thermocouple should reach a steady state, which would take some
time. Once a steady state of the desired temperature has been reached on the specimen surface as
measured by infrared thermometer (200, 400) °C, the experimental work can be carried out. The
controller box, thermocouple and heater cartridges, as shown in Figure 3.2, were supplied by Omega
Engineering.
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3.1.2 Materials Consideration and Test Specimens

The different commercial metallic alloy materials used during the experimental work and described in
Section 1.1 are widely used in industrial and engineering applications. These materials were
manufactured by casting process.

The mechanical and chemical compositions of the tested materials as provided by the supplier (Apollo
Metals, Sheffield) in addition to the striker ball provided by Simply Bearings Ltd. are shown in Table

3.1 and Table 3.2.
Table 3.1 Mechanical properties of tested materials and striker ball
Material Elongation at | Yield strength Tensile strength Young’s modulus
Fracture % a, (MPa) g, (MPa) E (GPa)

AISI 304 58 270 581 190

AISI 316 50 332 630 190

EN8 10 628 739 200

EN-GJS-600-3 3 370 600 174

AISi9Cu3 ~1 165 330 70

PB102 12-14 380 460 121

Ball Striker (AIS152100) 2000 2300 210

Table 3.2 Chemical compositions of tested materials and striker ball
% wit.
Material c Sn si Mn cr | Ni | cu| Mo| Mg | zn s P N | Bal
Specimens
AISI 304 0.03 043 1.04 18 | 936 042 0.026 0029 | 0.062 | Fe
AISI316 | 0.024 0.35 167 | 168 | 10 | 046 | 2.04 0.076 | Fe
ENS 043 0.2 072 | 002 | 0.06 0.021 0.013 Fe
el |3 || 2as [ osos 0% | om ||
Alsiocu3 107 | 0022 24 0022 | 11 Al
PB102 ‘:_)5; rgfx 0.03-0.4 Cu
Striker Ball

wsisaon | 0% || o] 0| i o | o0 .
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All test specimens were manufactured from as received round bar of 50 mm diameter and 500 mm
length. They were cut to individual specimen discs of 10 mm thickness and using the original diameter
of 50 mm to fit the existing rig specimen holder.

All specimens were secured and orientated inside the specimen holder in such a way that the surface
grinding direction would be parallel to the direction of impact. Once the test was completed, the
specimen is removed from the holder and taken to the scale and 3D non-contact profilometer to measure
the wear volume and characterise the wear scar. After every test the striker ball is changed.

3.1.3 Rig Procedure

The rig was operated at a frequency of 10 Hz, i.e. 10 nominal impacts per second. In terms of the
frequency limitation, the rig was found to operate efficiently in a frequency range of 2-10 Hz as
mentioned by Bruce [58], as was confirmed later by using the load cell to measure the impact force
during impact (see Section 3.3.2).

Based on the work of Slatter [40], the spring that exhibited the highest wear scar diameter throughout
those experimental works and for this reason selected for this work, has the specifications shown in
Table 3.3.

Table 3.3 Spring specifications used in impact hammering wear rig

Outside diameter | Free length Solid Wire diameter Stiffness
(mm) (mm) length (mm) (N/mm)
(mm)
20.00 28 16.40 2.80 29.25

3.2 Theoretical Characterisation of Impact Wear Test Apparatus

The theoretical performance of the cam can be derived and calculated based on the cam data profile
when the rig is working at 600 r.p.m (10Hz) and is described in Figure 3.3.
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Figure 3.3 The designed correlation between cam lift, cam velocity and cam acceleration relative to cam angle at
10Hz extracted from [40]
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For the analytical calculation of the impact, the following assumptions should be considered:

1. The arm and its components, excluding the spring, should be perfectly stiff so any deflections
or vibrations can be neglected. In reality there will be some deflection of the arm and striker,
especially at impact with the specimen, which may produce multiple rebounds per rotation
instead of a single strike. This was previously reported by Slatter [40] using data from a high
speed camera.

2. The cam stays in contact with the arm during the rotation of the arm, the inertia of both arm and
striker is neglected. In reality, the inertia will cause the arm to temporarily separate from the
cam when the cam profile starts to fall and the spring is no longer able to maintain the contact
between them.

3. The cam profile remains the same and no change occurs in the profile due to impact (no wear
in the cam); in reality, during use the cam profile will undergo a few changes due to repetitive
impact wear between cam and arm.

In order to measure the theoretical value of striker velocity/acceleration, the angular velocity of the
silver steel arm is assumed to be constant through its length, based on which the following correlation
can be established:

L
Vg = V. (—i) 3.1

where:

vs is the striker velocity, v. is the cam velocity, Ls is the distance between the arm pivot and the point
where the striker acts on the specimen (see Figure 3.1) and L. is the distance between the arm pivot and
the centre of the cam base (see Figure 3.1).

Then,
K.Eg= 1/5 Mosrvs? 3.2

where:
K.E.s is the kinetic energy of the striker, Mes is the effective mass of striker calculated by Equation 3.3.

To calculate the effective mass theoretically, moments were taken around the pivot and the effective
mass was calculated using Equation 3.3.

_ Myxd,+M=d,
Meff_ T 3.3

where:

Mer is the effective mass, M is the mass of the silver steel arm, M is the mass of striker holder, d. is the
distance from the centre of the arm to the pivot point, d; is the distance from the centre of the striker
holder to the pivot point.

The effective mass was found to have a value of 1.19 kg which is very similar to the effective mass
calculated previously by Slatter 1.1 kg [40], the rig has designed by Slatter in such a way that different
striker holders have the same mass irrespective of their angle.
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Also, based on Equation 3.1, a similar correlation can be used to calculate theoretically the maximum
height that the striker arm reaches before impact and has a value of 9 mm based on the maximum height
of the cam lift and arm before impact (5 mm) as shown in Figure 3.3.

Equation 3.1 is used to calculate the average velocity of the striker just before the impact, based on the
2 mm clearance between the cam and arm running at 10 Hz, the theoretical value of impact velocity is
0.51 m/s as described by Slatter [40] and shown in Figure 3.4.
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Figure 3.4 Correlation between the velocity of the cam and striker vs the cam angle

Also, it is possible to plot a theoretical relationship between the velocity of impact and the frequency of
the rig based on the cam data profile and the results shown in Figure 3.5 were obtained by using the
same Equation 3.1 to calculate the striker velocity based on the cam velocity that varies with each
frequency. A high-speed camera could be used in future works to validate the theoretical results with
different frequencies.
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Figure 3.5 Correlation between the theoretical velocity of impact and rig frequency

3.3 Experimental Characterisation of Impact Wear Test Apparatus

In order to compare the experimental with the theoretical results, a high-speed camera was used,
although it was unlikely that the rig would behave exactly as the theoretical one due to the assumptions
listed in Section 3.2.

3.3.1 High Speed Analysis

A high-speed Phantom v210 camera was used to record the actual performance of the test rig in
operation. The test parameters were kept constant at 10 Hz, with cam/arm clearance of 2 mm and a
spring stiffness of (29.25 N/mm). A flat aluminum alloy block, without a specimen holder, was used to
enable the camera to record data on the impact zone clearly without any obstruction and to capture large
and obvious wear scars for easy measurement.

Comparable data were recorded for the series of normal and compound impacts and were then analysed
using motion-tracking software PC 3.1.

For measurement purposes a defined length (sacrificial plate of 0.007 m) was first calibrated as shown
in Figure 3.6 and then the origin was set at the bottom of the striker ball and the options (distance, speed,
two points) were activated to measure the distance and impact velocity directly.

45

45




Impact Wear Methodology

Motion

Figure 3.6 High speed camera motion

An average of eight readings were taken under both normal and compound impact from the recorded
data and since the experimental differences between normal and compound impact were very small. The
averages of these readings were taken for displacement, impact velocity and impact energy are 10 mm,
0.62 m/s and 0.228 J respectively.

As expected, the dynamic response of the system was slightly different from the theoretical response.
The velocity of the striker just before impact, taken from the designed data, was 0.51 m/s, while the
experimental result, measured by high-speed camera, was 0.62 m/s. The experimental impact velocity
value was slightly higher than measured previously by Slatter [40] (0.45 m/s). Which could be explained
by the fact that a higher spring stiffness (29.25 N/mm) was used during impact to achieve a larger wear
scar compared to the spring with stiffness of (9.48 N/mm) used previously by Slatter.

Within each impact, the high-speed camera was able to capture four rebounds per each cam rotation
before the cam lifted the arm again, but since the specimen and striker ball were very close to each other
it was difficult to read the fourth rebound. Therefore, a load cell was used to detect the fourth rebound.
Table 3.4 shows the mean of six readings for the displacement and rebound velocity (V:) values per each
cycle.

Table 3.4 The mean displacement and velocity values per each impact cycle measured by high speed camera

M Standard Standard
Rebound . ean a_n _ar Mean Rebound a_n _ar Mean Rebound Energy
No displacement Deviation ¢ Velocity (Vi) (m/s) Deviation ¢ E) ()
(mm) (STD) y v (STD) '
1 3.68 0.85 0.288 0.052 0.049
2 2.1 0.66 0.195 0.055 0.022
3 0.7 0.057 0.115 0.013 0.0078
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3.3.2 Impact Force Analysis

The dynamic response of the striker was characterised by using a pancake type load cell placed beneath
the specimen to measure the impact force during repetitive normal impact at room temperature. The
selected load cell could measure the load within the range (5-5000) N which covered the expected
required range for the experimental work and the signal is acquired by digital card with sampling
frequency of 50 KHz. The high value of sampling frequency ensuring that the impact force is measured
correctly during the impact.

Impact force calculation is crucial for the following reasons:

1. To identify the impact force value and then calculate the surface and subsurface stresses during
impact by using the Hertzian equations for both surface and subsurface by means of a MATLAB
script.

2. Through identifying the stresses, the nature of contact could be detected (elastic contact, elastic
— plastic or fully plastic), which would be helpful in determining whether the number of cycles
during the tests starts from the elastic region or from the plastic region.

3. To detect the actual number of cycles during impact at 10 Hz.

4. To measure not only the impact force but also the force at rebounds

5. To calculate the impact force value at different frequencies, from (2-10) Hz and then predict it
for other values, by detecting the impact force at different frequencies. Further work could be
done to study the effect of different impact forces during impact under certain numbers of
cycles.

The load cell was provided by Procter and Chester Measurement (PCM) along with the calibration
certification.

Full records of impact force signals of duration 10 sec were regularly collected during the test with
sampling frequency of 4.8 kHz which was sufficient to capture the impact and rebounds occurring during
impact, as shown in Figure 3.7 and Figure 3.8.
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Figure 3.7 Impact force data for a single nominal impact in an apparatus operating for 1s
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Figure 3.8 Impact force data for 0.1s showing four rebounds recorded for rig operating at 10Hz

Figure 3.7 shows the typical dataset of 10 cycles for every second from 7.5-8.5 sec which verified the
nominal operating frequency of the rig. The mean peak value for impact force is 3476 N with standard
deviation of 8.8, while the four rebounds value as shown in Figure 3.8 are 1612, 760, 298, 170 N
respectively which supported the previous high-speed camera results.

The impact force (3476 N) is the resultant of effective mass (1.19kg) multiply by the acceleration of
impact (F= M, x a), this leads to an acceleration value of (2921 m/ s?).

The experimental value of impact force measured by the load cell was verified by using an impact force
equation described by Stronge in his “Impact Mechanics book” [59] and has the following form:
2 3
F=173ks X K E.s 3.4
where kg is the stiffness of non-conforming spherical contact and has a value of 1.29x10°, K. E., is the
kinetic energy of the striker.

Using this equation led to an impact force value of 3157 N, this value is very close to the measured one
by the load cell (3476 N) with an percentage error of (9.1%).

Regarding the impact force measurements under different frequencies, rig frequency can be modified
through the inverter, with the rig, as mentioned before, found to work efficiently in a range of 2-10 Hz
and also verified by the load cell tests. Therefore, the load cell was used to measure the impact force
under different frequencies. The values of impact force from 2-10 Hz were measured experimentally on
AISI 304 specimens and the mean peak value from each frequency test was taken as shown in Figure
3.9.
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Figure 3.9 Impact force values at different frequencies

Figure 3.9 shows not only the impact force value at different frequencies but also the predictive values
(linear best fit) of these frequencies; the difference in error values between the experimental and
predictive results varies from 0.2 % (at 3 Hz) to 21 % (at 9 Hz).

All tests under different frequencies show the exact number of cycles per second; the example at 3 Hz
frequency shown in Figure 3.10 confirms the stability of the rig within this range.
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Figure 3.10 Impact force for 1 sec at 3 Hz

3.4 Bulk Hardness

Hardness was measured for all specimens during the experimental work using the Vickers hardness test.
First, using a Vickers testing machine set at 20 kgf, this load presents the best correlation between the
indentation size (diamond shape) and the hardness number. At least 10 readings were taken for each
specimen, with five readings obtained from each side to minimise the experimental error, and then the
average of these readings was used.

49

49




The hardness measurements were taken from different places, but keeping away from the expected

Impact Wear Methodology

location of the wear scar in order to avoid damaging (plastic deformation) in that region.

The experimental results for Vickers testing machine are reported in Table 3.5.

Table 3.5 Hardness measurements of tested materials

Material Vickeﬁsvlioigfdness Standar(ds_llgg\)/iation c Standard Error (o) % SEt?Podrard
AISI 304 190 1.84 0.3 0.16
AlISI 316 180 0.77 0.388 0.215
EN8 213 2.56 0.64 0.29
EN-GJS-600-3 238 6.9 3.45 1.46
AISi9Cu3 124 1.73 0.866 0.69
PB102 127 25 149 1.17

Table 3.5 shows the standard deviation and the standard error results of Vickers hardness for all tested
materials, standard deviation is a statistic that measures the dispersion of a dataset relative to its mean
and the small value of standard deviation shown in the table indicates that the hardness reading spread
closely to the mean.

The standard error of the mean measures how far the mean of the data is likely to be from the true
population mean and lower standard error of the mean is the more likely it is that the calculated mean is
close to the actual mean. The standard error shown in Table 3.5 for all materials is very small with the
highest value of 1.46 % for phosphor bronze which means that these measurements have excellent
repeatability and the hardness is distributed uniformly on specimen surface and between different
specimens.

Vickers microhardness measurements were also taken for the tested materials by using an automated
hardness tester (Struers Durascan) with a load of 0.1 kgf to detect the possible increase in hardness
resulting from the impact process after different cycles and angles, additionally to measure the depth of
the work hardening layer. This load was chosen as the smallest load that still present reasonable reading
close to the one measured by Vickers testing machine and shows obvious indentation as shown in Figure
3.11. Below this value of 0.1 kgf, the indentation size is considered very small and the hardness
measurement is too high compare with the bulk material and this increasing the deviation of the results
and eventually the error of these measurements become too high.

The microhardness measurements of the bulk materials were taken away from the impacted region
(about 5 mm) for polished but not etched specimens according to ASTM E384 [60] as a matrix of 36
points (6x6) in order to establish a guideline for the bulk hardness of each material, with Figure 3.11
showing an example for AISI 316. The experimental results for microhardness measurements are
reported in Table 3.6 for bulk materials.
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Figure 3.11 Microhardness indentations of AISI 316 specimen as a matrix of 36 points below the impacted
region (about 5 mm from the centre of the wear scar)

Table 3.6 Microhardness measurements of tested materials

Material MicLo\?;rIg?ess Standar(dS _IQIeD\)/iation c Standard Error (o5) % Sét?Podrard
AISI 304 185 5.09 0.93 0.5
AISI 316 188 3.25 1.88 0.99
ENS8 205 11 2.59 1.26
EN-GJS-600-3 258 3 1 0.422
AISi9Cu3 107 5.2 117 1.09
PB102 100 1.7 2.07 211

The microhardness measurements shown in Table 3.6 is very similar to the one measured by Vickers
testing machine in Table 3.5, the results have good standard deviation and excellent standard error which
does not exceed 2 % and indicates very good repeatability.

3.5 Hertzian Contact Stresses

Theoretically, when two non-conforming solid bodies are brought into contact under a force, they touch
initially at a single point or along a line and under the action of the load they are deformed in the vicinity
of their point of first contact so that they touch over an area which is finite small compared with the
dimensions of the two bodies [61].

Three dimensional stresses are developed as contact stresses, which is important in calculating strength
for many applications like bearings, gears and cam mechanisms, while typical failures of these
applications are seen as cracks, pits and eventually debris removed from material. The first satisfactory
analysis of the stresses at the contact of two elastic solids was based on Hertzian theory.
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Before calculating the surface and subsurface stresses, the following assumptions were made:

1. The strain is small within the elastic limit (a<< R;).
2. The surfaces are non-conforming (a<<R).

3. The surfaces in contact are frictionless, which means that the shear force is considered to be
zero.

4. The contacting bodies are at rest and in equilibrium.

5. Contact load is caused by the load which is normal to the contact, which means no tangential
forces acting between the two surfaces.

6. Non-adhesive elastic contact.

3.5.1 Surface Stress Calculation

In the present work the contact between sphere and flat specimen is point contact and according to Hertz
theory the pressure distribution in the contact region is elliptical, with maximum value in the centre of
the two contacting bodies and then falling to zero outside the contact area [61, 62].

For the sphere in contact with the flat specimen, the radius of the specimen is infinite and the reduced
or relative radius of curvature R* and the reduced modulus of elasticity E* are shown in Equations 3.5
and 3.6.

i1, 1 35

1_ 1-v? + 1-v3 3.6

where vi and v, are the Poisson’s ratio, E; and E; are the Young’s modulus for the striker and the
specimen, respectively.

According to Hertz theory the contact pressure and stress distribution on the surface are shown in the

following Equations [61, 62]:
3| 3FR
= 3.7
a ’(4E*)

P() =P+ 1-5 3.8
_ 3F 3.9
> nat
P, = % 3.10
2= (G -0 - V- - Dy sl
f;_f — . (1—321;)*(2_2) {1-(1 — 2_2)3/2}_21,(1 _ 2_2)1/2 3.12
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9z _ . /1_ﬁ 3.13
Po a?

where:

a is the radius of the elastic contact area, P(r) is the surface pressure distribution, P, is the maximum
contact pressure, Pn is the mean contact pressure, a,, gg, g, are the stresses on the surface and
subsurface in polar coordinate.

3.5.2 Subsurface Stress Calculation

A study has shown that subsurface damage (crack initiation and growth) occurs more frequently in
comparison to contact surface damage [11].

Fatigue can be distinguished into subsurface initiated and surface initiated. The maximum range of
principal shear stress was selected as the critical stress controlling subsurface contact fatigue damage
[63], while the normal principal stresses can play a critical role in the propagation of the crack.

The maximum subsurface shear stress has a value of (0.31 P,) at a depth of (0.48 a) beneath the Z axis,
which exceeds the shear stress at the origin (0.1 P,) and also the shear stress on the surface at the edge
of the contact (0.13 P,), which would lead to expectation that plastic yielding would initiate beneath the
surface [41, 61].

In order to calculate the principal stresses down the Z axis, the following relationship is used.

T - 2 - 3.14
= (1) {L- Qtan™ Q) +; 1+ )7
o z _ 22 _ 3.15
22 = (1) {L- Oan™ O} +; A+ )™
3.16

O'Z__ i_l
Z=-(1+5)

The maximum subsurface shear stress mmax Was not the only critical stress controlling contact fatigue
damage; Von Mises stresses a,, were also involved and can be calculated according to the following
equation:

o, = J(01—02)2+(02—203)2+(U3—U1)2 3.17

where:
01, 04, 05 are the principal stresses

In the case of a circular contact, like that of a ball on a flat surface, the stresses in X and Y directions
are called o, and gy (stress in radial direction) and because of symmetry a,.= gy, S0 the Von Mises will
be:

o, = \/(Ur_ae)z+(09;Uz)2+(az_0r)2 318

_ |(or—02)%+(0,—07)? 3.19
W=y 2z
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where g, , o9 and o, are the stresses at specific depth of (0.48a) beneath the Z axis.
3.5.3 Stresses Analysis Results

The two main parameters controlling the impact wear on the material surface are impact energy and
contact stresses caused by the impact force which is dynamic in nature and varies continuously with
impact area that varies with the deformation of the surface of a specimen [61].

Based on the measured value of impact force (3476 N), a full analysis for surface and subsurface stresses
was carried out by using the previous Hertzian equations throughout MATLAB coding. The results of
normal impact as an example are shown in Figure 3.12 for AISI 304 and explained in Table 3.7 for all
tested materials. It is important to mention that calculations in Section 3.5.1 and Section 3.5.2 are
accomplished using the Hertzian equations in the elastic region and therefore, it is not valid for the
plastic regime.
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Figure 3.12 Surface and subsurface stresses for AISI 304 under normal impact

Table 3.7 Summary of stresses for tested materials under normal impact

Depth of max
o o o o o z v subsurface
Materials Y * Po Pm Pmloy z r o max m stresses from
MPa | MPa | MPa | MPa MPa | MPa | MPa | MPa | MPa surface

mm
AlSI 304 270 581 | 5215 | 3476 12.9 5215 | 4119 | 4119 | 1628 | 3257 0.27
AlSI 316 332 630 | 5215 | 3476 10.4 5215 | 4119 | 4119 | 1628 | 3257 0.27
EN8 628 739 | 5308 | 3538 5.6 5308 | 4193 | 4193 | 1658 | 3315 0.267
EN-GJS-600-3 370 600 | 5036 | 3357 9 5036 | 3979 | 3979 | 1573 | 3145 0.27
AIlSi9Cu3 165 330 | 3446 | 2297 14 3446 | 2722 | 2722 | 1076 | 2152 0.33
PB102 380 460 | 4444 | 2963 7.8 4444 | 3511 | 3511 | 1388 | 2776 0.29

54

54




Impact Wear Methodology

Materials under point contact are considered to be in the elastic region since the mean contact pressure
Pmis less than 1.1 gy, [53] or Ps is less than 1.6 a,, [61, 62]; at this ratio the material starts to be in elastic-

plastic contact and the limit between the elastic-plastic region and fully plastic region can be explained
by 1.1< Pm/0,,<2.8; when the ratio of Pn/a,, exceeds 2.8, the material is considered to be in the fully
plastic region [61, 62].

Results revealed that the ratio of (Pm /o) varies from (5.6-16.8); therefore, the nature of the contact
could be considered as plastic.

It is important to mention that with compound impact (60° and 45°), the normal component decreased
theoretically from 3476 N to 3010 N at impact angle 60° and to 2457 N at impact angle 45°; yet both
values that were used to calculate the maximum and mean contact pressure by Hertzian equations show
that the nature of contact was plastic from the beginning of impacts (Pm /o, exceeds 2.8), as shown in
Table 3.8 for impact angle 60° and Table 3.9 for impact angle 45°.

Table 3.8 Summary of stresses for tested materials with impact angle 60° and normal impact force 3010 N

o o
Materials Y * Po Pm Pmloy
MPa MPa MPa MPa

AISI 304 270 581 4970 3313 12

AISI 316 332 630 4970 3313 9.9

ENS8 628 739 5059 3373 5.3

EN-GJS-600-3 370 600 4800 3200 8.6

AISi9Cu3 165 330 3285 2190 13

PB102 380 460 4236 2824 7.4

Table 3.9 Summary of stresses for tested materials with impact angle 45° and normal impact force 2457 N

. ay Oy Po Pm
Materials Pmloy
MPa MPa MPa MPa
AISI 304 270 581 4645 3097 11.4
AlSI 316 332 630 4645 3097 9.3
ENS 628 739 4728 3152 5
EN-GJS-600-3 370 600 4486 2991 8
AISi9Cu3 165 330 3070 2046 12.4
PB102 380 460 3959 2639 6.9

The results on the nature of contact during impact were very helpful in revealing that from the beginning
all the cycles were already in the plastic region.
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The current results of Hertzian stresses clearly represent an idealised analysis and further insight into
the contact could be achieved by means of a finite element analysis which would produce a more
accurate representation of the plasticity in each of the materials used.

The MATLAB coding used to implement the Equations for both surface and subsurface is shown in
Appendix B.

3.6 Zero Wear Methodology

Zero wear volume can be defined as geometry change due to material compression that occurs before
other mechanisms that cause change through actual material loss which initiated during repetitive
impact.

Both mass scales and 3D non-contact profilometer are employed in determining the zero wear volume.
Which has not been defined previously as a part of overall volume loss for wear of materials under
repetitive impacts.

It should be noted that the following terms are used in the next Chapters (4, 5, 6, 7):

e Wear Volume (Vw) — volume of material removed from contact zone and detached from the
material as wear debris and measured by mass scale and then converted to wear volume through
material measured density.

e Plastic Flow Volume (V) — material removed plastically out of the contact zone, and therefore
now not part of the material directly supporting a load, as a result of impact. Usually observed
as newly formed ridges of material around the circumference of any resulting wear scar and not
detected by mass loss methods but by direct measurement by 3D non-contact profilometry.

e Zero Wear Volume (V) — the volume previously occupied by material that appears to have
been deformed by impact, causing its surface to be at a different point in space, but remains in
the contact zone.

o Total Volume Loss (Vi) — the sum of these volumes representing the wear volume, plastic flow
volume, and zero wear volume previously resided, detected by direct measurement by 3D non-
contact profilometry.

The total volume loss was calculated directly from the 3D non-contact profilometer dataset. The zero
wear volume was then calculated from 3.21 based on the following assumption of Equation 3.20 as
illustrated in Figure 3.13.

Total Volume Loss (V;) = Plastic Flow Volume (V,r) + Wear Volume (},) + Zero 3.20
Wear Volume (V,,,)

Vow = Vi - Vs -V, 3.21
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Figure 3.13 Schematic illustrating the total volume loss during impact

3.7 Sample Preparation

Sample preparation was carried out during this work in order to investigate the subsurface microstructure
damage of tested materials mentioned in Table 3.1.

3.7.1 Sectioning

The Secotom 50 is a high-performance cut-off machine that can be used for cutting a wide range of
materials.

The first step of sample preparation was to section the samples into small rectangular pieces using
abrasive cutting discs by Secotom 50 with a very slow feed rate of (0.05) mm/sec in order to avoid
addition of any further deformation to the sample, especially in the impact region, and to ensure the least
amount of heating or changes in the sectioned samples.

Each of the specimens, which were of disc shape, were cut from four directions to obtain the rectangular
piece of the impacted region and this was taken away from the centre of the wear scar in order to allow
further material to be removed during the grinding process.

The sectioning direction was parallel to the grinding orientation for all samples, as shown in Figure 3.14,
since it was expected that the plastic flow formation would be in the direction of impact which is the
same as the direction of grinding.

57

57




Impact Wear Methodology

LR Esbi H
kR et e

= Grindir%g Direction

Figure 3.14 Sectioning process

3.7.2 Hot Mounting

The samples from the sectioning process were mounted separately in single stubs in order to prepare
them for the grinding and polishing process.

Since the steel and the other tested materials would not be directly affected by the temperature and
pressure experienced in the Buehler SimpliMET1000 hot mounting press. During the mounting process,
specimens were heated up to a temperature of approximately 180 °C and a pressure of 250 bar for 150
seconds and then cooled for 240 seconds, before being used in the grinding and polishing processes.

The samples needed to be viewed by SEM; for this purpose, conductive graphite resin (Bakelite) was
used.

3.7.3 Grinding and Polishing

Automatic grinding and polishing for surface finishing of all specimens was carried out using the
Buehler AutoMET machine. The grinding and polishing processes were undertaken after hot mounting
to remove any possible deformation that happened during the sectioning stage and also to produce a
reflective mirror surface finish for examination by SEM and for taking micro hardness measurements.

The grinding process was carried out in four stages using silicon carbide sandpaper grit lubricated with
water on the automated grinding machine. Starting with the rougher grit to remove the scratches and
proceeding to the finest one where it is expected that the specimen surface will be flat and uniform
without scratches on the sample. Each stage of grinding will remove the distortion from the previous
stage and reduce the scratches on the surface.

After mounting and before starting the grinding process, the overall thickness of the specimen was
measured by micrometer (rectangular section). Then, after the first stage of grinding, the thickness was
measured again and the difference compared to the original thickness represented the thickness removed
by the first grinding stage over a specific time. This measurement procedure was repeated up to the end
of the fourth stage and the overall thickness removed represented the distance from the centre of the
wear scar to the sectioning limit.
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A few trials on deformed specimens of AlISI Types 304 and 316 in addition to EN8 were carried out for
this purpose. The overall thickness removed during the four stages for each of the stainless steels was
about 1.1 mm, while it was approximately 0.95-1 mm for EN8.

After the final stage of the grinding was complete, the polishing process was started, which also
consisted of four stages. Using diamond suspension, the polishing stages ensure that the surfaces of the
specimens will be even and have a mirror like finish ready for the later microhardness examination by
SEM. No removal of material was detected as a result of the polishing process.

A summary of the grinding and polishing stages and settings that were found to give a shiny reflective
surface, free from scratches, is shown in Table 3.10.

Table 3.10 Grinding and polishing processes

) Grinding Stages (FEPA) Polishing Stages (FEPA)
Settings Stagel | Stage2 | Stage3 | Stage4 Stagel | Stage2 | Stage3 Stage 4
Grit Size #320 #500 #800 #1200 6pum 3pum 1um 0.25 um
Base Speed 220 150
(r.p.m)
Head Speed 60 60
(r.p.m)
Force (N) 20 20 20 20 15 15 10 10
Time (min) 3 2 2 2 12 12 12 12
Motor Rotation | Count Count Count Count Comp Comp Comp Comp

3.7.4 Etching
3.7.4.1 Electro Etching of Stainless Steel

The etching process that produces the best results in terms of revealing the microstructure of AlSI types
304 and 3186, is electro etching using nitric acid (HNO3).

Electro etching of the stainless steel samples first involved immersing them in a solution of 60 % nitric
acid and 40 % distilled water to reveal the grains boundary. This technique is based on work described
in the paper entitled “Improved metallographic etching techniques for stainless steel and for stainless
steel to carbon steel weldments’” by Bell and Sonon [64].

This process was performed to reveal the grain boundaries of the stainless steel in order to detect the
grain size and area before and after impact, using a standard ASTM E112 [65] on an image scanned by
Nikon optical microscope.

The electro etching process was carried out by BASETech BT-305 in the materials department lab. The
anode was used to hold in place the stainless steel piece located inside a dish that contained the etching
solution, while the cathode was used to etch the samples through wire made from stainless steel. Polished
samples of austenitic stainless steel must be immersed in the etchant solution and both the cathode and
the anode must be made from stainless steel.

The process took approximately 2 min for each sample and the voltage had to be set at 1V to prevent
excessive attack while immersing the sample in the etchant and then adjusted to achieve a current density
of approximately 8-9 mA/cm?. Increasing this setting leads to production of a lot of over etched spots
on the specimens; therefore, this setting was considered as the best option for both types of stainless
steel.
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The specimens were inspected during the etching time, and when the desired microstructure appeared,
the specimens were first washed in water, then rinsed in ethanol, and finally dried using hot air. In the
case of AISI 304, as shown in Figure 3.15, the number 8.1 appeared on OM image, based on table 4 of
ASTM [E112]. This number is equivalent to an average grain diameter of 22.5 um and area of 504 pum?
for un impacted specimens; several trials were performed on different etched samples and the results
were largely similar.

Figure 3.16 shows the number 6.9 on the OM image of AISI 316, which is equivalent to an average
grain diameter of 32 um and area of 1008 um? for un impacted specimens.

Figure 3.15 ASTM E112 for grain size of AISI 304 before impact
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Figure 3.16 ASTM E112 for grain size of AlISI 316 before impact

Chemical etching materials such as Vilella’s reagent (picric acid) were used during this work according
to ASTM E407-15 [66], but they failed to provide good enough results to reveal the microstructure;
therefore, the electro etching method was considered the best way to reveal the microstructure of
stainless steel.

3.7.4.2 Chemical Etching of Carbon Steel

The most common type of chemical etching of carbon steel is 2 % nital etching which involves the use
of 100 ml of industrial methylated spirits (IMS) with 2 ml nitric acid according to ASTM E407-15[66].
The polished samples of carbon steel were immersed in a dish containing the etching solution, using
crucible tongs, until the preferred microstructure had developed and the surface became slightly clouded,;
approximately 20 sec was the time taken to reveal the structure of each specimen (+ 3 sec). Next,
similar to the electro etching procedure, samples were washed in water, then rinsed in ethanol, and
finally dried.

It should be noted that etching was performed only on AlSI types 304 and 316 and EN8 samples, while
other materials (ductile cast iron, aluminum alloy and phosphor bronze) were not etched since they were
tested only for zero wear work as explained in detail in Chapter 4. Contrary to the case with the stainless
steel and medium carbon steel samples, no more details were required on surface and subsurface damage
to these other samples.

The microstructure of medium carbon steel before impact for both phases, pearlite (P) and ferrite (o), is
shown in Figure 3.17.
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Figure 3.17 Microstructure of EN8 showing both unimpacted phases, pearlite (P) and ferrite (o)

3.8 Wear Observation

Different techniques were used to detect the wear damage mechanisms and features on tested materials
under specific impact conditions (load, angle and number of cycles) within a controlled environment
(room temperature), including qualitative and quantitative measurements. The qualitative measurement
included surface morphology and wear debris (optical microscopy and SEM), while the quantitative
measurements included surface roughness and wear features (3D non-contact profilometer) and can be
summarised as follows:

3.8.1 Optical Microscopy

Zeiss and Nikon optical microscopes were both used to captured images from the specimen surface or
subsurface by using lenses with magnification levels of (50-1000) X, enabling large to small details of
the specimens’ microstructure to be captured. The microscope was linked to a computer and controlled
by a digital camera, allowing measurements to be taken easily using computer software to measure
different features such as the scale bar, length of features or even to measure the grain size using ASTM
El12.

3.8.2 Scanning Electron Microscopy (SEM)

Surface morphology can reflect different variations which can distinguish different wear mechanisms
like fatigue, adhesion and abrasion; therefore, the Hitachi tm3030 plus table model with an acceleration
voltage of 15kV and two types of detectors (BSD and SE) was used to capture all the wear damage
features on the surface and subsurface. However, it was unable to capture features with higher
magnification (more than 3000 X), and any images below this length became blurry and unable to detect
the damage features. The current results were found to be sufficient with this SEM and no further details
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with higher magnifications were required. The Hitachi SEM was used at the Leonardo Tribology Centre
(Sheffield).

3.8.3 Surface Profile Measurements

3D non-contact profilometer (Alicona Infinite Focus SL) was used during this work to measure the
surface roughness of the tested materials and to detect all the impact scar features, such as scar diameter,
area, depth and volume of both the impact scar and the plastic flow formed on the ridges. Additionally,
3D images of the impact scar were taken by 3D non-contact profilometer, and since the majority of
impact scars were large, the image field option was used to scan the impact scar, the number of points,
while the sampling distance was not constant and varied depending on the size of the impact scar.

The 3D non-contact profilometer with objective 5 X was used to scan the wear scar on all specimens
and the time taken to scan the whole wear scar was around 10 min, while the volume measurements
took from (30-40) min depending on the size of the wear scar. The largest sizes of wear scar were found
on the aluminum and phosphor bronze specimens and measurement took approximately 40 min, while
for the other materials it took about 30 min.

For volume measurements (Figure 3.18 (a)), a reference plane must be created first, to achieve this, three
points must be selected, the first point is the reference plane point and it is outside the wear scar
(typically 2-3) mm away from the edges of the wear scar. Using profile measurements method by 3D
non-contact profilometer revealed that the maximum distance that the edges of the wear scar can be
extruded outside the impact region above the reference plane is 1mm as shown for example in Figure
3.18 (b). Then two further points must be selected, one above the reference plane from one of the top
wear scar edges and the other one below the reference plane from the other opposite bottom of the wear
scar. The maximum height of the plastic flow for all the tested specimens is 770um while the maximum
depth of the wear scar is 572um. Based on that, these two points were out of focus by 2mm to ensure
that all volumes are included in the scanned region and ensure that there was no distortion of the sample
outside of the impact area.

Image field measurement option was used to generate the volume for all specimens due to the large size
of the wear scar, this option enables the specimen stage to move horizontally and vertically to scan the
three selected point and create a 3D image as shown in Figure 3.18 (c). The original points of the 3D
non-contact profilometer moved to the reference plane to get accurate measurements, both rectangular
and circular scan options were used and the results are the same every time. No filters were used during
this procedure and both auto exposure and autofocus options were used during this procedure.

All specimens were designed previously by Slatter [40] to have a thickness of 10 mm to ensure that no
distortions or deformation occurs to the other side of the specimen and it has always a flat surface.
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Figure 3.18 Volume measurements of typical impact wear scar of AISI 304 with impact angle 60° after 72,000
cycles by 3D non-contact profilometer shows (a) the impact wear scar and the reference plane while (b) the
distortion outside the wear scar edges and (c) the volume of the wear scar
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3.9 Surface Roughness

All samples were ground on both faces as recommended by the grinding services company (T&J Smith,
Sheffield) to achieve the required surface roughness of approximately R, <0.5 um and this was verified
by using the 3D non-contact profilometer (5 X).

At least two readings were taken from each sample on the impact face and the mean of surface roughness
was reported in the direction of grinding and in the transverse direction (perpendicular to the grinding
orientation) except in the cases of the aluminum alloy and phosphor bronze because they were received
with circular grinding marks.

The results of roughness measurements taken by 3D non-contact profilometer before impact are
summarised in Table 3.11 and verified the T&J Smith measurements.

Table 3.11 Surface roughness measurements of tested materials by 3D non-contact profilometer Alicona

Roughness with grinding marks Roughness against grinding marks
Materials
Ra Rq Ra Rq
AISI 304 0.42 0.54 0.8 1.04
AISI 316 0.48 0.63 0.92 1.2
EN8 0.46 0.6 0.85 1.1
EN-GJS-600-3 0.43 0.56 1.06 1.37
Ra Rq
AISi9Cu3
0.47 0.6
Ra Rq
PB012
0.44 0.56

Deviation in the results from one material to another is considered as normal due to the uneven surface
finish produced during the grinding process, but it stayed within the required range.

The current work measured the roughness using both Ra and Rq since they are the most common types
of surface roughness measurements and similar to those used in all the published papers examined in
the literature review.

The surface roughness values for all tested materials fell within the required range for many tribology
applications and within the range of the previous papers in the literature review (0.1-6) um. Despite the
fact that the previous papers did not mention in which orientation the surface roughness had been taken
or the number of samples tested for surface roughness. Roughness may play a role in the amount of wear
and smoother surfaces could possibly have worn less than rougher surfaces [67]; nevertheless, none of
the research had studied the effect of different surface roughness on the amount of wear due to impact.
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3.10 Testing Procedure

A recent study by Watson showed that out of 290 experimental works taken from 379 published papers
in the field of tribology for the year 2017, only 3.2 % used randomsation either the tests or the test
specimen, while non randomise both, 30 % were repeated 3 times or more, and 86 % of these repetitions
were done using single batches [68].

Four random repetitive impacts on the tested specimens were performed during this work. The ductile
cast iron, phosphor bronze, aluminum alloy, medium carbon steel and AISI 304 were tested first to
detect the zero wear volume under normal impact, as explained in detail in Chapter 4, with a specific
number of cycles (36,000) being sufficient to reveal the damage on all specimens.

Then AISI 304 was tested later in more detail to investigate the role of number of cycles and impact
angle on wear volume and damage to both surface and subsurface. The experimental tests procedure for
the four random repetitive impacts are shown in Table 3.12; the numbers of cycles used during these
tests were found to be sufficient for formation of an apparent wear scar with noticeable wear volume.

Table 3.12 Experimental tests for AISI 304 with different impact conditions

Stainless steel 304
Test Order Number of cycles (N) Impact angle (8)
1 72000 60°
2 36000 60°
3 54000 90°
4 54000 45°
5 36000 45°
6 54000 45°
7 36000 90°
8 54000 90°
9 72000 90°
10 36000 90°
11 72000 90°
12 72000 60°
13 54000 90°
14 54000 60°
15 54000 60°
16 54000 45°
17 72000 90°
18 36000 60°
19 36000 45°
20 72000 60°
21 72000 45°
22 54000 60°
23 54000 90°
24 72000 60°
25 54000 45°
26 72000 90°
27 54000 60°
28 72000 45°
29 36000 60°
30 72000 45°
31 36000 90°
32 36000 45°
33 36000 90°
34 72000 45°
35 36000 60°
36 36000 45°
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Then, three repetitive impacts were applied on both AISI 316 and EN8 under specific number of cycles
(54,000) to further investigate the role of impact angle on these materials. Since the materials were tested
under specific number of cycles, the tests were randomised with impact angle only.

One of the most powerful methods for randomising the tests during the experimental work is design of
experiments (DOE), but it requires the use of two parameters or more; therefore, it was used only with
AISI 304, where both impact angle and number of cycles were adopted as variable parameters, as shown
in Table 3.12.

Experimental design has been widely applied in many disciplines, such as science, engineering and
economics [69].

Table 3.12 presents the general full factorial method used in design of experiments and with Minitab
software. Despite the full factorial method having main disadvantages of being time consuming due to
the large number of tests runs and potentially expensive in some applications, it plays an important role
in tribology applications.

A full factorial run requires 9 tests to be accomplished for two parameters and three levels (B®), where
B and O represent the levels and factors, respectively, and with 4 randomisations, which means that 36
tests should be carried out.
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3.11 Methodology Summary

A modified impact hammering wear rig similar to the one used by Slatter [40] was developed for the
purposes of this work. A new load cell was used to measure the impact force experimentally and
accurately during normal impact and to record the actual number of cycles with different frequencies. It
revealed the same number of cycles in a range of frequencies from (2-10) Hz which reflected the stability
of the rig.

The heater cartridges, controller box and a heater block made from medium carbon steel were designed
specifically for this rig to measure the wear loss of different materials under high temperature conditions
(200, 400) °C and to simulate the actual impact situations of some components that can be used for a
variety of materials. The three heater cartridges inserted inside the heater block (see Figure 3.2) can be
used with continuous temperatures of up to 650 °C and therefore the rig could be tested up to this
temperature.

Different metallic alloys (ferrous and nonferrous) were selected for this work, to represent the alloys
most commonly used in the industry field in terms of different structure and composition. These alloys
included: austenitic stainless steel 304; austenitic stainless steel 316; medium carbon steel (ENS8);
aluminum alloy (AISi9Cu3); ductile cast iron (EN-GJS-600-3) and phosphor bronze (PB102).

In order to use these alloys in the impact wear rig and other mechanical characterisation testing by such
as the Vickers tester machine, 3D non-contact profilometer, SEM and optical microscopy, all specimens
were cut into discs of 50 mm diameter and 10 mm thickness. Then smaller rectangular samples were
prepared from these discs for other specific tests such as microhardness measurements, SEM and optical
microscopy to detect the plastic deformation depth, grain size, surface and subsurface cracks, and cracks
orientation.

The MATLAB coding used in this work was very useful to indicate the nature of contact for all tested
alloys. Randomisation and repetitions were performed in this work using design of experiments to
ensure the accuracy of the results and each set of tests was grouped in a way that would ensure the
deviation of hardness measurements would be almost equal for all groups.
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Chapter 4 The Role of Zero Wear Volume in Percussive
Impact

4.1 Introduction

This chapter presents the results of the impact wear rig tests carried out on five different metal alloys
widely used in engineering applications, each with a different bulk hardness. The materials used were;
an austenitic stainless steel (AISI 304); a medium carbon steel (EN8); a ductile cast iron (EN-GJS-600-
3); an aluminium alloy (AISi9Cu3) and a phosphor bronze (PB102). The work presented in this chapter
is following one of the objectives highlighted in Chapter 1 and Chapter 2 which shows a lack of
information and data about the zero wear volume (VVolume loss due to compression and material remains
in the contact zone as defined in Section 3.6).

The wear scar features were analysed using standard methods described in Chapter 3 including 3D non-
contact profilometer (Sections 3.8.3), SEM (Section 3.8.2), microhardness (Section 3.4) and discussed
in detail. Then a summary of the main discoveries and the key findings is listed at the end of the chapter.

4.2 Test Results

This section presents the results of impact wear rig tests run for 36,000 impact cycles on metal alloys
used in this research by using Equation 3.20. The total volume losses for materials under repetitive
impact is measured directly by mass scale and 3D non-contact profilometer as described earlier in
Chapter 2 (Section 2.3.2) and Chapter 3 (Section 3.6).

4.2.1 Wear Volume

The data for mass lost due to the wear was obtained from mass scale measurements of the specimens
and was then used to calculate the mean wear volume by converting those masses to volumes with
reference to the measured densities of the materials (measured mass divided by measured volume of
specimen), (7620 kg/m®for AISI 304, 7820 kg/m® for EN8, 8028 kg/m?® for ductile cast iron, 2720 kg/m®
for aluminium alloy, and 8970 kg/m? for phosphor bronze) and shown in Figure 4.1. The error bars
represent the standard deviation of the data from four repetitions on specimens of each material type.
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Figure 4.1 — Wear volume of different materials after 36,000 cycles
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4.2.2 Total Volume Loss

All materials showed a small amount of wear volume under repetitive impact for 36,000 cycles due to
the synergistic effect of zero wear volume and plastic flow volume, as illustrated in Figure 4.2.

Figure 4.2 shows that the sum of wear volume and plastic flow volume is significantly less than the
directly measured total volume loss, and it is this difference that is defined earlier (Section 3.6) as the
zero wear volume. This zero wear volume (the main contributor to the total volume loss) was then
calculated using Equation 3.21. For EN8 and ductile cast iron, plastic flow volume also contributed
similarly (Figure 4.2).
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Figure 4.2- Mean total volume loss for materials after 36,000 cycles.

Figure 4.2 illustrates that zero wear volume is almost equal to total volume loss for aluminium alloy,
phosphor bronze and AISI 304, while for EN8 and ductile cast iron the volume losses due to compression
and plastic flow are approximately equal.

Experimental work on AISI 304 at 10 Hz using the impact wear rig proved that after very small number
of cycles (20-30), an apparent deformed contact region formed in the plastic region without any mass
loss and also after 16,800 cycles, no mass loss was found, but a large scar was formed as shown in

Figure 4.3.
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Compressed Volume (Zero Wear Volume)
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Neglected Plastic Flow Volume
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Figure 4.3 Plastic deformation and apparent contact area of AISI 304 under normal impact after (a) 9,000 cycle
and (b) 16,800 cycle

The measured size of the plastic flow volume that can be observed as ridges or extruded shoulders
around the wear scar edges of AISI 304 for example, Figure 4.4 shows that there was negligible
deformation to the surface beyond the edges of the wear scar.

Deviation from original surface (um)

Figure 4.4 Example surface deviation of AlISI 304 under normal impact after 36,000 cycles
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4.2.3 Role of Bulk Hardness During Normal Impact

Despite the fact that AISI 304 is a relatively soft material, it showed the least mass loss among all tested
materials which can be connected to its high ductility. Ductile cast iron with the highest hardness (238
HV) showed more mass loss than both EN8 (211 HV) and AISI 304 (190 HV), as shown in Figure 4.5.
This agrees with the work of Fricke [22] where AISI 440 with a hardness of (710 HV) has more mass
loss under normal impact than AlSI 304 (164 HV).
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Figure 4.5 Correlation between bulk hardness and mass loss for different materials after 36,000 cycles

The results obtained suggest total volume loss and zero wear volume are all inversely proportional to
hardness (see Figure 4.6 and Figure 4.7). The material of highest hardness, the ductile cast iron, gave
the minimum indentation and volume loss, contrasting with results for both aluminium alloy and
phosphor bronze.
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Figure 4.6 Total volume loss of materials after 36,000 cycles
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Figure 4.7 Zero wear volume loss of materials after 36,000 cycles
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Figure 4.8 shows the scanned surface of the EN8 sample after 36,000 cycles. The red coloured region
in the centre of the figure represents the depth of the scar below the reference plane (blue region) and
both green, yellow and orange regions represent the plastic flow around the edge of the wear scar above
the reference plane.

Volume

Above Surface: 0.825mm’
Below Surface: 1.288mm?®
Projected Area:  39.519mm®

Figure 4.8 Total volume loss on a worn EN8 specimen after 36,000 cycles

These results agree to a great extent with previous results obtained by Wang et al. [37], where a 3D non-
contact profilometer was also used to measure wear volume directly. They found that there was more
volume loss in a soft aluminium than an iron, but the iron lost more volume than tungsten. However,
that study did not use a mass scale to compare between the two methods or identify the ratio of wear
volume or zero wear volume to total volume loss, therefore assuming wear volume and total volume
loss to be the same.

4.3 Wear Scar Morphology

The sizes of the impact wear scars were measured using a 3D non-contact profilometer. Every specimen
was measured across three different diametric directions through the centre of the impact wear scar using
the software analysis tools. The average for each specimen was recorded and then the averages of four
repetitions were plotted as shown in Figure 4.9. This illustrates that the ductile cast iron, which has the
highest hardness, has diameter approximately 40 % less than that of aluminium alloy. This figure
illustrates the role of hardness, providing approximately similar readings of impact wear scar diameter
for aluminium alloy and phosphor bronze or EN8 and AISI 304 due to hardness similarity.
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Figure 4.9 Correlation between hardness and impact wear scar diameter after 36,000 cycles

To confirm the results of impact wear scar diameter and to measure the scar depth, the data from every
diametric measurement was further analysed to produce geometric profiles of the scars. Measurements
of the depth and diameter of the impact scar for every material were taken and a typical profile for each
material is shown in Figure 4.10.
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Figure 4.10 Typical wear scar profile after 36,000 cycles for each material tested.
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Figure 4.10 reveals, in general, a smooth surface profile for the materials’ scars with some obvious
roughness near the edges of phosphor bronze. EN8 and ductile cast iron have obvious plastic flow on
the edges of the impact scar in addition to some plastic flow for aluminium alloy, while no obvious
plastic flow is apparent for either AISI 304 or phosphor bronze.

In terms of the test results recorded for each material, EN8 produced the mean plastic flow height (hy)
of 160 pm with mean depth (h;) of 223 um and the plastic flow volume represents approximately 50 %
of the total volume loss. Ductile cast iron produced a similar pattern with mean (h,) of 71 um and (h;)
of 117 um, with plastic flow volume representing approximately 41 % of total volume loss. Despite the
plastic flow formation for the aluminium alloy, this was considered a small amount as the mean plastic
flow was only 80 um, while the mean depth was 426 pm.

The datasets obtained from the 3D non-contact profilometer were also used to perform a 3D analysis
and the data for a typical wear scar for each material tested is shown in in Figure 4.11. These illustrate
the edges formed by the deformed material and the typical difference in wear scar size between the
different materials.
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Figure 4.11 Typical wear scars for (a) ductile cast iron, (b) EN8, (c) AISI 304, (d) phosphor bronze and (e)
aluminium alloy after 36,000 cycles

As can be seen from Figure 4.11, both the phosphor bronze and aluminum alloy have the maximum
depth, shown in blue color, in the centre of the impact scar, while ductile cast iron has the lowest depth,
thereby showing the role played by material hardness.

AISI 304 and phosphor bronze (Figure 4.11 (c) and (d)) show a mass loss after 36,000 cycles, but the
wear volume is very small compared with the total volume loss and both materials have negligible
amount of plastic flow beyond the edges of the wear scar. This confirms the results in Figure 4.10 and
again proves that large part of that missing volume has been compressed as zero wear volume.
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4.4 Wear Scar Analysis

Despite the relatively low wear volume experienced by all materials tested, due to the dominance of
zero wear volume and plastic flow volume in the total volume loss, damage to the surface of all the
specimens was clear to the naked eye.

The impact scars were generally circular in shape for all materials although some exhibited some ovality
(particularly the AISI 304), which is likely due to the variation in materials properties leading to more
plastic deformation or possibly due to random occurrence as explained before by Slatter [8].

The typical wear scars for all materials can be seen in Figure 4.12. Figure 4.13 and Figure 4.14 shows
the wear damage mechanism in the centre region of the impact scar of all tested materials.

The main wear damage mechanism after 36,000 cycles was plastic deformation, either in the centre of
the wear scar or on the impact edges as both Figure 4.13 and Figure 4.14 reveal plastic flow and surface
fatigue. Evidenced to spalling in the centre of the impact scar were expected due to the maximum contact
pressure in the middle of the contact region.

The results support the hypothesis that crack initiation at the surface and then propagation beneath the
surface leads to surface fatigue and eventual removal of material from the surface as wear debris due to
spalling. No obvious delamination or material transfer was detected for any of the materials. Both EN8
and ductile cast iron revealed a significant plastic flow on the ridges of wear scar.
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Figure 4.12 Typical impact wear scar for tested materials after 36,000 cycles for (a) ductile cast iron, (b) ENS,
(c) AISI 304, (d) phosphor bronze and (e) aluminium alloy
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Figure 4.13 Damage mechanism in the centre of the impact scar for tested materials after 36,000 cycles for (a)
ductile cast iron, (b) EN8, (c) AISI 304, (d) phosphor bronze and (e) aluminium alloy
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Figure 4.14 Plastic flow formation on the edges and micro-cracks after 36,000 cycles for (a) ductile cast iron, (b)
aluminium alloy and (c) EN8
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4.5 Microhardness Results

Microhardness profiles of the subsurface material resulting from the impact wear process were obtained
by Struers Durascan Vickers indentation at the maximum load of 0.1 kgf for all materials as described
in Chapter 3 (Section 3.4). Loading and unloading were performed with a holding period of 10 s and
distance between indentations was 2.5d, according to ASTM E384 [70].

Figure 4.15 shows microhardness measurements at a position below the maximum indentation depth of
the impact scar and the error bar representing the standard deviation of the data from three repetitions
for each distance from the surface.
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Figure 4.15 Microhardness measurements under normal impact for (a) aluminium alloy, (b) phosphor bronze, (c)
AISI 304, (d) ductile cast iron and (e) EN8 after 36,000 cycles
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Based on the measurements, aluminium alloy, phosphor bronze and AISI 304 showed a significant
increase in hardness after 36,000 cycles of impact due to the role of work hardening resulting from the
repetitive impact. While both EN8 and ductile cast iron have more plastic flow on the scar edges with
significant increase in hardness of plastic flow and recording an average increase of 24 % for ductile
cast iron with a similar pattern for EN8. Both materials did not show a significant increase in hardness
for the centre of the wear scar as appeared in Figure 4.15.

The average observed increases in hardness for phosphor bronze, aluminium alloy and AISI 304 were
36 %, 31 % and 39 % respectively and reached depths of approximately 1.4-2 mm from the surface as
the microhardness results showed, which indicate work hardening of the materials.

The current results revealed an increase in hardness which agrees with previous results of Rastegar [21]
and Yilmaz [28].

An example of the grain deformation that typically occurs near the bottom edge of impact scar for EN8
is shown in Figure 4.16, which reveals the deformed grains of both ferrite (o) and pearlite (P). Also
visible is a microhardness indentation which represents a value of 257 HV.

Impact Direction

Figure 4.16 Microhardness indentation of EN8 below the bottom edge of wear scar after 36,000 cycles
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4.6 Discussion

The results of zero wear volume are in agreement with the work of Engel [43] described earlier in
Chapter 2 (Section 2.4.1) in that there are a number of wear cycles that a surface can undergo before it
starts to wear. The work presented in this Chapter showed that zero wear volume can occur at any point
instead of a number of cycles from the initial contact. This is justified by these results demonstrating
this not only occurs in the elastic region and the materials can undergo further plastic deformation
without any mass loss.

For the case of AISI 304 used in this work there was no mass loss found after up to 16,800 cycles, yet
an apparent plastically deformed region formed on the surface of the specimen and large scar after
further impacts were accumulated. Further evidence is that the wear volume after 36,000 cycles was
very small compared with the total volume loss measured by 3D non-contact profilometer, thus proving
that there is a significant volume being compressed rather than being removed from the specimen.

The current results suggest that the previous results of papers that used the 3D non-contact profilometer
to calculate the wear volume loss such as by Lindroos [20], Jiang [15] and Rastegar [21], should also
have used a mass scale in conjunction with Equation 3.20 in order to find the zero wear volume. This is
especially the case when impact occurs normal to the surface and the materials under investigation are
expected to be significantly compressed due to their ductility and therefore this volume cannot be
neglected when measuring the total volume loss.

The work also suggests that ferrous and non-ferrous materials tested appear to be compressible and this
contributes to the total volume lost. This may be due to localised microstructural defects (void
nucleation, dislocation, coalescence, internal porosity from ductile failure) and changes (phase
transformation, carbide precipitation or hardening).

Surface examination by SEM revealed that the main damage mechanism for tested materials was mainly
plastic deformation and surface fatigue due to spalling as a result of the formation of small pits and then
subsequent microcracks. There was no obvious delamination observed in any of the materials. The
small-scale pitting which led to spalling is expected since the mass loss was very small for all materials
and this contributed to the role of zero wear volume during impact.

The current results revealed that the zero wear volume is inversely proportional to the bulk hardness of
material. Figure 4.7 shows that ductile cast iron, which has the highest hardness, has the least zero wear
volume whereas the aluminum alloy, with lowest hardness, has the greatest zero wear volume.

Hardness, however, appears not to be a primary parameter affecting the mass loss of materials under
normal impact. Figure 4.5 shows that ductile cast iron has more mass loss than both EN8 and AISI 304
despite its relatively higher hardness. This agrees with the previous findings of Fricke [22]. The results
also showed no direct correlation between the Young’s modulus or bulk hardness of the materials and
wear volume for any materials which is accounted for by the zero wear.

The current results showed that AISI 304 has a greatest propensity to work harden as shown in Section
4.5 (see Figure 4.15) among other tested materials and the increase in hardness near the surface for the
centre of impact scar is almost twice the original bulk hardness. Similar results for the same materials
were also observed by Fricke [22] where the surface microhardness results of AlSI 304 increased from
242 HV to approximately 650 HV which indicates the great capacity of work hardening. This could
explain the greater propensity of AISI 304 to appear to be compressed as zero wear volume. With similar
consideration of the relative material properties of the other materials studied here, it could be concluded
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that the material with the largest ability to work hardening is more likely to have more zero wear volume
than other materials.

Results in Figure 4.2 reveals possible correlation between material ductility and plastic flow formation
for ferrous materials. Higher ductility leads to greater zero wear volume and eventually reduced both
plastic flow and wear volumes. Both EN8 and ductile cast iron showed more plastic flow at the wear
scar edges compared to AISI 304. Since the nature of impact is compression under normal impact
therefore, microhardness examination revealed work hardening as expected for all materials under
repetitive impacts.
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4.7 Zero Wear Summary

A summary of the findings derived from the experimental work on materials discussed in this chapter is
presented below:

Neither Young’s modulus or bulk hardness has a direct correlation with wear volume resulting
from repetitive normal impacts for the materials examined in this chapter.

Bulk hardness is inversely proportional to both zero wear volume and maximum indentation
resulting from single repetitive normal impacts for the materials considered here.

All materials show relatively very small amounts of wear volume loss compared with zero wear
volume or plastic flow volume, in their total volume loss.

Depending on the route and quality of manufacture there may be some subsurface imperfections
that could account for some localised compression of the material.

Ferrous materials with high ability for work hardening tend to have more materials being
compressed as zero wear volume (sink in) rather than plastically flow to the edges of the wear
scar compared with other ferrous materials that have low propensity for work hardening (pile-
up).
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Chapter 5 Investigation on Impact Wear and Damage
Mechanism of Austenitic Stainless Steel 304

5.1 Introduction

This chapter presents the results of experimental work using the impact wear rig on AlSI 304, following
one of the objectives described in Chapter 1 and outlined in Chapter 2 which shows lack of information
and data about the surface and subsurface damage of AlSI 304 with different impact angles and the role
of shear force during impact.

The wear scar features were analysed using standard methods described in Chapter 3 including 3D non-
contact profilometer (Sections 3.8.3), OM and SEM (Sections 3.8.1 and 3.8.2), microhardness (Section
3.4) and discussed in detail. Then a summary of the main discoveries and the key findings is listed at
the end of the chapter.

5.2 Impact Test Results

This section presents the summarised results of impact wear rig tests with different number of cycles
(36,000, 54,000, 72,000) and different impact angles (90°, 60°, 45°) and an impact force of 3476 N on
wear damage of AISI 304. The wear volume was measured directly by converting those masses
measured by Sartorius electronic balance with precision to the nearest 0.1 mg to volumes with reference
to the measured density of the material (7620 kg/m®). While total volume loss was measured by 3D non-
contact profilometer (volume change) as the two standard methods described earlier in Chapter 2
(Section 2.3.2) and in Chapter 3 Section 3.6.

5.2.1 Wear Volume

Before and after testing, each specimen was cleaned with compressed air and isopropanol to remove any
dust and to remove the remaining wear debris on the specimen after test. Two measurements represent
the mass loss; each specimen was weighed before and after testing on the same day to minimise any
possible error in reading from the scale.

Figure 5.1 presents the effect of impact conditions on wear volume of AISI 304. The error bars represent
the standard deviation of the data from four repetitions on specimens, and the repeatability of the rig
was very good as the impacts hit the same contact area. These results showed very good consistency
and similarity to previous results obtained by Slatter [8, 9] and Yilmaz [28].
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Figure 5.1 Mean wear volume for AISI 304 as a function of impact conditions

5.2.2 Total Volume Loss

The total volume loss during impact, as defined earlier in Section 3.6 and the plastic flow volume (above
surface) were calculated by using the 3D non-contact profilometer for direct volume measurements since
it takes better account of the actual volumetric changes during impacts as described in Section 3.6. The
whole wear scar region was selected and then the total volume loss was recorded as can be seen, for
example, in Figure 5.2 where the turquoise region represents the reference plane. Regions above are
green, yellow and orange and regions below are red.

ol

Volume

Above Surface: 1.709mm’
Below Surface: 3.998mm’
Projected Area:  53.429mm?

Figure 5.2 Total volume loss as measured on a worn surface (reference plane (turquoise), ‘above surface’ (green,
yellow and orange) = plastic flow volume and ‘below surface’ (red) = total volume loss) at impact angle 60°
after 72,000 cycles
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Figure 5.2 shows the contour map after 72,000 cycles with an impact angle of 60°. It can be seen that
the surface is regular and circular in shape, with obvious uniform plastic flow on the bottom edge of the
impact wear scar.

The total volume loss measured by 3D non-contact profilometer was plotted against the impact angles
with different number of cycles is shown in Figure 5.3.

5 I 36000
I 54000
I 72000

Total Volume Loss by Alicona (mm?)

90° 60’ 45°

Figure 5.3 Mean total volume loss for AISI 304 Vs impact angles and number of impact cycles

Figure 5.3 shows that the total volume loss scanned by 3D non-contact profilometer increased with the
compound impact and the impact angle had an obvious effect on total volume loss. For example,
changing the impact condition from normal to compound impact with 60° led to an increase in volume
loss in a range varying from 37-80 %, while changing the angle to 45° led to a significant increase in
total volume loss, reaching 175 % compared with normal impact after 72,000 cycles.

Figure 5.3 also revealed that the total volume loss with an impact angle of 60° is less than with an impact
angle of 45° after 36,000 and 54,000 cycles. However, the total volume loss for an impact angle of 45°
is higher than with an impact angle of 60° after 72,000 cycles. This attributed to the synergistic effect
of both plastic flow volume and wear volume, with lower number of cycles (36,000 and 54,000), the
total volume loss for both angles (60° and 45°) are approximately similar but the plastic flow volume is
higher with an impact angle of 60°. While after 72,000 cycles the plastic flow volume of an impact angle
of 45¢ is still less than with an impact angle of 60° but the the wear volume increased significantly (twice
the wear volume after 54,000 cycles) and this explain the significant increase in total volume loss with
an impact angle of 45° after 72,000 cycles.

Figure 5.4 shows the total volume losses defined in Section 3.6 after 72,000 cycle where highest damage
occurs to the material.
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Figure 5.4 Mean total volume loss, and of each component of the volume loss, for AISI 304 after 72,000 cycles
with different impact angles

Figure 5.4 showed a small amount of wear volume under repetitive normal impact for 72,000 cycles due
to the synergistic effect of zero wear volume and plastic flow volume and this agrees with the previous
results shown in Figure 4.3. The sum of wear volume and plastic flow volume is significantly less than
the directly measured total volume loss, and it is this difference that has been previously defined as the
zero wear volume [71]. One of the main findings of Chapter 4 was that the zero wear volume (calculated
by using Equation 3.21) is the main contributor to the total volume loss (the total height of the bars)
under normal impact. For compound impact it can be neglected because, as shown in Figure 5.4 for
impact at 60° and 45° there are noticeable increases in wear volume and plastic flow volume. Table 5.1
shows the mean total volume losses of each component described in Figure 5.4 and their standard
deviations.

Table 5.1 Mean total volume loss of AISI 304 after 72,000 with standard deviation for each component

e Yean
- astic ota
C(()Qcillt(;gns \'\//lvee?irr] Standard Flow Standard VZve(;’ Standard | \olume | Standard
YCIES, Deviation Volume Deviation Deviation Loss Deviation
angle, Volume (STD) s (STD) Volume s (STD) s (STD)
temp.) Vv, (mm3) | ° Vs Vzw3 v,
(mm?3) (mm®) (mm?)
72000, 90°,
RT 0.111 0.02 0.209 0.03 1.86 0.17 2.18 0.2
72000, 60°
R']I' ' 2.82 0.3 0.966 0.1 0.119 0.02 3.91 0.2
72000, 45°,
RT 5.6 1 0.421 0.08 0.05 0.008 6.07 1.1
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It should be noted that increases the number of cycles led to slight increase in plastic flow volume and
wear volume and therefore, the zero wear volume decreased according to Equation 3.20 and shown in
Figure 5.5 for AISI 304 with impact angle 45°, but the main factor that play a primary role during impact
is the impact angle (Figure 5.4).

8

[ ] Zero wear Volume
[ Plastic Flow Volume
I Wear Volume

Volume Loss (mm®)
N
1

36000 54000 72000
Number of Cycles (N)

Figure 5.5 Mean total volume loss, and of each component of the volume loss, for AlSI 304 with compound
impacts 45° and different impact cycles

Table 5.2 shows the mean total volume losses of each component described in Figure 5.5 and their
standard deviations.

Table 5.2 Mean total volume loss of AISI 304 with standard deviation for each component with impact angle 45°
and different number of cycles

Plasic \ean Tota
iti ota
Cc()gldcllt;gns \'\/AVZZ': Standard Flow Standard VZvee;c:— Standard | \olume | Standard
a% Ie' Volume Deviation Volume Deviation Volume Deviation Loss Deviation
glé, 3 6 (STD) 6 (STD) 6 (STD) 6 (STD)
temp.) V,, (mm?3) Vs Vzw3 Vv,
(mm?) (mm) (mm?)
36000, 45°
R_'I_ ’ 1.72 0.4 0.27 0.03 0.36 0.2 2.35 0.6
54000, 45°,
RT 2.82 0.67 0.36 0.069 0.1 0.018 3.28 0.7
72000, 45°
R_'I_ ’ 5.6 1 0.421 0.08 0.05 0.008 6.07 1.1
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As described before in Section 2.3.2.2, the total volume loss can be directly measured through 3D non-
contact profilometer techniques or by using the spherical cap method.

This (Figure 2.17) has been used widely before by Slatter [8, 9], Riguard [29] and Shipway [72] to
predict the total volume loss of materials when the configuration of impact is a point contact. The
following equation was used to represent the total volume loss estimation:

Vt :n’hlz (R '% 5'1
where V; is the total volume loss, h; is the scar depth measured by 3D non-contact profilometer and R

is the ball radius of the striker.

Then, by using Equation 5.1, the total volume loss estimated by spherical cap method was plotted against
both number of cycles and impact angles as shown in Figure 5.6

I 36000
[ 54000
I 72000

[=-]
|

~
1
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1

N w £ o
1 1 1 1

Totla Volume loss by Spherical Cap estimation (mm?®)
1

o
1

90° 60° 45’

Figure 5.6 Total volume loss for AISI 304 calculated by spherical cap estimation Vs impact angles and number
of impact cycles

The total volume loss measured by the spherical cap method revealed good agreement with the total
volume loss measured by a 3D non-contact profilometer (Figure 5.3) under both normal and compound
impact with different number of cycles and could therefore be used to predict the total volume loss of
an impact wear scar for a point contact geometry.

A summary of total volume loss results by both methods is illustrated below in Table 5.3.
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Table 5.3 Comparison of total volume loss measured by two different methods with different number of cycles

and angles
Mean Total Mean
Number of Impact Angle | Volume Loss Scar Ba_II Total Vqu_me Loss Error to
. Radius by Spherical cap .
Cycles (N) 0) by Alicona Depth h; R 3 Alicona %
3 (mm) method (mm?)
(mm?) (mm)
36000 90° 2.08 0.257 75 1.54 26
54000 90° 21 0.269 75 1.69 19
72000 90° 218 0.297 75 2.05 5.9
36000 60° 2.87 0.345 75 2.77 3.78
54000 60° 3.75 0.395 75 3.63 3.86
72000 60° 3.91 0.41 75 3.9 0.5
36000 45° 235 0.294 75 2.06 14.4
54000 45° 3.28 0.38 75 3.38 -1.97
45°
72000 6.07 05 75 5.8 5.1

Table 5.3 shows that total volume loss measurements obtained by the spherical cap method achieved
very good agreement with the 3D non-contact profilometer volume measurements, especially in the case
of compound impact where the zero wear volume is at a minimum.

5.2.3 Impact Wear Scar Measurements

Dimension of the impact wear scar reflects the deformation level on the material surface and can be
considered as one of the major parameters for determining the impact wear resistance of a material.

A 3D non-contact profilometer with 5 X objective was used during this work to examine the impact
wear scar of specimens after impact under different impact conditions.

A typical profile measurement for the maximum depth of the wear scar was taken from typical
specimens and plotted with different number of cycles and different impact angles as shown in Figure
5.7.

The profile trace was taken from the top to the bottom edge through the centre region of the scar for all
specimens, where the bottom edge is on the right side in the figures and the top edge is on the left side
in the figures. To ensure that the profile trace goes through the centre of the wear scar, a horizontal line
was plotted first from right to left (maximum curve of the circle from right and left) just to mark the
midpoint distance. Then a line was plotted from the point of maximum upper curve of the circle (top
edge) goes through the marked midpoint in the centre to the bottom edge.
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Figure 5.7 Typical diametric and depth of the wear scar with different cycles for AISI 304 under (a) normal
impact, (b) compound impact 60° and, (c) compound impact 45°

Figure 5.7 (a) shows that the typical impact scar diameter and depth increased slightly with increasing
number of cycles under normal impact due to the good mechanical properties that made the surface’s
hardened layer more resistant to wear. The surface structure became rougher after 72,000 cycles across
the scar, and a small amount of pile up material (plastic flow) had formed on both edges of the impact
wear scar with increasing the number of impact cycles, but the height did not exceed 50 pm.

Figure 5.7 (b) reveals that the impact wear scar diameter and depth increased with increase in the number
of cycles under compound impact 60°. The bottom edge of the impact scar was elevated by significant
amount of plastic flow (shoulders) with height exceeding 200 um, indicating significant plastic
deformation with the direction of impact. The amount of plastic flow increased in line with the number
of cycles, and a rough surface was obvious after the 54,000 and 72,000 cycles.

Figure 5.7 (c) is similar to Figure 5.7 (b) except that a significant increase in impact wear scar diameter
and depth occurred between 54,000 cycles and 72,000 cycles with an impact angle of 45° due to surface
degradation. It seems that fracturing of the material’s surface layer and material shearing off led to
excessive wear loss, and a very rough and uneven surface can be seen at both the 36,000 cycles and
72,000 cycles across the scar, with a relatively smooth surface after 54,000 cycles. The plastic flow
height was less than with compound impact at 60° and did not exceed 180 pum, regardless of the impact
angle.

The impact wear scars after testing could be easily seen by the naked eye. In general, across all tested
specimens, the wear scars were regular in shape (circular) regardless of the number of cycles and the
impact angle.
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The three-dimensional morphology of typical impact wear scar is summarised in Figure 5.8 which shows
the resulting impact wear scar of AISI 304 impacted by a steel chrome ball at impact force of 3476 N

Impact Wear and Damage Mechanism of Austenitic Stainless Steel 304

and impact velocity of 0.62 m/s with different number of cycles (36,000, 54,000, 72,000) and different
impact angles (90°, 60°, 45°). The 3D images illustrate the typical depth of the scar (up to 600 um) as

well as the plastic flow (up to 300 pum).

Differences could be observed in all the scars among the range of applied parameters, with increase in
the number of cycles leading to a slight increase in the amount of plastic flow on the impact wear scars
in addition to a small increase in the impact wear scar size.
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Figure 5.8 3D Image of typical depth and pile up profile of impact scars for material with different impact

conditions: (a) under normal impact 90°, (b) with impact angle 60°, (c) with impact angle 45°

Figure 5.8 shows that increasing the number of cycles led to a slight increase in both depth and pile up
of scar materials under normal impact, while changing the impact condition from normal to compound
impact caused a significant amount of plastic flow to form at the bottom edge. As explained earlier, this
was due to plastic deformation and impact direction and accompanied by a noticeable increase in wear

scar depth.
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It should be noted that the impact scar matches with the striker ball which implies that the ball did not
break or move during impact, as was confirmed when inspecting the ball after testing.

The green regions in Figure 5.8 indicate the reference plane of the scanned surface, while the positive
surface above the reference plane (yellow and orange regions) represents the pile up materials and the
negative surface below the reference plane (turquoise, blue and purple regions) represents the depth of
impact wear scar.

Figure 5.8 shows that the pile up materials (plastic flow) are uniform in shape at the bottom edge with
an impact angle of 60°, while with an impact angle of 45° it was extruded outside the contact region.
by the effect of higher shear forces. Two different measurement techniques were used to detect the 3D
results by 3D non-contact profilometer (spherical and rectangular plane) and both methods consistently
produced the same results.

5.3 Wear Scar Analysis

5.3.1 Surface Examination

The wear and deformation behaviour were studied by using a SEM (Hitachi TM3030 Plus) to investigate
the surface damage of worn specimens with different number of cycles and angles. The centre of the
wear scar was investigated during this work in addition to further regions of interest. The lack of data
about the surface damage of austenitic stainless steel in general and AISI 304 in specific with different
impact angles as described in Section 2.2.2.1 was the motivation for this investigation. Figure 5.9 which
presents the typical impact wear scar of AISI 304, shows the regions described in this thesis.

Impact Direction

<&

Figure 5.9 Typical 2D image of AISI 304 shows the centre and the edges of wear scar
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5.3.1.1 Normal Impact (90°)

The main wear damage mechanism after 36,000 cycles was plastic deformation as explained earlier in
Chapter 4 (see Figure 2.14 (c) and Figure 4.15 (c)). Figure 5.10 presents the SEM micrograph of a
typical worn surface of an impact wear scar after 54,000 cycles under normal impact at the centre region.

Hardened Surface 1 ; P o L .
Delamination Layer i T
4 Delamination Layer
Adhered Wear Debris
. //l’ ' % v ‘
5 ' v .
3 New Exposed Surface

HMUD5.0 x1.0k 100 um

HMUD5.1 x500 200 um
(a) (b)

Figure 5.10 SEM micrograph of worn surface for material after 54,000 cycles under normal impacts reveals the
centre of impact wear scar

Referring to Figure 5.10, SEM examination of the selected regions revealed spalling, in addition to
plastic deformation. Micro pitting was found on the worn surface and delaminated hardened surface
layers appeared. These layers would eventually form a new fresh substrate with clear boundaries and
visible hardened layer.

The edges between the hardened surface and new exposed surface, regardless of location, underwent
severe damage and spalled into small particles. It seems that crushing occurred on these surface regions
that led to further surface failure as can be seen in Figure 5.11 which shows the centre of the wear scar
with higher magnification.

A possible explanation for crushed particles phenomenon is that these regions underwent severe plastic
deformation and a transition from being ductile to brittle happened during impact as the surface
hardened, which reflect trends found by Tianmin [12].
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Figure 5.11 Crushed region between the hardened surface and new substrate in the centre of impact wear scar for
material after 54,000 cycles

Further increase in the number of cycles to 72,000 led to further damage in the hardened surface as
shown in Figure 5.12 (a) and Figure 5.12 (b) for the same region with higher magnification at the centre
of the impact wear scar.
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Figure 5.12 SEM micrograph of worn surface for material after 72,000 cycles under normal impacts reveals (a)
the centre of impact wear scar and (b) higher magnification of (a) showing the crushed region highlighted in red

Figure 5.12 presents the damage to the impact wear scar region. Besides delamination, significant
increase in the crushed region can be seen in Figure 5.12 (b) as a result of a series of micro cracks in the
hardened surface due to continuous repetitive impact. The delaminated layers on the surface were highly
deformed and extensively fragmented after 72,000 cycles as shown in Figure 5.13.
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Impact Direction
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Figure 5.13 Extensively fragmented layer for material after 72,000 cycles

Since the increase in the number of cycles did not highly influence the amount of wear volume or the
wear depth, it is likely that the strain hardened layer formed on the specimen surface is beneficial in
prevention of further surface degradation. Examination of all the wear scar edges did not reveal any
significant plastic flow volume, as shown in Figure 5.7 and Figure 5.8 under normal impacts and
therefore have not been examined further.

5.3.1.2 Compound Impact (60°)

The surface damage to the material surface with compound impact was investigated in a similar way to
normal impact. Figure 5.14 and Figure 5.15 present SEM micrographs of a typical worn surface of
impact wear scar after 36,000 cycles under compound impact (60°).

Figure 5.14 shows that a different impact wear mechanism occurred in the case of the hardened surface,
due to various features in the centre of the wear scar. The wear damage mechanism for the centre of
wear scar is explained separately in Figure 5.14, while the plastic flow near the bottom edge is covered
in Figure 5.15. All other edges did not show any noticeable amount of plastic flow and therefore, so
have not been examined similarly to the normal impacts.
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Figure 5.14 Wear damage mechanism for the centre of wear scar for material after 36,000 cycles under
compound impact 60° where (a) and (b) show the abrasive wear and the crushed region, (c) and (d) show the
ploughing process due to abrasive wear

Figure 5.14 shows that the main wear damage mechanism is surface fatigue (spalling and delamination),
while abrasive wear also occurs during compound impact as two body and three body abrasive wear
with obvious grooves apparent on the surface, as shown in Figure 5.14 (c), which explain the further

increases in mass loss.
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Plastic Flow Material

HMUD4.2 x60 1 mm

Figure 5.15 SEM micrograph of worn surface for material after 36,000 cycles under compound impact 60°
reveals the bottom edge of the wear scar

Figure 5.15 shows a significant amount of plastic flow, the bottom edge revealed plastic flow distributed
uniformly due to the effect of shear force with the direction of impact. Figure 5.16 shows the wear
damage for the centre region of wear scar after 54,000 cycles while Figure 5.17 shows the plastic flow
accumulated near the bottom edge.
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Figure 5.16 SEM micrograph reveals the worn centre regions of wear scar after 54,000 cycles under compound
impact 60°
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Figure 5.17 SEM micrograph reveals the accumulated plastic flow near the bottom edge of wear scar after
54,000 cycles under compound impact 60°

Increasing the number of cycles to 54,000 led to occurrence of deeper three body abrasive wear on the
surface of the worn specimen, with obvious grooves indicating the ploughing mechanism. Figure 5.16
revealed an obvious deep groove and three body abrasive wear as a result of small crushed particles
trapped between the striker and the worn surface. Also, the crushed region, highlighted in blue, is
apparent between the hardened surface and the new exposed surface.

Plastic flow ( Figure 5.17) had formed on the bottom edge with a series of cracks inside the plastic flow,
indicating that with further number of cycles these cracks would propagate and eventually delamination
would cause removal of layers from the bottom edge. None of the other edges exhibited significant
amounts of plastic flow material.

The total number of cycles (72,000) showed no further features other than those described above and it
is worth mentioning that all SEM images at 60° revealed noticeable layers of delamination on the surface
of the wear scar between the centre and the bottom edge of the wear scar and closer to the bottom edge.
The number and size of these delamination layers were increased significantly by increasing the number
of cycles and became very obvious after 72,000 cycles, as seen in Figure 5.18.
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Figure 5.18 Multiple layers of delamination near the bottom of the wear scar for material after 72,000 cycles
under compound impact 60° with different magnifications

Figure 5.18 presents the delaminated layers on the worn surface near the bottom edge with different
magnifications. These multiple layers of delamination that remained on the surface can be explained as
the role of friction force in resisting the motion between the striker and the worn surface, the friction
resistance being highest at 60° when compared with an impact angle of 45°. These delaminated layers
do not exist with normal impact near the bottom edge as the contact is frictionless.

5.3.1.3 Compound Impact 45°

SEM images of worn surfaces for the specimen with an impact angle of 45° were investigated with
different number of cycles as shown in Figure 5.19 after 36,000 cycles for the centre of the wear scar,
while the bottom edge is shown in Figure 5.20.
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Figure 5.19 SEM micrographs of worn surface for material after 36,000 cycles under compound impact 45°
revealing the different wear damage mechanisms for the centre of wear scar where (a) and (b) shows the crushed
particles while (c) and (d) reveals the abrasive wear and grooves

Figure 5.19 shows that after 36,000 cycles, the abrasive wear is the predominant type of wear damage
that occurs to the worn surface besides surface fatigue. Crushed regions that cause pitting and eventually
spalling are obvious in (b) which shows the crushed regions in (a) at higher magnification, (c) reveals
the abrasive wear and delamination, (d) shows higher magnification of the eventual abrasive wear with
obvious grooves and delaminated layers.
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Figure 5.20 SEM micrograph of worn surface for material after 36,000 cycles under compound impact 45°
revealing the bottom edge of the wear scar

Figure 5.20 shows that the pile up of materials on the bottom edge gives a slightly different result. Rather
than being distributed uniformly as with 60°, it seems that higher shear force led to extrusion of the piled
up materials parallel to the direction of impact outside the contact region.

These highly deformed materials had undergone multiple layers of delamination on a small scale,
highlighted with a red line in Figure 5.20, and also large cracks were obvious on the bottom edge that
would lead eventually to a large chunk of material leaving the surface. This trend was not observed with
the other impact angles of 90° and 60° and explains the further damage and the increase in mass loss
that occurred to the material.

As the number of cycles increased to 54,000, further degradation (with slightly less rate as in normal
impact ) to the surface occurred, as shown in Figure 5.21; however, the wear damage mechanism was
quite similar to that shown previously in Figure 5.19 for the centre of the wear scar and shown in Figure
5.22 for the bottom edge.

Figure 5.21 shows the main wear damage mechanisms for the centre of the impact wear scar are surface
fatigue (spalling and delamination) in addition to two and three body abrasive wear as a result of small
particles trapped between the striker and the surface.
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Figure 5.21 SEM micrograph of worn surface for material after 54,000 cycles under compound impact 45°
revealing different wear damage mechanisms for the centre of wear scar
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Figure 5.22 SEM micrograph of worn surface for material after 54,000 cycles under compound impact 45°
revealing the bottom of wear scar

103



Impact Wear and Damage Mechanism of Austenitic Stainless Steel 304

Figure 5.22 shows that all edges underwent abrasive wear similar to the previous number of cycles and
the bottom edge has a little delamination and extruded plastic flow outside the contact region. From
54,000 cycles to 72,000 cycles the surface suffered further degradation (with a higher rate than in normal
impact) as can be seen in Figure 5.23.
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Figure 5.23 showing wear damage mechanism for the centre of wear scar of for material after 72,000 cycles
under compound impact 45° where (a) shows pitting and two body abrasive wear, (b), (c) and (d) shows an
obvious multiple cracks, crushed particles and abrasive wear with grooves

The centre of wear scar underwent further surface degradation, the presence of more crushed particles
trapped on the surface accelerated the three body abrasive wear across a wider range and caused further
damage, while the large and deep cracks on the surface indicate that larger and thicker layers of materials
were delaminated from the surface. This explains the dramatic increase in wear loss from 54,000 cycles
to 72,000 cycles as shown in Section 5.2.1 (Figure 5.1); and all edges showed the same features as
explained above in relation to Figure 5.20 and Figure 5.22.

5.3.2 Subsurface Examination

Section 2.2.2.1 and Section 2.5.1 described that information is lacking about the likely subsurface
damage of AISI 304 with different impact angles including; the crack initiation and propagation, their
orientation, grain size, grain orientation during impact and the depth of plastic region. This section
addresses this that and broadens the understanding of repetitive impact wear for AlSI 304.
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5.3.2.1 Crack Initiation and Propagation

During impact on a material specimen, high deformation occurs to both the surface and subsurface which
affects the microstructure of these regions. The initiation, propagation and coalescence of cracks during
the wear process are important processes to be investigated.

All samples were centrally cross sectioned parallel to the direction of impact as shown in Figure 3.14
and metallographically prepared to reveal the damage on the subsurface microstructure. Since the
surface examination shows clearly the cause of wear damage with different impact angles and the
number of cycles did not change the nature of wear damage mechanism. Therefore, the crack initiation
and propagation was examined after 72,000 cycles, where the maximum wear loss occurs, and to
confirm the surface examination results.

Well-polished, but not etched samples, were examined first by SEM to detect the damage to the
subsurface for different number of cycles and different angles, in order to reveal mechanisms of interest
and support the surface examination.

The crack initiation and propagation was examined on the subsurface of the specimen in the centre
regions of the wear scar, where maximum impact force and stresses occur, to detect the damage
mechanisms in addition to further regions of interest. The purpose was not to study the crack growth in
terms of fracture theories, rather to identify the crack location and their propagation under different
impact angles. Figure 5.24 shows the cross-section morphology of a specimen after 72,000 cycles under
normal impact.
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Figure 5.24 SEM image for material after 72,000 cycles under normal impact showing delamination and pitting

Figure 5.24 shows that the delamination of layers started with surface cracks (initiated at the surface,
propagating beneath the surface at a steep angle and then turning parallel to the surface), with joining
up of several cracks possibly leading to loss of materials as delamination layers and pit formation. These
surface cracks are similar to the one found in welded rail and steel materials (see Figure 2.3-d and Figure
2.8) under normal impacts. Crushed particles were also found on the worn surface of AlISI 304, these
particles happened due to reduce in ductility and became more brittle.
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The impact angle, as explained in Figure 5.1 and Section 5.3.1, highly affected the wear loss results and
the change from normal impact of 90° to compound impact of 60° led to an increase in mass loss.
Subsurface examination of the centre region of the wear scar at the compound impact of 60° showed a
noticeable increase in the length of the delaminated layers after 72,000 cycles, represented by larger
subsurface major cracks connected together by minor surface cracks, in addition to a large crushed
region, as shown in Figure 5.25.

Crushed Region Surface Cracks
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Figure 5.25 SEM image of subsurface damage for material after 72,000 cycles under compound impact 60°

Figure 5.25 reveals that two large subsurface major cracks have connected together to cause a large
delamination. In addition to these two large cracks within the delamination, minor surface cracks have
initiated and propagated beneath the surface of the delaminated layers and these subsurface cracks have
joined up to cause further damage. The surface and subsurface crack initiation and propagation are
similar to the one found for medium carbon steel with compound impact (see Figure 2.7 (a)).

The obvious crushed region shown on the left side of Figure 5.25 and in higher magnification in Figure
5.26 can be explained as a reduction in ductility in these regions which were highly deformed because
of work hardening. These crushed regions started within the delaminated layer in all cases, with small
cracks initiating mostly from the surface and then propagating both normal to the plane (spalling) and
parallel to the plane (delamination), and eventually these particles left the surface as wear debris or
adhered to the surface.
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Cracks normal to surface; Spalling
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Figure 5.26 SEM image of subsurface damage for material after 72,000 cycles under compound impact 60°
showing the crushed region in the centre of the wear scar

Significant layers of delamination were found during subsurface examination near the bottom edge and
this support the previous surface examination (see Figure 5.18), in addition to crushed particles within
these delaminated layers after 72,000 cycles, as seen in Figure 5.27. Figure 5.28 shows the multiple
layers of delamination that occurred near the bottom edge.
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Figure 5.27 SEM image of large delamination layer due to subsurface crack for material after 72,000 cycles
under compound impact 60° with crushed particles
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Figure 5.28 SEM image showing multiple layers delamination for material after 72,000 cycles under compound
impact 60° near the bottom edge

Figure 5.27 shows the separation of particles from the delaminated layer which is extensively deformed
in a region falling between the centre of the wear scar and the bottom edge. These particles would cause
spalling as a result of micro pitting. The accumulation of plastic flow at the bottom edge, shown in
Figure 5.29, was caused by the tangential force and sliding that occurred during impact.

Plastic Flow

Bottom Edge

HLUDS55 x1.2k 50 pm

Figure 5.29 SEM image of plastic flow on the bottom edge of the wear scar for material after 72,000 cycles
under compound impact 60°

108



Impact Wear and Damage Mechanism of Austenitic Stainless Steel 304

At an impact angle of 45°, more hardened layers were removed from the surface by the effect of higher
shear force compared with an impact angle of 60° after 72,000 cycles, with delamination occurring due
to crack propagation parallel to the surface, as shown in Figure 5.30.
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Figure 5.30 Optical microscope image showing the wear damage mechanism for material after 72,000 cycles
under compound impact 45°

Figure 5.30 shows moderate delamination with crack network which may not alone be responsible for
the significant increase in mass loss compared with normal impact or with impact angle of 60°. As a
result of an increase in the tangential force with an impact angle of 45°, more plastic flow was extruded
outside the wear scar rather than being deformed uniformly as with an impact angle of 60°. Figure 5.31
shows an example of pile up materials that were extruded outside the wear scar after 72,000 cycles.

Extruded Plastic Flow Materials

HMUD4.8 x500 200 pm

Figure 5.31 SEM image of pile up materials extruded outside the wear scar for material after 72,000 under
compound impact 45°
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Surface examination revealed that abrasive wear at both impact angles (60° and 45°) highly influenced
the results (see for example Figure 5.16 and Figure 5.23) and since the initial sectioning was parallel to
the surface, the abrasive wear damage was not detected during subsurface examination.

Therefore, further work was carried out on three typical specimens subjected to different impact angles
(90°, 60°, 45°) after 72,000 cycles by sectioning perpendicular to the impact direction, to attempt to
detect the abrasive wear that occurs during compound impact as shown in Figure 5.32.

Left edge Right edge

Left edge Right edge

720,00 pm 20.00 pm

(a) (b)

Left edge Right edge Left edge Right edge
Very Large Grooves

28um

. 50.00 pm E 4 - © T2000pm
(© (d)

Figure 5.32 Optical microscope images with perpendicular sectioning to the impact direction for the centre of
wear scar of three specimens showing the wear damage at: (a) normal impact 90°, (b) compound impact 60°, (c)
and (d) compound impact 45° after 72,000 cycles

The results of perpendicular sectioning revealed, as expected, that no abrasive wear occurred with
normal impact since there is no tangential component during impact and the contact is purely
compressional in nature. For an impact angle of 60°, abrasive wear occurred (Figure 5.32 (b)) with a
series of grooves that tended to be small in general compared with an impact angle of 45°, where the
highest shear forces occurred, a significant increase in the width and depth of grooves resulted from
abrasive wear of those at 60°, as shown in Figure 5.32 (d). These large grooves at an impact angle of
45° explain the further damage and mass loss that happened during impact and contributed to the
abrasive wear and supporting the surface results (see Figure 5.19; Figure 5.21; Figure 5.23).
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5.3.2.2 Electro Etching

Electro etching was carried out during this work for AISI 304 which has an austenite microstructure
with average grain size diameter (22.5 pm), as explained in Section 3.7.4.1, to detect the grain
orientation, deformed grains and the depth of plastic region during impact with different impact angles,
such investigation has not been reported before in the literature.

Figure 5.33 shows an image of the wear scar which, due to the scar’s large size, was taken by an optical
microscope, after 72,000 cycles under normal impact. It was necessary to cover the centre regions of the
wear scar which showed the most important features, and reflect the subsurface examination for normal
impact (see Figure 5.24).

Figure 5.33 Cross sectional optical microscope image for AlSI 304 after 72,000 cycles under normal impact
showing centre region of wear scar

Both an optical microscope and SEM were used to detect the wear damage on the samples. Figure 5.34
shows that after 72,000 cycles, the microstructure has been deformed by the effect of the impact wear
process and the deformed grains have reached a depth of approximately 65 pum. Below this depth the
effect of the impact wear process (IW) has decreased with increase in distance from the surface.
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Figure 5.34 Electro etching for material under normal impact for the centre of the wear scar: (a) after 72,000
cycles showing the deformed and undeformed grains, (b) showing the red dotted region in (a)

Figure 5.7; Figure 5.8; Figure 5.29; and Figure 5.31 showed clearly that only the bottom edge of the
wear scar accumulated a significant amount of plastic flow for both impact angles (60° and 45°), while
at the other edges there was no noticeable accumulation of plastic flow. Therefore, two regions (centre
and bottom edge) were investigated during the etching process for both angles. Electro etching revealed
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three obvious regions in the centre of the wear scar after 72,000 cycles at impact angle 60°, as seen in
Figure 5.35.
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Figure 5.35 Optical microscope image of electro etching for material under compound impact 60° showing the
centre of the wear scar after 72,000 cycles showing the impact wear zones

Figure 5.35 reveals three characteristic regions similar to those revealed previously in Figure 2.9. The
deepest part of the substrate consists of undeformed grains (zone 1); the second region is the plastic
deformation region (zone 2) and the worn surface layer is zone 3.

The plastic deformation region extends to approximately 450 pum depth and consists of two parts: zone
2-B is the less deformed region, where the grain boundaries can be revealed. Above this region there is
an area of highly deformed grains (zone 2-A) where an obvious change in grain orientation has occurred
with sliding direction due to the effect of tangential force (shear force) and confirming its role during
compound impact. It extends to approximately 120 um in depth and the grain boundaries are not easy
to detect by etching because of the higher level of deformation compared to zone 2-B. Zone 3 is the
worn surface layer and has been severely deformed by the impact wear process. Cracks can be seen in
this region and it can be easily distinguished from zone 2-A because of the large parallel cracks. The
grain boundaries were not detected by etching since this region has the highest level of deformation.
Figure 5.36 shows the wear damage mechanisms that could affect the worn surface layer of the material
at an impact angle of 60°. It shows that the worn surface layer (zone 3) about to separate from the surface
by the effect of large parallel surface cracks that led to large delamination layer. Within this delaminated
layer, the normal cracks and the small parallel cracks will lead eventually to further surface fatigue
damage (delamination and spalling).
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Figure 5.36 SEM images revealing wear damage mechanisms affecting the worn surface layer (zone 3) for
material under compound impact 60° where (a) shows the crushed region, (b) reveals the parallel cracks while
(c) shows cracks normal to the surface and (d) shows the large parallel crack that separate the worn layer
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The worn surface layer which is separated from the original surface has undergone significant
deformation due to the impact wear process. Cracks were propagated both parallel to the surface with
the direction of impact due to the role of shear force and normal to the surface plane. The small parallel
cracks connected with the small normal cracks and caused crushing leading to spalling, while the large
parallel cracks led to delamination and eventually separation from the surface.

The worn surface layer can prevent excessive damage to the surface and it is expected to be more brittle
than any other zones because of the effect of repetitive impacts. Below this layer there is another region
(zone 2-A) which will eventually also become detached from the surface after a specific number of
cycles.

SEM examination revealed that at the bottom edge, after 72,000 cycles, gross plastic deformation has
occurred and produced a uniform wear lip on the trailing edge of the specimen as seen in Figure 5.37.

Accumulated Plastic
Flow

HM D6.0 x1.2k 50 pum

Figure 5.37 SEM image of pile up materials on the bottom edge after 72,000 cycles under compound impact 60°
as revealed by electro etching

Figure 5.38 shows the typical impact wear scar with an impact angle of 45° after 72,000 cycles, while
the impact wear zones after the same number of cycles are shown in Figure 5.39.
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i

Figure 5.38 Cross sectional optical microscope image for material after 72,000 cycles under compound impact
45° for (a) centre of wear scar and (b) the bottom edge
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Figure 5.39 Optical microscope image of electro etching for material under compound impact 45° for the centre
of wear scar after 72,000 cycles showing the impact wear zones

Figure 5.39 shows that the deformed regions (zone 2) extend to approximately 180 um which is less
than with an impact angle of 60° (450 um); zone 2-A extends to approximately 35 pum compared with
(120 pm) for an impact angle of 60°. The red dotted line in Figure 5.39 highlights the worn layer and is
plotted with higher magnification in Figure 5.40.
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Figure 5.40 SEM image reveals the wear damage mechanisms occurring in the worn surface layer for material
after 72,000 cycles under compound impact 45°

Figure 5.40 shows feature similar to those found with an impact angle of 60° in Figure 5.36. The worn
surface (zone 3) is separated from the impact region by parallel cracks, having undergone significant
deformation due to the impact wear process. The small parallel cracks connected with the small normal
cracks and caused crushing leading to spalling (blue colour), while the large parallel cracks led to
delamination and eventually separation from the surface; therefore, surface fatigue occurred as a result
of both spalling and delamination. Electro etching revealed the extrusion of plastic flow outside the wear
scar region from the bottom edge by the effect of highest shear force and also the highly deformed and
elongated grains as shown below in Figure 5.41.
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Figure 5.41 SEM image after electro etching for material reveals the deformed grains on the bottom edge and the
extrusion of pile up materials outside the wear scar of specimen after 72,000 cycles under compound impact 45°

5.3.3 Microhardness Results

The hardness of the material was measured using a microhardness test machine (Struers Durascan), as
described in Section 3.4, using a load of 0.1 kgf. This was performed in order to detect the possible
change in hardness resulting from the impact wear process after different number of cycles and at
different impact angles and also to measure the depth of the work hardening layer. The microhardness
measurements with different impact angles for AISI 304 or any other material has not been studied in
the literature and therefore, it has been covered in this chapter.

There is always a tradeoff between the number of individual measurements required and the accuracy
of final hardness value. In this case it was deemed realistic to get a single hardness measurement for the
impacted tested specimens to represent the different impact angles at a position below the maximum
indentation depth where the highest impact force occurs, similar to Rastegar [21] and Fricke [22]. The
results of three microhardness measurements described in Section 4.5 (see Figure 4.15) have an error
range of (10-15) %, therefore, the results of a single microhardness measurement of AISI 304 are
expected to have a similar range.

The microhardness measurements for the impacted regions were taken first about 80 um away from the
centre region of wear scar below zone 3 toward zone 1. Which represented about 2.5 times the diagonal
size of the indents, whereas 30-32 um was used for the unimpacted region based on ASTM E384 [60].
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Figure 5.42 shows the variation of microhardness results with different impact conditions along the
maximum penetration depth, while Table 5.4 summarises the results for the effect of impact force and

angle with both hardening value and depth below the surface.
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Figure 5.42 Microhardness profile of original and impacted austenitic stainless steel samples at impact force of
3476 N with different impact conditions where (2) is normal impact 90°, (b) is compound impact 60° and (c) is

compound impact 45°
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Table 5.4 Correlation between the impact force and surface hardening of AISI 304

Number of Imgggtnl]%lr ce Irll—ggg'f rllzt(;?(lte I?n%?gt H?ilrj 5‘;?%% g hogrﬂécr]lri]n%f Hardening
cycles (N) (N) (N) ©) (HVo.1) from surface Depth (mm)
(Lm)
36000 274
54000 2457 2457 45° 291 80 0.75
72000 313
36000 324
54000 3010 1738 60° 354 80 15
72000 366
36000 342
54000 3476 0 90° 360 80 2
72000 393

Figure 5.42 and Table 5.4 show that, as expected, the maximum increase in surface hardness and depth
occurred after 72,000 cycles with normal impact and extended to approximately 393 HV and 2 mm in
depth, then at an impact angle of 60° with a hardness of 366 HV and 1.5 mm depth, while at an impact
angle of 45°, a lower hardness of 313 HV was achieved and 0.75 mm depth.

This could be explained by the significant decrease in normal impact force from 3476 N to 3010 N at
60° to 2457 N at 45° and change in the wear mechanism from being pure compression under normal
impact to abrasive wear with compound impact. These results support the previous findings and
explanation presented in Section 5.3.2.2 (see Figure 5.35 and Figure 5.39).

The normal impact force caused more compression and led to creation of a hardened layer, whereas
reducing this component and increasing the shear force component led to more materials being removed
from the surface and less deformation. The increased hardness at the centre of the wear scar can be
explained as the role of work hardening resulting from repetitive impacts.

The results above of microhardness were accomplished according to the standard ASTM [E384]
regarding the distance from surface. Also, further work carried out to detect the expected increase in
hardness very close to the surface with obvious diamond indentation and without any deformation to the
indentation or the surface. After a few trials, it was found that the minimum distance from surface to get
accurate microhardness measurement is about 35um below the worn surface which revealed a
significant increase in hardness compared with the results in Table 5.4. A summary of these results is
shown in Table 5.5 which presents the value of microhardness above the previous indentations and about
35um from surface.

Table 5.5 shows significant increases in hardness with all impact angles for AISI 304 compare with
results obtained in Table 5.4 which is realistic since these results are found from indentations very close
to the surface (35 pm). An example for the microhardness indentation inside the deformed grains (35um
from surface) can be presented in Figure 5.43 with impact angle 45° after 54,000 cycles.
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Table 5.5 Correlation between the impact force and surface hardening of AISI 304 at a distance of approximately
35um below the impact surface in the centre of the wear scar

Numbar ofyls | Normal mpact | | ISR | e | SUEEE | ot
(N) (HVo.1) surface (um)
36,000 398
54,000 2457 2457 45° 418 35
72,000 457
36,000 403
54,000 3010 1738 60° 423 35
72,000 469
36,000 413
54,000 3476 0 90° 434 35
72,000 475
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Figure 5.43 Optical microscope image for the microhardness indentation inside the deformed grains of austenitic

stainless steel 304 for compound impact 45° after 54,000
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5.3.4 Crack Orientation

Following one of the objectives described in the literature in Section 2.2.2.1 as a key trend is to identify
the nature of crack during repetitive normal and compound impact (intergranular or transgranular). Such
work has not been studied before for any material.

The results of this chapter for AISI 304 revealed that cracks initiated either on the surface or subsurface
based on the impact condition and this supports and agrees with previous literature review findings by
such as Cheng [23], Jiang [15] (see Figure 2.2 (d)), Yang [17] (see Figure 2.7 (a)), Zhang [23] (see
Figure 2.8) and Rice [25] (see Figure 2.10). Further investigation was then carried out to detect if cracks
propagated within the grain boundaries (intergranular cracks), or within the grain itself (transgranular
cracks), or even a combination of both.

After thorough examination of each region of all the subsurface samples used in this work, the cracks
in the majority of the examined regions were indeed found to be a combination of both. However, due
to the highly deformed grains near the impacted surface it was very difficult to know if the cracks in
these regions were intergranular or transgranular.

In the specimen under impact, compression of the grains will occur and cracks will propagate through
the grains themselves, or if there are any voids or inclusions inside the materials then the cracks will
follow the grain boundaries. The crack will continue to grow under repetitive impacts until it reaches a
critical size where the remaining uncracked section of the material can no longer support the applied
stress and fracture occurs.

Figure 5.44 shows an example of crack propagation inside the grains under normal impact after 54,000
cycles. The grain diameter within an unimpacted region is typically 22.5 pm as explained in Section
3.7.4.1 compared with the much smaller size of the crushed particles (see Figure 5.36 and Figure 5.40).
This leads to the conclusion that all these crushed regions were the result of transgranular cracks that
propagated inside the grains.

Trans granular crack
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Figure 5.44 SEM image of transgranular crack propagation inside the grains for material under normal impact
after 54,000 cycles

Further investigation showed that both types of cracks can exist at the same time as shown in Figure
5.45.
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Intergranular Crack

Transgranular Crack
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Figure 5.45 SEM images showing transgranular (within the grains) and intergranular (inside the grain
boundaries) crack propagation for material under (a) normal impact 90° after 54,000 cycles and (b) compound
impact 45° after 36,000 cycles

Figure 5.45 shows that regardless of the impact angle transgranular and intergranular cracks propagated
inside the grains and within the grain boundary in the same region, since the centre of impact wear is
highly deformed, it is difficult to detect the nature of the crack propagation except in the case of the
crushed particles which indicate transgranular cracking.

5.4 Wear Debris

Investigation of collected wear debris from the worn specimens of AISI 304 has been carried out during
this work in order to identify the shape and size of the wear debris under different impact conditions.
The aim was not to analyse the wear debris, but rather to obtain a simple explanation on how the wear
debris can reflect the wear damage mechanism.

Wear debris is generated due to contacted asperities shearing off from one or two of the surfaces that
have undergone rolling, rubbing, impact, sliding, metal transfer from one surface to another or cutting
action. At microscope level the contact regions are seen to be distributed over the asperities of the
contacted surfaces and this is different from the apparent contact area, so the actual contact area is the
sum of the asperity contact regions [73, 74].

Under impact, contact regions are created at the asperity levels due to the applied load. With continuous
impact for a specific number of cycles and slight increase in load during impact, the contacted regions
of asperities start to deformed plastically and eventually degradation of the surface occurs which leads
to material loss (wear debris).

Investigation of wear debris analysis using different techniques indicated that different sizes, shapes
and colours of wear debris could provide information about which wear damage mechanisms are
involved [75]. Additionally, the wear debris can reflect different types of wear mechanisms and wear
severity. Since the mass loss was very small in general with normal impact, it was realistic to expect
only a small amount of wear debris after 72,000 cycles. SEM examination revealed some adhered wear
debris in the centre, edges and outside the edges of the specimen as seen in Figure 5.46.
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Impact Direction

Figure 5.46 SEM image of wear debris for material after 72,000 cycles under normal impact where (a) and (b)
show the centre of the wear scar, (c) the bottom edge of the wear scar, (d) outside of the wear scar

Figure 5.46 shows the wear debris to be black in colour (by SEM) and of platelet shape (b and c), with
this wear debris shape indicating the high possibility of surface fatigue [75], while (d) tended to be
spherical in shape, which also indicates surface fatigue [75, 76]. The major length of wear debris varies
from 23-250 um, while the absence of any sliding marks indicates that no sliding wear happened during
impact since the nature of the contact was frictionless.

Under compound impact (60°), wear debris accumulation was found on the specimen below the bottom
edge of the wear scar during all tests, due to impact direction, as seen in Figure 5.47. Further examination
revealed different wear shapes among these wear debris accumulations, as seen in Figure 5.48.

Impact Direction

Figure 5.47 OM of wear debris below impact wear scar for material after 72,000 cycles under impact angle 60°
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Figure 5.48 SEM image of wear debris from worn surface after 72,000 cycles under impact angle 60°

Figure 5.48 shows four different types of wear debris (platelet, flakes, spherical and sliding wear debris).
The flake wear debris has the largest length, 120-180 um, the platelet debris is approximately 100 pum
in length, and the sliding debris has the smallest length, about 80 um. The sliding wear debris again
demonstrates and explains the increases in mass loss with an impact angle of 60° and indicates abrasive
wear during impact [75, 76], while the platelet, spherical and flake wear debris indicate surface fatigue.

Examination of the surface of worn specimens with compound impact 45° revealed a significant increase
in the amount of wear debris at the bottom of the sample, below the wear scar, as shown in Figure 5.49,
which indicates the significant increase in mass loss for this material.

Impact Direction

Figure 5.49 OM of wear debris below impact wear scar for material after 72,000 cycles under impact angle 45°
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The collected wear debris after 72,000 cycles, where significant mass loss occurs, is shown below in
Figure 5.50-52, Figure 5.50 shows the mixture of debris types that resulted from repetitive impact after
72,000 cycles.
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Figure 5.50 Collected wear debris from worn surface for material under compound impact 45° after 72,000
cycles

Figure 5.51 identifies three different types of wear debris under compound impact of 45°: flake, platelet
wear debris with average length of 60 pum, and sliding wear debris with average length of 150 um, which
is also larger than with impact angle 60°.

125



Impact Wear and Damage Mechanism of Austenitic Stainless Steel 304

Platelet

HMUD9.3 x400 200 pm

Figure 5.51 Differences in shapes and sizes of wear debris from worn surface for material under compound
impact 45° after 72,000 cycles

Figure 5.52 shows large flake reaching around 450 um, which has the largest length among the other
tested angles (90° and 60°).

Sliding wear particle

HMUDS.4 x300 300 pum

Figure 5.52 Flake wear debris from worn surface for material under compound impact 45° after 72,000 cycles
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Figure 5.53 shows an excessively fragmented specimen of flake wear debris with a length of 460 um
which reveals the following wear features:

e abrasive wear as a result of ploughing grooves, with the sliding wear marks indicating the impact
direction which is parallel to the sliding direction

e crushed particles between two surfaces (hardened and new exposed) which confirm the previous
results of surface examination.

e Multiple layers of delamination in different locations and surface cracks perpendicular to the
impact direction which indicate that the cracks also initiated and propagated in a plane normal
to the impact direction.

The sliding marks on the wear debris of Figure 5.53 which indicates the sliding wear (abrasive wear) is
quite similar to the marks found on the wear debris of medium carbon steel shown in Figure 2.7-b with
impact angle 45°, so these results are supporting the previous one of Sections 5.3.1 and 5.3.2.

; g
7 Large flake wear debris %Q Crushed Particles

Figure 5.53 Sliding wear marks on large flake wear debris of worn surface for material under compound impact
45° after 72,000 cycles

Chunks of wear debris larger than platelet, spherical and sliding wear debris were found on the worn
surface of specimens with an impact angle of 45°, a feature not observed with other tested angles; one
such chunk is shown in Figure 5.54.
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Figure 5.54 SEM image of a chunk of wear debris from worn surface for material after 72,000 cycles under
compound impact 45°

The chunk shown in Figure 5.54 is very large, up to 1500 um in length, rough, dissimilar in length and
width (uneven dimensions), extensively fragmented, and has a jagged boundary profile. These chunks
are usually metallic and normally generated by combined fatigue and sliding wear that cause severe
damage [75]. The presence of these chunks of material provides support for the previous finding
revealed in Figure 5.20 and Figure 5.22 that large cracks were obvious on the bottom edge that would
lead eventually to large chunks of material leaving the surface, thus explaining the further increase in
mass loss that occurred with an impact angle of 45°.
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5.5 Discussion

5.5.1 Wear Volume and Wear Measurements

The mass loss measurements after different numbers of impacts clearly indicate that the wear volume
of the specimens increased linearly with number of impacts for both normal and compound impact
regardless of the impact angle. The results are consistent with studies using either mass scale or volume
loss methodology as described in the literature by Slatter [9], Fricke [22], Zhang [23], Lindroos [20],
Ootani [33], and Roncery [31] et al.

However, it should be noted that the total material loss under normal impact in all cases was very small
compared with the compound impact. This is attributed to the improvement of surface strength caused
by work hardening in addition to the role of zero wear volume during normal impact.

Figure 5.1 also indicates that changing the impact angle resulted in a progressive increase in material
loss, suggesting that the wear conditions became more severe. This means that more tangential force led
to more mass loss during compound impact, the highest material loss occurring at an impact angle of
45° with different number of cycles. The significant increase in wear volume at 45° from 54,000 cycles
to 72,000 cycles could indicate weakening of the material’s surface and loss of the capacity to work
harden the material.

For example, increases the number of cycles from 36,000 to 72,000 led to an increase in wear volume
by 164 % for normal impact 90°, 202 % with compound impact 60°, and 225 % with an impact angle
of 45°. While changing the impact angle from normal 90° to 45° at any number of cycles such as 54,000
led to an increase in wear volume by 3340 %. This indicates that the impact angle strongly affects the
wear volume loss of the material and often has more influence than the number of cycles (i.e. the total
wear volume is more sensitive to impact angle rather than impact cycles.

The profilometry results clearly demonstrate that increasing the number of cycles leads to an increase
in the impact wear scar depth, diameter and volume. The 2D profile results (see Figure 5.7) reveal that
the increment in impact wear scar depth with different number of cycles was small under the normal
impact compared with compound impact. This could be explained as the role of zero wear during normal
impact where, since the nature of the impact is dynamic compression, it is expected that more materials
will be compressed rather than being removed from surface.

Considerable differences were observed in the impact wear scar depth after 72,000 cycles, with an
increase of 33 % from normal impact to compound impact 60°, rising to 67 % at impact angle 45° due
to the effect of shear force by compound impacts and eventually excessive wear damage to the material
surface.

The 3D profilometer results were very useful for detecting the amount of both plastic flow (volume,
height) and the lower volume and depth of the impact scar while also showing the distribution of plastic
flow with different impact angles (Figure 5.8).

The results revealed that the highest wear volume, as measured by mass scale, and total volume loss, as
measured by 3D profilometer, always increase with decreasing the impact angle regardless of the
number of impact cycles. These results support the previous findings of Rigaud & Le Bot [29], Tyfour
[30], and Zanoria [54]; additionally, these results agree with the findings of several studies [77-79] that
reported that impacts with a sliding component showed significantly more wear loss.
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It is important to mention that except for the studies conducted by Lewis [46] and Slatter [7-9], the
majority of work in the literature does not randomise or replicate either the tests or specimens so no
error bar was present in their results, which reduces the confidence of such results.

Finally, a set of simple criteria such as randomisation, use of control and repeated tests can be considered
as a baseline for any research to follow in order to enhance the study design and increase the accuracy
of the results [68].

5.5.2 Wear Scar Analysis
5.5.2.1 Wear Damage and Crack Propagation

The deformation and wear behaviour were investigated in two impact conditions including different
number of cycles and three different angle impacts.

Based on the observed wear behaviour, the damage mechanism caused by repetitive impacts could be
divided into two main forms of failure: plastic deformation and wear degradation.

In general, due to good mechanical properties and high ductility, the work hardening of AISI 304 after
repetitive normal impact was sufficient to maintain the structural integrity when the material was
exposed to external load beyond the yield and to prevent excessive material loss and damage to the
surface. The striker has much higher hardness and therefore the greater deformation occurs to the
specimen rather than the striker and the contact surface of the softer body will conform to that of the
harder body.

The two main mechanisms of damage to the specimen surface under normal impact are plastic
deformation and surface fatigue (spalling and delamination). Plastic deformation, which absorbs Kinetic
energy and results in permanent deformation, is the main damage mechanism of the specimen surface
under normal impact regardless of the number of impact cycles, thereby explaining the small amount of
material loss that occurs during repetitive normal impact.

Surface fatigue due to spalling and delamination as a result of microcracking and micro pitting on the
surface of the impact wear scar in addition to crushing of particles were also found by Yilmaz [28],
Fricke [22], Jiang [15], Wang [37, 80], and Mahoney [13] et al.

The crushed particles, regardless of the location of the examined region, fall between the edges of the
hardened surface and the new exposed surface (see Figure 5.11) and their number is increased by
increasing the number of impact cycles (see Figure 5.12). These edges of the hardened surface are under
concentrations of fatigue stresses that will result in initiation and propagation of microcracks and severe
deformation due to the excessive work hardening will result from the effect of compressive impact force.
The impact zone becomes brittle, which facilitates the initiation and propagation of fatigue cracks and
causes near surface areas to become spalled; similar patterns were found by both Yilmaz [28] and Suh
[81].

The highly deformed layers found on the surface of worn specimens with different impact conditions
will begin to crack after a specific number of cycles and will eventually detach from the surface, as
shown in Section 5.3.1 (Figure 5.13). Below this layer is another less deformed surface which will also
begin to crack and detach.

Delamination occurs on the impact surface with both normal and compound impact. In the case of
normal impact as described in Section 5.3.1 (see Figure 5.10 and Figure 5.13) microcracks develop from
surface and propagate below the surface at a certain depth and then become parallel to the surface, finally
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turning toward to the surface. These results agree with Jiang [15] which revealed that delamination of
rail welded joints and rail materials under normal impact occurs as a result of microcracks that initiate
originally from surface and propagate parallel to the worn surface as described earlier in Section 2.2.2.1
(see Figure 2.3). Eventually, fracture occurs due to a network of microcracks that either become
detached from the surface as wear debris or the wear debris adhered to the surface by the effect of
compression.

The wear damage developed more quickly for compound impact than normal impact, highlighting the
great importance of shear force as represented by the tangential component of impact force which also
accelerated the wear volume and eventually caused severe surface degradation to happen with compound
impact. Also, the material was not capable of maintaining its structural integrity when subjected to
compound impact, making it highly possible that cracks in Section 5.3.1.2 (Figure 5.14-a) and (Figure
5.16-a) would propagate beneath the surface and cause excessive damage to the material.

In general, the morphological characteristics and surface degradation for compound impact were found
to be different from those for normal impact; the wear mechanisms for compound impact, besides plastic
deformation, are surface fatigue (delamination and spalling) and abrasive wear.

Abrasive wear occurs during compound impact by a ploughing process, with deep and shallow grooves
forming on the surface. Two body abrasive wear is caused by adhered particles that transferred from the
specimen to the striker during impact, these adhered particles forced to slide against the specimen
surface and also indicates that adhesive wear occurs during impact (in small scale) as shown in Figure
5.55. While three body abrasive wear is caused by crushed particle trapped between the striker and the
specimen and these particles slides between surfaces during compound impact (see Figure 5.14; Figure
5.16; Figure 5.19 and Figure 5.21).

Adhesive wear occurs when shear starts in the weakest material (specimen) and the fragment of a surface
(wear particle) is detached from one body (specimen) and transferred to another (striker), wear particles
detach at the areas where a strong junction between contacting asperities is formed between the surfaces
sliding relative to one another

HL UD5.6 x800

100 um

Figure 5.55 SEM image shows the adhered wear particles transferred from the specimen surface to the striker
surface with impact angle 60°

131




Impact Wear and Damage Mechanism of Austenitic Stainless Steel 304

It is obvious that the existence of crushed particles caused spalling as a series of pitting resulting from
micro cracks with normal impacts. These particles play further role during compound impacts (60° and
45°), it became trapped between the striker and the worn surface. When sliding occurs between the
specimen and the striker during impact, three body abrasive wear happened and thus accelerated the
mass loss. The severity of damage to the worn surface depends on the sliding distance and the number
of these particles trapped during impact.

The pile up materials (plastic flow) on the bottom edge of the wear scar were also subjected to different
damage mechanisms. At an impact angle of 60° the materials were built up and distributed uniformly
on the bottom edge (see Figure 5.15), whereas with an impact angle of 45°, the plastic flow was extruded
outside the bottom edge of the wear scar. Many of these flow materials had large cracks which would
eventually cause chunks of material to detach from the surface (see Figure 5.20 (d) and Figure 5.54),
providing further explanation for the excessive material loss that occurred with an impact angle of 45°.

The surface topography of the bottom edge exhibited highly strained materials as pile up material which
had been extruded from the centre of the wear scar to the bottom edge with the direction of impact. The
extruded plastic flow near the bottom edge of the wear scar in Section 5.3.1 (see Figure 5.31) reflects
the high level of deformation is similar to the results previously obtained by Lindroos [20, 82]. The
results of Lindroos revealed that the worn surface of steel materials was deformed and removed during
compound impacts, and accumulated on the bottom edge of the impact scar as plastic flow, due to shear
deformation that had localised in these regions.

The initiation, propagation and coalescence of surface and subsurface micro cracks on the worn surface
are important processes; due to the work hardening, the specimen under repetitive impact becomes
harder and more brittle, leading to more stresses at the crack tip.

Subsurface examination of AISI 304 under normal impact showed that the majority of cracks were
initiated from the surface and propagated beneath the surface in a parallel plane to cause delamination
(see Figure 5.24). Similar patterns of cracks were found by Rastegar [21] and Jiang [15] under normal
impacts.

Surface fatigue occurred due to surface microcracks that propagated either normal or parallel to the
surface (delamination and spalling) in addition to large subsurface cracks that initiated and propagated
rapidly, parallel to the surface under the shear stress, finally leading to removal of larger delamination
layers from the surface. These results agree with Yang [17] and Zhang [23] which revealed that
delamination of medium - high carbon steel under compound impact (45°) and low carbon steel occurs
as a result of microcracks that initiated originally from surface and subsurface and then propagate
parallel to the worn surface as explained in Section 2.2.2.1 ( see Figure 2.8).

Long, thin and thick layers were delaminated from the worn surface as described in Section 5.3.2.1(see
Figure 5.25-29) as a result of surface and subsurface cracks. The delaminated layers’ length and height
depended on the location of both surface and subsurface cracks which is controlled by both normal and
tangential stresses [21].

The perpendicular sectioning results of Section 5.3.2.1 (Figure 5.32) identified the abrasive wear during
compound impact and explained the significant increase in wear volume of austenitic stainless steel at
impact angle 45°.

The trailing edge exhibited the greatest build up due to the role of shear force during impact and sliding
which occurred with the direction of impact.
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Examination of the electro etching of AISI 304 in the centre of the wear scar, where the maximum
contact pressure occurs and leads to maximum indentation, revealed three morphological zones within
the impact scar. Zone 3, the surface layer, had undergone severe degradation deformation and shearing
off by the impact wear process, resulting in the formation of very thin and elongated grains. These
elongated grains were also observed in the plastic deformation region, zone 2, beneath which was the
region of undeformed grains (zone 1).

Higher shear force with impact angle 45° led to removal of the hardened surface layer by the effect of
abrasive wear and work hardening was unable to prevent further damage to the surface; therefore, it
showed less deformation depth compared with an impact angle of 60°.

Intergranular cracking occurs at the grain boundaries in metals that suffered reduction in ductility and
became more brittle (crushed particles) and the grain boundaries is weaker. These particles provide a
pathway for cracks to grow and propagate at the grain boundaries and therefore, it reduces the toughness
of material [83, 84].

Intergranular cracking can be considered as intergranular fatigue fracturing which occurs as a result of
cyclic loading that leads to fatigue and severe weakening of the grains [85].

Transgranular fractures are caused by strain localisation and cracking does not follow grain boundaries;
instead transferring from one grain to another grain, which indicates fatigue cracking. The grain
boundaries have more strength than the grains.

5.5.2.2 Microhardness Analysis

The results presented in this chapter show that the AISI 304 has great ability in terms of work hardening
as discussed in Section 4.6. Results of subsurface examinations revealed that among all the etched
samples, zone 1 appeared not to be affected by the impact wear process, but there was an increase in
hardness. For example, with normal impact, it reached a depth of 2 mm, as Figure 5.42 shows, and the
deformed grains extended to approximately 65 um, as shown in Figure 5.34, while the grains below this
depth seemed to be unaffected.

These results, which agree with previously obtained by Recep [28] and Cassar [86] could be explained
as the role of residual stresses induced and remaining in the contact region area that resulted from the
contact stress caused by the high impact force; in particular, previous results on stresses described in
Section 3.5.3 have demonstrated that the nature of impact is plastic from the early cycles.

These residual stresses, which are compressive in nature, continue to increase with repetitive impact and
the contact stress, which is a function of the contact region area, depends on the deformation resistance
of the materials which changes dynamically. Therefore, the work hardening layer that occurs under the
stress contact area accumulates in the structure lattice with each subsequent impact cycle.

In the current study, the effects of plastic deformation on the wear behaviour became more clearly
observable at high impact angle 90°, the surface of material work hardened in a manner that prevented
further damage, results which agree with a previous investigation by Lindroos [20].
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5.5.2.3 Wear Debris

Despite normal impact revealing only very small amounts of material loss, a little wear debris was found
on the worn specimens in the centre of the impact, near the edges and outside the wear scar under normal
impact. There is limited possibility for material under compression to leave the contact region and there
is a high possibility that wear debris will adhere to the surface of specimens. Platelet, spherical and flake
wear debris were the main types of debris found on the surfaces of all examined specimens.

In general, all the collected wear debris from compound impact revealed deformation, cracks and sliding
wear marks with different density depending on the impact angle and number of cycles.

With an impact angle of 60°, platelet, spherical and flake wear debris indicated surface fatigue, with the
flakes tending to be larger than the platelets, while the elongated particles of the wear debris indicated
that sliding wear occurred during impact, which explains the further increase in mass loss under
compound impact [75].

With an impact angle of 45°, investigation of the collected wear debris revealed an increase in the
number and size of the platelet and flake wear debris in addition to sliding wear debris. Much of these
sliding wear debris was extensively fragmented and showed sliding wear marks which reflect the severe
level of damage as explained earlier by Dan [75].
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5.6 Austenitic Stainless Steel 304 Summary

The summary of the findings derived from the experimental work on AlS1 304 in this chapter are shown

below:

A series of tests on AISI 304 clearly demonstrated that the wear damage process effectively
depends on the nature of impact (normal or compound), with highest material loss occurring at
impact angle 45° and the impact wear is greatly influenced by the sliding component.
Wear volume increases linearly with number of cycles and inversely with impact angle.
The zero wear as a volume slightly decreases with number of cycles but significantly with
impact angle.
Plastic deformation and surface fatigue due to spalling and delamination are the main forms of
wear damage for material under normal impact, while a transition in wear mechanism occurs
with compound impact; additionally, to plastic deformation and surface fatigue, adhesive and
abrasive wear were also observed.
Surface fatigue failure occurs due to,

o Delamination when microcracks propagate along the path parallel to the worn surface

e Spalling when microcracks propagate normal to the surface inside the worn surface
Regardless of the impact angle, the current results indicate that delamination of the worn surface
is the primary type of surface fatigue, since the size of debris is much bigger than that from
micro pitting resulting from spalling.
The worn surface (zone 3) is an intensely deformed layer. The microcracks, which initiate
originally inside it, cause severe wear when the crack inside the worn surface is propagated.
The characterisation of the wear surfaces revealed that during compound impacts material was
removed, especially from the piled up regions formed in front of the impacting region, and shear
deformation had localised in these regions.
The increases in hardness value and depth were inversely proportional to the impact angle and
reduced significantly from normal impact 90° to compound impact 60° and 45°.
Both intergranular and transgranular cracks occur during normal and compound impact wear,
regardless of the number of impact cycles and the impact angle.
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Chapter 6 Role of Impact Angle on Surface and Subsurface
Deformation of Alloy Steels

6.1 Introduction

The work presented in this chapter aims to prove the role of impact angle during compound impact for
two metal alloys (AISI 316 and EN8) and support the previous results on AlISI 304 using impact wear
rig. Also, this work investigated the surface and subsurface damage to these alloys following one of the
objectives described in Chapter 1 and outlined in Chapter 2 regarding the lack of information and data
about the role of impact angle and shear force for these alloys.

This chapter also reveals the importance of detecting the crack initiation and propagation without etching
and the importance of perpendicular sectioning to reveal the abrasive wear during impact. Lastly, the
microhardness measurements of these alloys with different impact angles are discussed.

The wear scar features were analysed using standard methods described in Chapter 3 including 3D non-
contact profilometer (Sections 3.8.3), OM and SEM (Sections 3.8.1 and 3.8.2), microhardness (Section
3.4) and discussed in detail. Then a summary of the main discoveries and the key findings is listed at
the end of the chapter.

6.2 Impact Test Results

This section summarises the results on wear damage of impact wear rig tests with different impact angles
(90°, 60°, 45°) and specific number of cycles (54,000) for the AISI 316 and EN8 metal alloys used in
this research. This number of cycles (54,000) was selected to obtain measurable wear volume.
Nevertheless, the wear volume due to normal impact was still a very small proportion of the total wear,
as shown in Section 5.2.1 (Figure 5.1), at an impact force of 3476 N due to the role of zero wear volume
during normal impact, especially for AISI 304 [71].

The wear volume was determined by converting measured masses to volumes using the mean measured
materials density of 7860 kg/m® and 7820 kg/m?, respectively. While the total volume loss was measured
by 3D non-contact profilometer (volume change) using the two standard methods described earlier in
Chapter 2 (Section 2.3.2) and in Chapter 3 (Section 3.6).

6.2.1 Wear VVolume

Specimens of AISI 316 and EN8 were cleaned using a similar procedure to that described in Section
5.2.1. The wear volume is shown in Figure 6.1, the error bars represent the standard deviation of the
data from three repetitions on specimens, and the repeatability of the rig were very good as the impacts
hit the same contact area with high precision. These results showed good consistency and similarity to
previous results obtained by Slatter [8, 9] and Yilmaz [28].

The number of repetitions is less than for AISI 304 because the work presented in this chapter aims to
support and prove the previous results on AlSI 304 regarding the impact angle.
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Figure 6.1 Mean wear volume for materials vs different impact angles after 54,000 cycles

Figure 6.1 indicates that changing the impacts from normal (90°) to compound (60° and 45°) led to an
increase in material loss. The sliding component plays an important role in material loss as the highest
material loss occurred at an impact angle of 45°, similar to the results for AISI 304 presented in Section
5.2.1 (see Figure 5.1).

The results showed no significant difference in the amount of wear volume under normal impact, despite
the two materials having relatively different values of hardness (213 HV for EN8, 180 HV for AlSI
316). EN8 showed less wear volume than AISI 316 and AISI 304 ( Figure 5.1) for both 60° and 45°,
which can be explained as the role of hardness during compound impact and as following the Archard
equation [67] prediction that materials with higher hardness will have less wear volume than softer
materials.

6.2.2 Total Volume Loss

In order to measure the total volume loss and the plastic flow volume (both defined earlier in Section
3.6), a 3D non-contact profilometer was used. The impact wear scar was scanned first by a 3D non-
contact profilometer to create a reference plane which was considered as the region outside the impact
scar and marked with a turquoise colour, then any upper volume (green, yellow and orange regions) or
lower volume (red region) was measured by using the 3D non-contact profilometer as shown in Figure
6.2.
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Volume

Above Surface: 1.3218omy
Below Surface: 3.0103nmy
Projected Area: 50.203%9mmnr

Figure 6.2 Total volume loss as measured on a worn AlSI 316 surface (reference plane shown in turquoise),
‘above surface’ (green, yellow and orange region) is plastic flow volume and ‘below surface’ (red region) is total
volume loss, at impact angle 60° after 54,000 cycles

Figure 6.2 shows the contour map after 54,000 cycles and at impact angle 60°; it can be seen that the
surface is a regular circular shape with obvious plastic flow at the bottom edge of the impact wear scar.
The total volume loss for both materials, measured by 3D non-contact profilometer, is plotted against
the impact angle after 54,000 cycles in Figure 6.3.

Bl AIS| 316
[ Ene

=
o
]

w
1

Total Volume Loss by 3D Profilometer (mm?)

90° 60° 45"

Impact Angle (6)

Figure 6.3 Mean total volume loss for both materials vs impact angles at 54,000 cycles
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Figure 6.3 shows that the total volume loss for AISI 316 under normal impact is higher than for EN8
due to its relatively lower hardness and this supports the previous results in Chapter 4 (see Figure 4.6).

Similar to the work reported in Section 5.2.2, Figure 6.4 shows an example for the total volume loss and
zero wear volume (both defined in Section 3.6) of AISI 316 after 54,000 cycles. Next, Table 6.1 shows
the mean total volume loss and the volume loss for each component described in Figure 6.4 and its
standard deviation. Similar trends and behaviour were also found for EN8.

8 - [7] Zero wear Volume
[ Plastic Flow Volume

7 I Wear Volume

6

Volume Loss (mm®)
o~
1

- 90° = 60° = 45° =
Impact Angle (0)

Figure 6.4 Mean total volume loss and volume loss for each component for AISI 316 after 54,000 cycles with
different impact angles

Table 6.1 Mean volume loss for AISI 316 after 54,000 cycles with standard deviation for each component

Conditions Dhean ot e
'\\/Aviz? Standard Pll?g\t,\'lc Standard Vzveeg)r Standard Total Standard
(cycles, Volume | Deviation |\ o | Deviation | "o | Deviation Volume | peyiation
angle, v, (mm?) 6 (STD) v 6 (STD) v 6 (STD) Loss 6 (STD)
temp.) w pf. zw, 3
(mm?) (mm?) Ve (mm”)
AISI 316
>4000.90% 1 0.283 0.07 1.07 0.36 1.28 0.36 2.63 0.35
540?:?%60 | 166 05 1.46 0.2 0.6 03 3.72 1
SA009.95% | 4gs 0.82 144 0.12 0.3 0.1 6.58 0.89

Figure 6.4 shows a small amount of wear volume under repetitive normal impact after 54,000 cycles
due to the synergistic effect of zero wear volume and plastic flow volume, which agrees with the
previous results presented in Figure 4.2 and Figure 5.4. The sum of wear volume and plastic flow volume
is approximately equal to the directly measured total volume loss (defined earlier in Section 3.6) for
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AISI 316. Also, Figure 6.4 shows noticeable increases in wear volume and plastic flow volume with
compound impacts (60° and 45°), while the zero wear volume has significantly decreased to a potentially
negligible level, especially with impact angle 45°, similar to previous results for AISI 304 (see Figure
5.4).

Spherical cap method, as described in Section 2.3.2.2 (Figure 2.17) and used for AISI 304 in Section
5.2.2 (see Figure 5.6), is used again in this chapter to predict the total volume loss of AlISI 316 and EN8
with different impact angles by applying Equation 5.1 and the results are plotted in Figure 6.5.

 IEER
I ENS

-
o
1

o
1

Total Volume Loss by Spherical Cap Method (mm?)

90° 60° 45

Impact Angle (6)

Figure 6.5 Mean total volume loss of AISI 304 and ENS8 as calculated by spherical cap method Vs impact angles
at 54,000 cycles

The results for total volume loss measured by spherical cap method in comparison with the total volume
loss measured by 3D non-contact profilometer under both normal and compound impact are summarised
below in Table 6.2.
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Table 6.2 Comparison of total volume loss as measured by two different methods for AISI 304 and EN8 with
different impact angles and after 54,000 cycles

Conditions Mean total volume | Mean scar Ball Total volume by Error to Alicona
(cycles, angle, Loss by Alicona depth h, radius R spherical cap %
temp.) (mm?) (mm) (mm) estimation (mm3)
AISI 304
54000, 90°, RT 2.63 0.316 7.5 2.32 11.79
54000, 60°, RT 3.72 0.377 7.5 3.292 11.48
54000, 45°, RT 6.58 0.517 7.5 6.15 6.48
EN8
54000, 90°, RT 1.19 0.212 7.5 1.04 11.8
54000, 60°, RT 2.27 0.268 7.5 1.67 26
54000, 45°, RT 8.18 0.572 7.5 7.51 8.15

There is a significant difference between the total volume loss measured by 3D non-contact profilometer
or spherical cap method (see Figure 6.3 and Figure 6.5) and the wear volume measured by mass scale
(see Figure 6.1), especially under normal impact. This reflects that the previous literature studies that
used 3D non-contact profilometer or spherical cap methods, such as those by Jiang [15], Wang [37] and
Rigaud & Le Bot [29], were actually measuring the total volume loss rather than wear volume. This can
be attributed to the role of zero wear volume during normal impacts, whereas it can otherwise be
neglected with compound impacts, especially with lower impact angles such as 45° [71] (see Figure 5.4
and Figure 6.4).

6.2.3 Impact Wear Scar Measurements

The wear scar of specimens was examined during this work after impacts at different angles, applying
the same procedure as described in Section 5.2.3 and shown in Figure 6.6 for typical 2D profile of
impacted specimens.
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Figure 6.6 Typical diameter and depth of the wear scars for AISI 316 and EN8 after 54,000 cycles under (a)
normal impact, (b) compound impact 60°, and (¢c) compound impact 45°
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Figure 6.6 (a) shows that AISI 316 has a small amount of plastic flow on both edges (top and bottom)
that reaches up to 80 pm for a normal impact, higher than for AISI 304, in which it reached
approximately 40 um, as shown in Figure 5.7 (a). This proves that in materials with high ability for
work hardening (generally soft), more material tends to be compressed rather than plastically flow (with
harder materials and low propensity for work hardening) as explained by Tabor [87] or removed from
the surface as wear debris.

On the other hand, EN8, due to its lower ductility, shows a significant amount of plastic flow on both
edges, reaching up to 200 um, while the impact wear scar depth of AISI 316 under normal impact is
obviously higher than that of medium carbon steel. This is connected to the role of hardness on total
volume loss of materials and supports the previous results presented in Section 4.3 (see Figure 4.10).

With an impact angle of 60° (Figure 6.6 (b)), both materials show higher wear scar depth. A noticeable
amount of plastic flow material has been removed from the impact region to the bottom edge of impact
scar in the cases of both materials, with the tendency for EN8 to exhibit more plastic flow, reaching up
to 490 um as compared with 256 um for AISI 316.

The accumulation of plastic deformation on the bottom edge of the impact wear scar could be explained
as the role of the tangential component of the impact force, which has a value of 1738 N at 60°.

Figure 6.6 (c) presents an obvious increase in the impact wear scar diameter and depth in addition to the
amount of plastic flow on the bottom edge of the scar for both materials after 54,000 cycles, EN8 still
exhibits higher plastic flow, reaching up to 770 um compared with 300 um for AISI 316.

The reason for this noticeable increase in the amount of plastic flow materials at the bottom edge of the
impact scar is the higher effect of shear force during impact which caused the removal of further material
from the impact region toward the bottom edge; at an impact angle of 45° the shear force is 2457 N
which is higher than at 60°.

The results clearly indicate that the shear force (tangential force) plays an important role in impact wear
scar depth, diameter and the amount of plastic flow accumulated on the bottom edge.

It is also important to mention that the other edges (right and left) of the impact wear scar did not reveal
any significant amount of plastic flow under different number of cycles and impact angle, therefore
these have not been analysed further.

6.3 Wear Scar Analysis
6.3.1 Surface Examination

The impact wear and deformation behaviour at the surface of AISI 316 and EN8 with different impact
angles and specific number of cycles 54,000 were studied during this work by using SEM (Hitachi
TM3030 Plus). The lack of data about the surface damage to both materials with different impact angles,
as one of the main key trends described in Section 2.2.2.1, was the motivation for this investigation.

The centre region of the wear scar was investigated in addition to the other regions of interest.
Additionally, the bottom edge was examined during compound impact, while the other edges did not
show significant amounts of plastic flow or any other important features and were therefore not analysed
in this work.

The wear damage mechanisms of AISI 316 in the centre of the wear scar with different impact angles
are shown in Figure 6.7.

143

143




Role of Impact Angle on Surface and Subsurface Deformation of Alloy Steels

Hardened Surface

wad

.

. Y
New Exposed Surface

 HES
. /] ( P X
JAR _r Y Wear Debris
& deyd ¥ Ay
) 9 8 Crushed Particles
y Three Body Abrasivé Wear

HLUD4.7 x15k 50 um

“

M PRy iy
t ‘ g

¥ :

'n‘ ¥

) L

@ HLUD4.4 x1.0k 100 um b)

Three Body Abrasivi
Wear Region
v .

4 Micro Crack | "

%
Jal

P IR e

HLUD48 x1.0k 100 um

Figure 6.7 SEM image of the worn surface of AISI 316 showing the wear damage mechanism in the centre of the
scar after 54,000 cycles under: (a) normal impact 90°, (b) impact angle 60° and (c) impact angle 45°

The wear damage under normal impact, as revealed in Figure 6.7 (a), is mainly plastic deformation
(hardened surface) with microcracks in addition to surface fatigue as a result of both delamination and
spalling resulting from micro pitting. The hardened surface edge underwent severe damage and
reduction in ductility that led to crushing of these edges into small particles. The new exposed surface
under normal impact will be another hardened surface similar to the adjacent one and then a series of
crack will appear and crushed particles that will be removed from the surface and the process will be
repeated again.

144



Role of Impact Angle on Surface and Subsurface Deformation of Alloy Steels

Figure 6.7 (b) and (c) show the wear damage mechanism under compound impact for angles 60°and
45°, respectively. In addition to surface fatigue, two and three body abrasive wear (defined in Section
5.5.2.1) occurred during impact which explains the increase in mass loss with both angles. The small
crushed particles that were trapped inside the abrasion region, between the striker and the worn surface
of specimens indicates three body abrasive wear, while other regions without these particles underwent
two body abrasive wear (see Figure 6.7 (b) and (c). Therefore, the surface examination showed that the
hardened layers were removed not only by surface fatigue but also due to abrasive wear.

As expected, the AISI 316 surface underwent multiple layers of delamination near the bottom edge of
the wear scar at impact angle 60° as shown in Figure 6.8, similar to AISI 304, shown in Figure 5.18, and
as explained in Section 5.3.1.2. Meanwhile, Figure 6.9 shows the bottom edge of the wear scar with
different angles.

A semen s ep T TN

HLUD40 x1.8k 50 um

Figure 6.8 Multiple layers of delamination near the bottom edge of the wear scar for AISI 316 after 54,000
cycles under compound impact 60° with different magnifications
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Figure 6.9 SEM image for the bottom of the wear scar for AISI 316 after 54,000 cycles showing the
accumulation of plastic flow materials on or outside the bottom edge under: (a) normal impact 90°, (b) impact
angle 60°, and (c) impact angle 45°

Figure 6.9 shows the important role of shear force regarding the amount of plastic flow near the bottom
edge that leads to material being extruded outside of the wear scar. This is obvious by SEM with impact
angles of 60° and 45° ((b) and (c)), but not apparent with a normal impact (90°) (a). These results are in
agreement with the previous data for AISI 304 (see Figure 5.15 and Figure 5.20).

6.3.1.1 Medium Carbon Steel

The wear damage mechanisms for EN8 are not very different from those for AlISI types 304 and 316, as
shown in the images in Figure 6.10 of the centre regions of the impact wear scars.
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Figure 6.10 SEM images of the worn surface for EN8 showing the wear damage mechanism in the centre of the
scar after 54,000 cycles under: (a) normal impact 90° showing the delamination and pitting, (b) impact angle 60°
showing the abrasive wear, crushed particles and micro crack, and (c) impact angle 45° showing the abrasive
wear, crushed particles and adhered wear debris

Figure 6.10 (a) presents the normal impact after 54,000 cycles and reveals that the main wear damage
mechanisms are plastic deformation (hardened surface) and surface fatigue which results in both
delamination and spalling.

Additionally, abrasive wear with obvious grooves occurred with both impact angles, 60° (Figure 6.10
(b)) and 45° (Figure 6.10 (c)), after 54,000 cycles in a similar way to both AISI types, 304 and 316. It
is clear that abrasive wear is the predominant type of wear damage occurring on the worn surface,
especially with impact angle 45° (highlighted in a blue colour) where higher shear force occurs. The
trapped crushed particles between the striker and the worn surface cause three body abrasion that is
more obvious in Figure 6.10 (c). Multiple layers of delamination occur with both impact angles 60° and
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45° near the bottom edge of the impact wear scar as shown in Figure 6.11, while Figure 6.12 shows the
distribution of plastic flow near the bottom edge of the wear scar.
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(b)

Figure 6.11 Multiple layers of delamination of the wear scar for EN8 after 54,000 cycles near the bottom edge
under: (a) impact angle 60° and (b) impact angle 45°
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Figure 6.12 SEM image for the bottom of the wear scar for EN8 after 54,000 cycles showing the accumulation of
plastic flow materials on or outside the bottom edge under: (a) normal impact 90°, (b) impact angle 60°, and (c)
impact angle 45°

Figure 6.12 shows plastic flow was distributed uniformly on the bottom edge with both normal impact
(contrary to AlISI 304 and 316) and an impact angle of 60° (similar to AISI 304 and 316). With an impact
angle of 45°, plastic flow was extruded outside the impact wear as occurred with both AISI types, 304
and 316 (see Figure 5.20 and Figure 6.9 (c)).

6.3.2 Subsurface Examination

Section 2.2.2.1 and Section 2.5.1 revealed that subsurface damage to AISI 316 and EN8 with different
impact angles is a topic that has not been covered in depth. There is a lack of data about crack initiation
and propagation, their orientation, grain size, grains orientation during impact and the depth of the plastic
region. Therefore, this section addresses these gaps in order to broaden the understanding of repetitive
impact wear for these alloys and support the previous results for AISI 304.

The process of sample preparation was described in Section 3.7 and explained further in Section 5.3.2.1;
the examination was conducted for both materials after 54,000 cycles.
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6.3.2.1 Crack Initiation and Propagation of AISI 316

Figure 6.13 shows an SEM image for the centre region of a wear scar for AISI 316 under normal impact.

Large Pit

Delamination

Impact Direction

Surface Cracks

HMUD4.6 x600 100 um

Figure 6.13 SEM image for AlSI 316 after 54,000 cycles under normal impact

Figure 6.13 reveals that delamination layers resulted from microcracks that initiated from the surface
and propagated beneath the surface at a steep angle and then turned parallel to the surface, a process
quite similar to that found for AISI 304 (see Figure 5.24) and steel materials [15] (see Figure 2.3 (d) and
Figure 2.8). These delamination layers then leave the surface and a large pit is created, the size of the
pit depending on the delamination layer size. Crushed particles were also found on the worn surface of
AISI 316, which were formed due to reduction in the ductility of materials and their becoming more
brittle.

The top and bottom edges did not show a significant amount of plastic flow and therefore no further
features were examined.

Subsurface examination of the centre region of the worn surface with an impact angle of 60° showed,
as expected, a larger delamination layer that resulted from larger subsurface major crack connecting
together with minor surface crack as shown in Figure 6.14, which is quite similar to the results for AlSI
304 in Figure 5.25.
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Figure 6.14 SEM image of subsurface damage for AlSI 316 after 54,000 cycles under compound impact 60°

Figure 6.14 shows a large surface crack on the left side of the image that has caused delamination and
this delaminated layer, which also forms the hardened surface, will eventually leave the surface and
leave behind multiple pits. The hardened surface on the right side of the image has undergone a series
of surface and internal subsurface microcracks in different directions and these cracks will lead to
removal of small particles from the hardened surface (highlighted in a red colour).

Figure 6.15 shows multiple layers of delamination near the bottom edge of the impact wear scar similar
to those found in AISI 304 (see Figure 5.28) and supporting the previous results of surface examination
presented in Section 6.3.1 (Figure 6.8).

Plastic Flow

\

Crack Branching
Crack Closure

HMUD4.6 x600 100 um

Figure 6.15 SEM image of plastic flow on the bottom edge of the wear scar for AISI 316 after 54,000 cycles
under compound impact 60° and multiple layers of delamination near the bottom edge

151



Role of Impact Angle on Surface and Subsurface Deformation of Alloy Steels

The wear damage mechanism with an impact angle of 45° revealed removal of more hardened layers
from the surface by the effect of higher shear force compared with an impact angle of 60° and obvious
removal of delaminated layers from the surface. Multiple cracks occurred in these delaminated layers in
different directions and created smaller delaminated layers and also crushed particles as highlighted in
a blue colour. These features are similar to those found with AISI 304 (see Figure 5.30), highlighted in
a red colour.

Large Delaminated Layer

Small Delaminated Layer

Mulﬁbié Cracks

subsurface Cracks

Large Surface Crack i
Hardened Layer Removed

Figure 6.16 SEM image showing large subsurface cracks inside the worn surface for AISI 316 after 54,000
cycles under compound impact 45°

Figure 6.17 shows a region away from the centre of the impact scar and towards the bottom edge, where
multiple microcrack in different directions have led to surface fatigue in the form of multiple
delamination layers and spalling resulting from crushed particles.
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Figure 6.17 SEM image of large delamination layer due to surface and subsurface cracks in AISI 316 after
54,000 cycles under compound impact 45°, with crushed particles to the right side of the image

The left side of Figure 6.17 shows an obvious large surface crack that has connected with subsurface
cracks and caused a large delamination layer. Within this large delamination layer, there are microcracks
that have propagated in different directions; some of these will cause crushed particles and others will
cause small delamination layers within the same large delamination layer. As a result of the increase in
tangential force at 45°, more plastic flow has been extruded outside the impact scar rather than being

deformed uniformly as with an impact angle of 60°. Figure 6.18 shows an example of pile up materials

that have been extruded outside the impact scar in addition to multiple layers of delamination near the
bottom edge.
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Figure 6.18 SEM image of pile up materials extruded outside the impact scar of AISI 316 after 54,000 cycles
under compound impact 45°

6.3.2.2 Medium Carbon Steel

The subsurface damage for the centre region of the impact wear scar showed no great differences from
the two AISI types, 304 and 316. Plastic deformation and surface fatigue due to multiple layers of
delamination resulting from surface microcrack were the main wear damage under normal impact after
54,000 cycles, as shown in Figure 6.19. Due to low ductility of EN8 compared with AISI 316, both the
top and bottom edges exhibit significant amounts of plastic flow as shown in Figure 6.20.
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Figure 6.19 SEM image for EN8 after 54,000 cycles under normal impact showing multiple layers of
delamination
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Figure 6.20 Accumulated plastic flow materials on both the top and bottom edge of the impact scar for EN8 after
54,000 cycles under normal impact

Figure 6.19 reveals multiple delamination layers that resulted from microcrack initiated from the surface
and propagated beneath the surface and then turned parallel to the surface, a result similar to those found
for AISI 304 (see Figure 5.24), AISI 316 (see Figure 6.13), and carbon steel [15, 23] (see Figure 2.3 (d)
and Figure 2.8).

Figure 6.20 shows significant accumulations of pile-up materials on both the top and bottom edge of the
impact scar under normal impact, trends which did not occur with AISI types 304 and 316. This could
be connected to the low ductility of EN8 leading to more materials being deformed on both edges rather
than being compressed as zero wear volume or removed as wear volume. These results support and
confirm the previous results presented in Section 6.2.3 (Figure 6.6) and Section 6.3.1.1 (Figure 6.12)
which revealed significant amount of plastic flow for EN8 with all impact angles.

The impact wear damage mechanisms with an impact angle of 60° are quite similar to those for both
types of stainless steel, as shown in Figure 6.21.
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Figure 6.21 SEM image of subsurface damage for EN8 after 54,000 cycles under compound impact 60°

Figure 6.21 reveals a hardened layer with a depth of approximately 8 um and length of 105 um that will
eventually leave the surface as a result of surface degradation. Both types of microcrack (surface and
subsurface), lead to severe damage on the surface. The large parallel surface or subsurface crack cause
delamination, while the small crack normal to the surface is connected with small parallel crack and
cause crushed particles, as seen on the right side of Figure 6.21 (highlighted with a red colour), and lead
to spalling.

It is most likely that the small pits resulted from the crushed particles leaving the surface and causing
spalling to the surface, whereas the large pits most likely resulted from the delamination layer leaving
the surface and creating wider pits, while the small ones will be deeper.

Similar to AlSI 316, the EN8 surface shows multiple layers of delamination near the bottom edge with
an impact angle of 60°, as shown in Figure 6.22 and Figure 6.23. Figure 6.24 shows the wear damage
for the centre region of the impact scar with an impact angle of 45°.
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Figure 6.22 Multiple layers of delamination for EN8 near the bottom edge of the impact scar after 54,000cycles
under compound impact 60°
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Figure 6.23 SEM image of pile up materials on the bottom edge of the impact wear scar for EN8 after 54,000
cycles under compound impact 60°
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Figure 6.24 SEM image showing the wear damage mechanisms for EN8 after 54,000 cycles under compound
impact 45°: (a) shows three pits, (b) shows obvious crushed particles, and (c) reveals the delamination layer

Figure 6.24 shows that the damage that occurred due to microcracks that initiated and propagated from
both the surface and subsurface; these cracks are similar to those described in the literature for medium
carbon steel with an impact angle of 45° (see Figure 2.7 (a)) [17].
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Figure 6.24 (a) reveals three pits on the surface. Pit A, which seems smaller than the others, could have
resulted from spalling, while pit B and pit C, which seem wider, most likely resulted from delamination.
Significant amounts of crushed particles have been removed from the surface which has a network of
internal multiple cracks, as is obvious in Figure 6.24 (b). Figure 6.24 (c) reveals a delaminated layer
about to leave the surface. This layer exhibits internal multiple cracks with different directions which
eventually lead to spalling within this layer; these results are quite similar to the previous ones for both
types of stainless steel.

The extruded plastic flow extend outside the impact wear scar region and have undergone a series of
microcracks on the bottom edge in addition to multiple layers of delamination near the bottom edge, as
shown in Figure 6.25. The extruded materials, which are highly deformed, contain a network of surface
and subsurface microcracks.

Extruded material

Multiple Layer of Delamination

Plastic Flow accumulation

Bottom edge

HL MD4.3 x120 500 um

Figure 6.25 SEM image of pile up materials extruded outside the impact scar in EN8 after 54,000 cycles under
compound impact 45°

ENB8 showed significant increase in wear volume loss with compound impact, especially with an impact
angle of 45° (see Figure 6.1), similar to both AISI types 304 and 316. To confirm this result again for
ENB8 and support the surface examination results shown in Figure 6.10, further work was accomplished.

Perpendicular sectioning in the impact direction of three specimens after 54,000 cycles with three impact
angles (90°, 60°, 45°) is shown in Figure 6.26.
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Figure 6.26 Optical images with perpendicular sectioning to the impact direction for the centre of the impact scar
for EN8 showing the wear damage under: (a) normal impact 90°, (b) compound impact 60°, and (c) and (d)
compound impact 45° after 54,000 cycles

The results of perpendicular sectioning of the impact wear scar revealed, as expected, that no abrasive
wear occurred with normal impact since there was no tangential component during impact. Then,
changing the impact angle from normal to compound impact led to abrasive wear and formation of
grooves. With an impact angle of 60°, a series of grooves resulted from abrasive wear that tended to be
small in general compared with an impact angle of 45°. These grooves look wider and deeper with an
impact angle of 45° and these results agree with the previous finding for AISI 304 (see Figure 5.32).
The current results explain the significant increase in wear volume with an impact angle of 45° and
support the surface results in Section 6.3.1.1 (Figure 6.10 (b), (c)).

6.3.3 Electro Etching of AISI 316

In order to detect the size and the deformation of grains and the depth of the deformed region with
different impact angles, electro etching of AISI 316 was achieved using the same methodology as for
AISI 304, which was described in Section 3.7.4.1.
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Figure 6.27 shows the image taken by a Nikon optical microscope for the impact scar after 54,000 cycles
under normal impact and the centre region of the impact scar is marked with a blue dotted line where
the highest values of impact force and stresses occurred and caused the maximum depth of impact scar.

Impact Direction

Figure 6.27 Optical microscope image for AISI 316 after 54,000 cycles under normal impact

Figure 6.28 shows the centre of the impact wear scar of AlISI 316 after 54,000 cycles under normal
impact. The microstructure was deformed by the effect of the impact wear process and the deformed
grains reached a depth of approximately 45 um. Below this depth the effect of impact wear process
decreased with increasing distance below the surface as marked by a black dotted line that separates the
two regions (deformed and undeformed grains).

Impact Direction
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Figure 6.28 Optical microscope image of electro etching for AISI 316 under normal impact for the centre of the
wear scar after 54,000 cycles showing the deformed and undeformed grains

Higher magnification for the centre region of the impact scar is shown in Figure 6.29 and revealed the
deformed grains near the surface as a result of the repetitive impact. Also, while the delamination layers
and cracks are still slightly obvious after etching, the cracks orientations inside the grains or within the
grains’ boundaries are unclear.
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Figure 6.29 Higher magnification of optical microscope image of electro etching for AISI 316 under normal
impact for the centre region of the wear scar after 54,000 cycles showing the deformed and undeformed grains

Figure 6.30 shows the impact wear scar of AISI 316 after 54,000 cycles with an impact angle of 60° and
reveals two regions that were investigated (a and b) where (a) presents the centre region of the impact
wear scar and (b) presents the deformed bottom edge of the impact wear scar. Figure 6.31 shows the

centre region of the wear scar.

Figure 6.30 Optical microscope image for AISI 316 after 54,000 cycles under compound impact 60° where (a) is
the centre of the wear scar and (b) is the bottom edge
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Figure 6.31 Optical microscope image of electro etching for AISI 316 steel under compound impact 60° for the
centre of the wear scar after 54,000 cycles showing the deformed zones

Figure 6.31 reveals three regions of the centre of the impact wear scar, the deepest zone being the
undeformed grains (zone 1). The second region is the plastic deformation region (zone 2) that reaches
to approximately 412 um and has two sub-regions. Zone 2-B has less deformation, the grain boundaries
can be revealed and it has a depth of 287 um. Above this region is a sub-region of highly deformed
grains (zone 2-A) that has undergone an obvious change in grains orientation with sliding direction due
to the effect of tangential force (shear force) during impact and reaches to approximately 134 um. The
grains boundaries are unable to be detected by etching, especially near the surface, which reflects the
deformation level in this zone.

Zone 3, which is the worn surface layer, has been severely deformed by the impact wear process. This
layer has resulted from large parallel surface and subsurface cracks which eventually lead to formation
of a large delamination layer. Figure 6.32 presents higher magnification for zone 3 and shows highly
deformed grains, large parallel cracks and a crushed region highlighted with a red colour. Some of the
grain boundaries of this layer disappeared as a result of repetitive impact which led to high deformation
of these grains and their direction was changed by the effect of shear force with the direction of impact.
Next, Figure 6.33 shows the plastic flow on the bottom edge of the wear scar.
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Figure 6.32 Higher magnification for the centre region of the impact wear scar for AISI 316 after 54,000 cycles

with impact angle 60° showing the highly deformed grains beneath the worn surface (zone 3)
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Figure 6.33 OM image of pile up materials for AISI 316 on the bottom edge after 54,000 cycles under compound

impact 60° as revealed by electro etching
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Figure 6.34 shows a typical impact wear scar with an impact angle of 45° after 54,000 cycles and three
regions of interest for investigation, while Figure 6.35 shows the centre of the impact wear scar.

Figure 6.34 Optical microscope image for AISI 316 after 54,000 cycles under compound impact 45° where (a) is
the centre region, (b) is a region of interest for investigation and (c) is the bottom edge
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Figure 6.35 Optical microscope image of electro etching for AISI 316 under compound impact 45° for the centre
of the wear scar after 54,000 cycles showing the deformed zones

Figure 6.35 shows that the deformed region (zone 2) reaches to approximately 318 pum, which is less
than with impact angle 60° (412 um). Zone 2-A reaches to approximately 128 um, slightly less than
with an impact angle of 60° (134um). These results support the previous findings on AlSI 304 presented
in Section 5.3.2.2 (see Figure 5.35 and Figure 5.39).

Figure 6.36 presents higher magnification for the centre region of the impact wear scar and shows the
separation of materials from the hardened layer. It also reveals that extensive deformation has occurred
to the grains in zone 2-A where the grains boundaries near the worn layer are unable to be detected by
etching. Figure 6.37 shows the wear damage mechanisms that have occurred in the worn surface layer
of the material at an impact angle of 45°.
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Figure 6.36 Higher magnification for the centre region of impact wear scar of AlISI 316 after 54,000 cycles with
impact angle 45° showing the highly deformed grains beneath the worn surface
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Figure 6.37 Optical microscope images revealing wear damage mechanisms that have occurred in the worn
surface layer for AISI 316 after 54,000 cycles with impact angle 45°

Figure 6.37 (a) shows the separation of materials from the worn surface as delaminated layers resulting
from surface crack that propagated parallel to the surface. Figure 6.37 (b) shows an obvious large crack
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that initiated from the surface and propagated beneath the worn surface to eventually branch into two
small cracks in two different locations. The large crack will eventually lead to formation of a large
delamination layer, while the small cracks that resulted from the branching of the large surface crack
will also propagate and cause further damage. Figure 6.37 (c) shows a subsurface crack that initiated
below the worn surface and propagated to the surface to connect with the surface cracks and cause
further damage to the surface.

The accumulation of plastic flow near the bottom edge of the wear scar (Figure 6.34 (b)) is shown in
Figure 6.38.

Plastic Flow

Figure 6.38 Optical microscope image of pile up materials for AISI 316 on the bottom edge after 54,000 cycles
under compound impact 45°

6.3.4 Chemical Etching of EN8

The deformed grains, grains orientation and depth of plastic deformation for EN8 with different impact
angles were revealed using 2% nital etching which comprised 100 ml of industrial methylated spirits
(IMS) with 2 ml nitric acid according to ASTM E407-15 [88] as described in Section 3.7.4.2.

Figure 6.39 shows the whole impact wear scar after 54,000 cycles under normal impact 90° and three
regions that have been investigated (a, b and c). Here, (a) is the centre region of the impact wear scar
and (b) and (c) are the deformed top and bottom edges of the impact wear scar, respectively. Figure 6.40
shows the wear damage mechanism that occurred at the centre of the impact wear scar under normal
impact.

Figure 6.39 Optical microscope image for EN8 after 54,000 cycles under normal impact 90° where (@) is the
centre region, (b) is the top edge, and (c) is the bottom edge

167

167




Role of Impact Angle on Surface and Subsurface Deformation of Alloy Steels

Delamination Zone 3, Worn Surface

Impact direction

Unefo:rm
Figure 6.40 Optical microscope image of chemical etching for EN8 under normal impact for the centre of the
wear scar after 54,000 cycles

Three zones are illustrated in Figure 6.40. The undeformed grains (zone 1) reveal no deformation or
change in the grains’ directions compared with other regions. Zone 2 is a plastic deformation region
where the microstructure of both ferrite and pearlite was deformed by the impact wear process and
reaches to a depth of 600 um. Zone 2-A consists of highly deformed grains near the surface and extends
to a depth of 185 pum below the hardened surface (zone 3) which cannot easily be distinguished from
other regions and has a depth of 100 um. Figure 6.41 shows the accumulated plastic flow on both the
top and bottom edges of the impact wear scar after 54,000 cycles under repetitive normal impacts.

Impact direction

Figure 6.41 Optical microscope images of top (a) and bottom (b) edges for EN8 after 54,000 cycles under
normal impact

Figure 6.42 shows the whole impact wear scar after 54,000 cycles with an impact angle of 60° and
reveals two regions of interest: (2) the centre of the wear scar and (b) the bottom edge. Figure 6.43 shows
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the wear damage that has occurred to the centre of the impact wear scar, while Figure 6.44 shows the
accumulated plastic flow on the bottom edge.

(a)

Figure 6.42 Optical microscope image for EN8 after 54,000 cycles under compound impact 60° where (a) is the
centre region, and (b) is the bottom edge

Delamination

Figure 6.43 Optical microscope image of chemical etching for EN8 with impact angle 60° for the centre of the
wear scar after 54,000 cycles showing the deformed zones
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Figure 6.44 Optical microscope image of pile up materials on the bottom edge for EN8 after 54,000 cycles under
compound impact 60° as revealed by chemical etching

Due to the chemical etching, zone 3, which is the worn surface or the hardened surface, was not obvious
in Figure 6.43 as all the surface and subsurface cracks were filled with the nital solvent. Also, the
deformed grains of the pearlite, which has a black colour similar to Bakelite, made it more difficult to
distinguish this region or to recognise the surface and subsurface cracks. This illustrates the importance
of detecting the surface and subsurface cracks without using etching.

The purpose of using chemical etching was to reveal the plastic deformation region (zone 2), which is
obvious in Figure 6.43 and reaches to a depth of approximately 900 um, while the highly deformed
grains (zone 2-A) reach to a depth of 400 um. Beneath the plastic deformation region there are
undeformed grains and it is obvious that no change in the grains’ orientation has occurred within this
region. However, the grains’ orientation in the plastic deformation region has changed with the direction
of impact due to the effect of shear force (highlighted with a blue arrow).

Figure 6.45 shows the whole impact wear scar of the material after 54,000 cycles with an impact angle
of 45° and reveals two regions of interest: (a) the centre of the wear scar and (b) the bottom edge. Figure
6.46 shows the wear damage that has occurred to the centre of the impact wear scar and the extruded
plastic flow is shown in Figure 6.47.

Figure 6.45 Optical microscope image for EN8 after 54,000 cycles under compound impact 45° where (a) is the
centre region of the wear scar and (b) is the bottom edge
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Figure 6.46 Optical microscope image of chemical etching for EN8 with impact angle 45° for the centre of the
wear scar after 54,000 cycles showing the deformed zones
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Figure 6.47 Optical microscope image of extruded materials near the bottom edge for EN8 after 54,000 cycles
under compound impact 45° as revealed by chemical etching

Figure 6.46 reveals the plastic deformation region (zone 2) where the grains boundary direction has
changed with the impact direction (highlighted with blue arrow) and which reaches to a depth of
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approximately 308 um. Highly deformed grains (zone 2-A) reach to a depth of 100 um, while beneath
the plastic deformation region there are undeformed grains.

Figure 6.47 shows the extruded plastic flow materials outside the bottom edge of the impact wear scar
and highly deformed grains which reveal an obvious change in orientation toward the bottom edge (with
the direction of impact) compared with the undeformed grains outside the wear scar region.

6.3.5 Microhardness Results

The microhardness measurement procedure for both materials is similar to that for AlSI 304 as described
in Section 5.3.3.

The microhardness measurements of impacted regions were taken away from the centre of the wear
scar, below zone 3 and toward zone 1. For AlSI 316 the microhardness measurements was about 80 um
which represents about 2.5 times the diagonal size of the indents (30-33 um) for the unimpacted region.
For EN8 the microhardness measurements was about 70 um which also represents 2.5 times the diagonal
size of the indents (28) um based on ASTM E384 [60].

The variation in microhardness results for both materials with different impact angles below the
maximum indentation depth of impact wear scar is shown in Figure 6.48 for AISI 316 and Figure 6.49
for EN8. Table 6.3 then summarises the results for the effect of impact force and angle correlated with
surface hardening value and depth below the surface for both materials.
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Figure 6.48 Microhardness profile of original and impacted regions of tested specimens for AlISI 316 at impact
force of 3476 N where (a) normal impact, (b) impact angle 60°, and (c) impact angle 45°
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Figure 6.49 Microhardness profile of original and impacted regions of tested specimens for EN8 at impact force
of 3476 N where (a) normal impact, (b) impact angle 60°, and (c) impact angle 45°

Table 6.3 Correlation between the impact force and surface hardening of the two materials

. Location of
Normal Tangential Surface . .
. Impact . Hardening Hardening
Material Impact Impact angle (8) Hardening from surface Depth (mm)
Force (N) | Force (N) 9 (HVo1) P
(Hm)
2457 2457 45° 327 80 0.7
AISI 316 3010 1738 60° 346 80 1.4
3476 0 90° 379 80 2
2457 2457 45° 268 70 0.3
ENS8 3010 1738 60° 298 70 1
3476 0 90° 362 70 1.2

173

173




Role of Impact Angle on Surface and Subsurface Deformation of Alloy Steels

Figure 6.48-6.49 and Table 6.3 show the differences in work hardening ability between the two
materials. Significant increases in the hardness values occurred with AISI 316 in a similar way to
previous results for AISI 304 presented in Section 5.3.3 (see Figure 5.42). EN8 also shows an increase
in hardness, but not to a great extent as compared with AISI 316. For both materials the maximum
increases in hardness occurred with normal impact 90°, followed by an impact angle of 60°, and finally
an impact angle of 45°.

This could be explained by the significant decrease in normal impact force from 3476 N to 3010 N at
60° to 2457 N at 45° and change in the wear mechanism from pure compression under normal impact
to sliding wear with compound impact. These results support the previous findings and explanation
presented in Section 6.3.3 (Figure 6.31, Figure 6.35) and Section 6.3.4 (Figure 6.43, Figure 6.46).

Also, for both materials significant decreases in hardening depth were identified for different impact
angles, with the maximum depth measured under an impact angle of 90° and the least under an impact
angle of 45°. This could be explained by the significant increases in shear force from 0 to 1738 N at 60°
and to 2457 N at 45° and change in the wear mechanism from pure compression under normal impact
to abrasive wear with compound impact. Thus, the shear force removed most of the hardened surface in
the abrasive wear process. It is important to highlight that the papers discussed in the literature review
have not reported the effects of impact angle on the hardness value and depth under both normal and
tangential impact force for any materials.

Further investigations for readings very close to surface were carried out during this work, as well as
about 35 um from the surface for both materials. EN8 showed no noticeable differences in hardness
from results described in Table 6.3, while for AISI 316 significant increases were observed, as
summarised in Table 6.4. An example showing the microhardness indentation inside the deformed
grains (35um from surface) is presented in Figure 6.50 for AISI 316 under impact angles 60° and 45°
after 54,000 cycles.

Table 6.4 Correlation between the impact force and surface hardening of AISI 316 at a distance of approximately
35um below the impact surface in the centre of the wear scar

Location of

Number of cycles (N)

Normal Impact

Impact angle (8)

Surface Hardening

Hardening from

Force (N) (HVo.1) surface (um)
54,000 2457 45° 393 35
54,000 3010 60° 440 35
54,000 3476 90° 482 35

Table 6.4 shows significant increases in hardness with all impact angles for AISI 316 compared with
the results presented in Table 6.3 which are realistic since these results derive from indentations very
close to the surface (35 um). These results are in great agreement with the previous results for AISI 304
presented in Section 5.3.3.
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Figure 6.50 Optical microscope image for the microhardness indentation inside the deformed grains of AISI 316
for (a) compound impact 60° and (b) compound impact 45° after 54,000 cycles

6.3.6 Crack Orientation

One of the objectives described in Section 2.2.2.1, is to identify the nature of crack during repetitive
normal and compound impact (intergranular or transgranular). These topics have not been studied before
for any material.

The previous investigation of AISI 304 (Section 5.3.4) revealed that both intergranular and transgranular
crack occur during repetitive impact regardless of the impact angle. Therefore, further work was carried
out with both materials to gain insight about the nature of these cracks and support the previous results.
Figure 6.51 shows the crack orientation for AISI 316, Figure 6.52 shows the same features for EN8
under normal impacts, and Figure 6.53 shows the EN8 results for compound impact.
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Impact Direction

Transgranular crack

Crack boundary

Intergranular crack

Transgranular crack

Crack branching

Transgranular crack

(b)
Figure 6.51 Optical microscope image showing both transgranular and intergranular cracks propagation inside

and within the grains for AISI 316 after 54,000 cycles under: (a) normal impact 90° and (b) compound impact
angle 60°
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Impact Direction

Transgranular Crack

Figure 6.52 Optical microscope image showing both transgranular and intergranular cracks propagation inside
and within the grains for EN8 after 54,000 cycles under normal impact angle 90°
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Figure 6.53 Optical microscope image showing both transgranular and intergranular cracks propagation inside
and within the grains for EN8 after 54,000 cycles under: (a) and (b) compound impact 60°, and (c) impact angle
45°

Figure 6.51 (a and b) shows similar results to those for AISI 304 (see Figure 5.45), with both
intergranular and transgranular crack occurring during impact regardless of the impact angle.

Figure 6.52 shows that the majority of cracks under normal impacts were transgranular and happened
in the pearlite rather than the ferrite phase and since the pearlite phase is harder than the ferrite, a series
of cracks occurred within it. For compound impacts (Figure 6.53), both intergranular and transgranular
crack occurred during impact and the transgranular crack occurred within both the ferrite and pearlite
phase, but in general the majority of cracks occurring in EN8 were transgranular.
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6.4 Discussion
6.4.1 Wear Volume and Wear Measurements

The results for both materials indicate that the mass loss and wear volume are inversely proportional to
impact angle, with significant increases in materials loss occurring with compound impact due to the
effect of shear force. The results are consistent with previous results for AISI 304 presented in Section
5.2.1 (see Figure 5.1).

The wear volume under normal impacts was small compared with compound impacts for both materials
due to the role of work hardening, since the nature of contact was purely dynamic compression under
normal impact and thus involved the role of zero wear volume during normal impacts [71].

Figure 6.1 also indicates that changing the impact angle resulted in a progressive increase in material
loss, suggesting that the wear conditions became more severe, similar to AISI 304 (see Figure 5.1). This
means that more sliding led to more mass loss due to the role of the tangential component of impact
force during compound impact, the highest material loss occurring at impact angle 45° with both
materials similar to AISI 304.

Similar to results obtained by mass scale measurement, the impact scar depth, diameter and volume, as
described in Section 6.2.2 and measured by 3D non-contact profilometer, increased with decreasing
impact angle, with noticeable increases at the lowest impact angle of 45° (see Figure 6.3).

The results for 2D profile, see (Figure 6.6), revealed a significant amount of pile up could be seen with
EN8 with all impact angles due to the low ability of work hardening for EN8 and therefore, it is
plastically flow on the shoulders (pile-up) with all impact angles [87].

The wear volume, as measured by scale, and total volume loss, as measured by 3D non-contact
profilometer, always increased with decrease in the impact angle. These results support the previous
results for AISI 304 described in Section 5.2.1and Section 5.2.2 and the findings of Rigaud & Le Bot
[29], Tyfour [30], Zanoria [54] and others [77-79].

The current results for zero wear volume support those obtained previously for AISI 304, as described
in Section 5.2.2 (Figure 5.4). Figure 6.4 shows the importance of zero wear volume in AISI 316 under
normal impacts, while it decreases with compound impacts to a potentially negligible level, especially
with an impact angle of 45°.

Section 6.2.2 revealed that both 3D non-contact profilometer (see Figure 6.3) and spherical cap method
(see Figure 6.5) should be used to measure the total volume loss, whereas the wear volume should be
measured by mass scale and the results obtained from these two methods should then be compared.

6.4.2 Wear Scar Analysis
6.4.2.1 Wear Damage and Crack Propagation

The SEM examination after 54,000 cycles showed similarity in terms of the wear damage mechanisms
that depended on the impact angle. For normal impact, plastic deformation and surface fatigue occurred
as a result of delamination and spalling resulted from microcracks and micro pitting on the surface (see
Figure 6.7 and Figure 6.10). These results agree with those found previously for AlSI 304 and explained
in Section 5.5.2.1.
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Both materials show that the hardened surface layer which resulted from excessive compressive impact
force suffered from reduction in ductility near the edges of the newly exposed surface (see Figure 6.7
and Figure 6.10). These regions exhibited multiple cracks that eventually leave the surface as small
crushed particles.

In the cases of compound impact angles 60° and 45°, the morphological characteristics and surface
degradation were found to be different from those for normal impact. The wear mechanisms, besides
plastic deformation, included surface fatigue (delamination and spalling) and abrasive wear (see Figure
6.7 and Figure 6.10) as two and three body (defined earlier in Section 5.5.2.1), Figure 6.54 shows an
example of hard particles transferred from the AISI 316 specimen surface and attached to the striker ball
which also indicates the adhesive wear occurs to the specimens (in small scale).
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Figure 6.54 SEM image shows the adhered wear particles transferred from the AISI 316 worn surface to the
striker surface with impact angle 60°

With compound impacts, multiple layers of delamination were revealed for both materials (see Figure
6.8 and Figure 6.11) near the bottom edge, with a tendency for more delamination to occur at impact
angles 60° and 45°. The current results agree with the previous finding for AISI 304 (see Figure 5.18).

Crushed particles were found with all impact angles for both materials, with an obvious increase in the
amount of these particles with compound impact which could be explained as the additional role of shear
force in accelerating the formation of these particles. Therefore, the wear damage for compound impact
developed more quickly than for normal impact.

Both materials exhibited extensive accumulation of plastic flow near the bottom edge with compound
impact (see Figure 6.9 and Figure 6.12), which is similar to the results previously obtained by Lindroos
[20, 82] and explained in Section 5.5.2.1.

The only difference between the two materials is that EN8 exhibited plastic flow under normal impact.
The plastic flow that occurred with all impact angles for EN8 can be explained as the low propensity of
work hardening (generally hard) for EN8 and therefore, it is plastically flow on the shoulders (pile-up)
rather than being compressed as was the case with both types of austenitic stainless steel (generally soft
and have high propensity for work hardening) [87].

Subsurface examination of AISI 304, as described in Section 6.3.2.1 (see Figure 6.13), and ENS8, as
described in Section 6.3.2.2 (see Figure 6.14), showed that under normal impact the majority of cracks
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were initiated from the surface and propagated beneath the surface in a parallel plane to cause
delamination. With similar patterns of cracking found for AISI 304 and explained in Section 5.5.2.1.

Multiple layers of delamination resulting from parallel microcracks were the main wear features
contributing to surface fatigue in addition to spalling and small crushed particles found on the surface,
which supported the results obtained in Figure 6.7. The higher value of impact force occurring under
normal impact led to more material being compressed and the majority of cracks were parallel to the
impacted surface.

No evidence of crack initiation from the subsurface was found with normal impact; however, this is
more likely to occur with compound impact due to the effect of the tangential component (shear force)
during impact. The small sized crack that led to small layers of delamination reflect the small amount
of wear volume under normal impact.

Specimens under compound impact revealed different impact wear damage mechanisms, surface fatigue
as a result of both large surface and subsurface microcracks that led to larger delamination was obvious
with both impact angles (60° and 45°).

These larger cracks and delamination layers were caused by the effect of shear force during impact, with
shear force also causing an increase in amounts of crushed particles under both angles as shown in
Section 6.3.2.1 (Figure 6.17). Contrary to normal impact, significant amounts of subsurface cracks
initiation and propagation were found beneath the surface under compound impact (60° and 45°) (see
Figure 6.14, Figure 6.16 and Figure 6.21 ). These results agree with AISI 304, Yang [17] and Zhang
[23] and are explained in Section 5.3.2.1.

The abrasive wear was more obvious in surface examination, as shown in Figure 6.10 (b) and (c), for
both angles and was confirmed by subsurface examination of EN8, as shown in Figure 6.26. This
explained the further material loss that occurred with both angles, AlSI 316 being very similar to AISI
304; therefore, no further perpendicular sectioning was done to demonstrate the abrasive wear during
compound impact.

For AISI 316, the amount of plastic flow that accumulated near the bottom edge was dependent on the
material’s work hardening [87] and the shear force which depended on the impact angle. The high ability
for work hardening of AISI 316 led to more materials being compressed under normal impact, rather
than formation of plastic flow on the edges. While larger amount of materials extrusion with impact
angle 45° reflects the application of the highest shear force value.

In the case of EN8, which has much lower ductility than AISI 316, more materials were plastically
deformed uniformly on both the top and bottom edges under normal impact. Additionally, more plastic
flow was found on the bottom edge under compound impact than with AISI 316, which supports the 2D
profile results in Section 6.2.2 (Figure 6.6).

The electro etching of AISI 316 described in Section 6.3.3 revealed three morphological zones within
the impact wear scar. The surface layer is zone 3, which suffered severe degradation, deformation and
shearing off in the impact wear process (see Figure 6.31 and Figure 6.32). This layer will eventually be
detached from the surface by the effect of large cracks that propagate parallel to the surface, leading to
separation. Zone-2, which is the plastic deformation region, can also be divided into a highly deformed
region (zone 2-A) and less deformed region (zone 2-B), while beneath this region are the undeformed
grains of zone 1.
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The chemical etching of EN8 described in Section 6.3.4 also revealed three morphological zones, but it
was difficult to recognise the hardened layer (zone 3). Normal impact conditions revealed obvious
deformation to zone 2 that reaches to a depth of 600 pum beneath the worn surface (see Figure 6.40)
compared with 45 um for AISI 316 (see Figure 6.28).

The surface crack of EN8 that initiated from the surface and propagated beneath the surface parallel to
the surface will eventually cause delamination (see Figure 6.40) reaching to a depth of 100 um below
the worn surface, while with both AISI types, 304 and 316, the surface crack remained very close to the
surface (see Figure 6.28).

The grain orientation, as marked with blue arrows in Figure 6.41, changed with the direction of the
plastic flow. This did not occur with either type of austenitic stainless steel (see Figure 5.33 and Figure
6.27) since no significant amount of plastic flow accumulated under normal impact after 54,000 cycles.

Investigation of the crack orientation during impacts revealed that the current results supported the
previous results of AISI 304 in Section 5.3.4, showing that the cracks were intergranular and
transgranular for both types of material. Examination of EN8 under normal impact did not reveal any
intergranular cracks, but that does not mean none existed, only that due to the high deformation level on
the surface, it was not possible to detect these cracks as with compound impact.

The majority of transgranular crack occurred in the harder phase (pearlite) rather than the ferrite under
normal impact, thus indicating that harder materials under normal impact may suffer more damage than
softer materials. With compound impact it is obvious that the cracks were intergranular and
transgranular for both types of materials. Both intergranular and trans granular cracks were defined
earlier in Section 5.5.2.1.

6.4.2.2 Microhardness Examination

The current results revealed the greater work hardening ability of AISI 316 in comparison with EN8.
These results, described in Section 6.3.5, revealed an increase in surface hardness for AISI 316 that
varied from (74-102) % in comparison with the bulk hardness (188 HV). For EN8 the variation was
from (25-69) % in comparison with the bulk hardness (205 HV), see Table 6.3.

This result could be explained as the role of high ductility of AISI 316 as compared with ENG.
Additionally, the considerable difference between the tensile strength and the yield strength for the two
materials: 298 MPa for AlISI 316 compared with 111 MPa for EN8, is another possible reason for these
differences in hardening ability. These results confirm and support the previous ones presented in
Chapter 4 and Chapter 5 and also results obtained by Fricke [22].

Similar to AISI 304, when the depth of plastic deformation or amounts of deformed grains for the etched
samples of AISI 316 were compared with the hardening depth by measuring the microhardness, the
differences were considerable. For example, Figure 6.28 showed that the deformed grains reached to a
depth of 45 um, while the microhardness measurement showed that the hardness had increased to reach
a depth of 2 mm (see Figure 6.48). The same result was found with both impact angle 60° (see Figure
6.31) (1.4 mm) and impact angle 45° (see Figure 6.35) (0.7 mm). The differences in results between the
depth of plastic deformation revealed by SEM or OM and the hardening depth measured by the
microhardness were explained earlier in Section 5.5.2.2, as the role of residual stresses induced and
remaining in the contact region area (in the crystal lattice of grains).

For ENS8, the chemical etching and the hardening depth as measured by microhardness revealed great
compatibility with the plastic deformation to the grains, except for some deviation that occurred with
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normal impact. Figure 6.40 shows that the plastic deformation reached to a depth of 700 um including
the worn layer, whereas hardening reached 1.2 mm in depth as measured by microhardness. Meanwhile,
Figure 6.43 showed that the plastic deformation reached a depth of 900 um, which is the same result as
obtained by microhardness measurement, a similarity also shown in Figure 6.46, with both reaching a
depth of 300 pm.
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6.5 AISI 316 and EN8 Summary

A summary of the findings derived from the experimental work on both materials discussed in this
chapter is presented below:

The wear volume is inversely proportional to the impact angle (for those tested), with highest
materials loss occurring at impact angle 45°, similar to AISI 304.

For both materials, impact wear scar volume, depth and diameter, as measured by 3D
profilometer, were inversely proportional to the impact angle.

The wear damage mechanism for both materials is highly dependent on the impact angle.

1. For normal impact conditions, the main wear damage mechanisms are plastic
deformation and surface fatigue due mainly to surface delamination and spalling,
similar to AISI 304.

2. For compound impact, in addition to plastic deformation and surface fatigue, adhesive
and abrasive wear are responsible for the extra increase in material loss, which reflects
the severe damage that occurs to the worn surface.

The amount of plastic flow that accumulates on the bottom edge is governed by the impact angle
and material ductility.

Multiple layers of delamination near the bottom edge occurred for both materials with
compound impact, while normal impact did not produce these layers since the nature of contact
is frictionless.

Perpendicular sectioning of EN8 revealed that abrasive wear is the main wear damage that
occurs to the material under compound impact, especially with impact angle 45°.

Both intergranular and transgranular cracks occur during normal and compound impact wear
for AISI 316 and ENB8 regardless of the impact angle.

AISI 316 shows great work hardening ability in comparison with EN8, due to its high ductility,
similar to AISI 304.

Shear force, as represented by the tangential component of impact force, plays an important role
not only in the amount of mass loss but also in the type of wear damage mechanisms and the
amount of materials plastically deformed near the bottom edge.

The hardening value and depth are inversely proportional to the impact angle and are reduced
significantly with compound impact angles 60° and 45° compared to normal impact angle 90°.
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Chapter 7 New Proposed Impact Wear Model

7.1 Introduction

The work presented in this chapter is following one of the objectives highlighted in Chapter 1 and
outlined in Chapter 2 that there are no models considering the role of shear force during compound
impact.

This chapter presents the new proposed impact wear model extracted from the experimental work of
three metal alloys, AISI types (304 and 316) and EN8 using the impact wear rig. Then the new model
is compared with other data from published papers and discussed in detail including its limitations. The
summary of the main discoveries and the key findings are listed at the end of this chapter.

7.2 Limitation of Extant Wear Models

The major drawbacks of the extant impact wear models were discussed in detail in Chapter 2 Section
2.4.2. A number of developed impact wear models described in Sections 2.4.2.1-2.4.2.6 have a similar
form to those defined earlier to predict erosive wear. These erosion models are typically presented either
as a function of impact velocity [44, 89] or as function of impact energy [90].

The impact wear modes illustrated in Figure 1.1 show that both (b) and (c) involve a small amount of
interfacial sliding (small arrow) that the existing models (Section 2.4.2) do not directly account for and
this are unable to include in their predictions. However, it should be noted that using any of the
previously developed impact wear models described in Section 2.4.2 will clearly produce a ‘result’ but
the accuracy of that will vary depending on the basis of the model and, for the majority, will be
increasingly inaccurate the further from normal the impact is.

Therefore, this chapter proposes a simple, easily applied, wear model that is able to predict the wear
volume due to surface impingement at different impact angles and then validated through comparison
with experimental data of three metal alloys widely use in engineering applications.

7.3 Development of the New Model

The need for a model that can predict impact wear loss with any impact angle to simulate the excessive
wear that occurs at smaller impact angles, and thus leads to under prediction of existing models, was the
motivation for developing the new impact wear model that is described here.

The results described in Section 2.5.1 show that the impact angle strongly influence on wear volume. It
means that this new model cannot be defined solely in terms of the applied impact force, since neglecting
the shear force would lead to inaccurate results.

The two components of the new model were derived from experimental work, initially AISI 304 with
different angles of impact (90°, 60° and 45°) and specific numbers of cycles (54,000) using impact wear
rig described in Section 3.1.1. Analysis of the experimental results of AlSI 304 revealed that the highest
wear volume always occurs when the impact angle is 45° as shown in Figure 5.1. This was found to be
true for all of number of cycles studied and that the wear volume under normal impact is very small
compared with at 60° and 45° due to the role of zero wear volume during normal impact [71].

The significant increase in wear volume that occurred with compound impact is considered due to the
role of tangential component of impact force during impact. Despite the normal component of impact
force decreasing with decreasing the impact angle from 3476N at an impact angle of 90° to 2457 N at
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an impact angle of 45°, the wear volume increased significantly since the tangential components
increased from O at an impact angle of 90° to 2457 N at an impact angle of 45°.

The sliding distance (x) that the striker slides against the inclined specimen surface of AlISI 304 during
impact was measured experimentally by using a high-speed camera. Due to the sliding distance being
very small it was only realistic to obtain values due to the first impacts due to the decay of the motion.
The sliding distance stays constant with number of impacts and six impacts taken were measured for
each angle and the mean values were 0.35 mm for 60° and 0.6 mm for 45° with standard deviation of
0.05 and 0.03 respectively.

Further investigation using specimens manufactured from EN8 and AISI 316 with the same
methodology and number of cycles (54,000), also revealed a similar trend to that exhibited by AISI 304.
More wear volume loss occurring at 60° and the largest volume at 45° as described in Chapter 6 (see
Figure 6.1).

Based on data from experiments with the AISI 304, a correlation between wear volume and number of
cycles was determined (see Figure 5.1). This is inversely proportional with hardness of impacted
materials, since EN8 has relatively the highest hardness among the tested materials and showed lower
wear volume compared with both types of austenitic stainless steel (see Figure 6.1). Despite the fact that
the three metal alloys have relatively similar hardness, the EN8 has the highest value and shows the least
wear volume with compound impact. Additionally the tangential component of the new model has a
similar form to the Archard equation [67] where the hardness of softer materials (especially applicable
for steel) is inversely proportional to the wear volume.

The repetitive normal impact of AlISI 304 revealed that increasing the impact force will always lead to
an increase in wear volume. Similar results were found with both AISI 316 and ENS, leading to a
correlation between impact force and wear volume for different materials as outlined in Section 7.3.1
(Figure 7.1).

The new proposed impact wear model can be sensibly divided into two components, as proposed
previously by Lewis [46] (see Section 2.4.2.4).

Firstly, a component accounting for the normal impact, in a similar fashion to the models described by
Wellinger [44] (see Section 2.4.2.1) or Fricke [22] (see Section 2.4.2.3), but in terms of normal force
rather than impact velocity or energy. Secondly, a component accounting for the non-normal (i.e.,
sliding) impact, in a similar fashion to the Archard equation [67], but in terms of tangential force rather
than applied force.

Both components then contribute to the total wear volume predicted for a compound impact. This
approach also allows the model to be used to represent either solely under normal impacts only (by
setting the tangential component to zero) or compound impact and also be validated either separately or
in combination.

Therefore, the general form of the new model proposed here, and subsequently referred to as the
Zalzalah-Lewis-Slatter (ZLS) model, is as follows:

W = (KNE,"25 +

kNthmZLS)

H, 7.1

where:

W is the wear loss (mmg3)
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K is the normal impact wear coefficient

N is the number of impact cycles

E, is the normal component of impact force (N)

k is the dimensionless sliding impact wear coefficient

x is the sliding distance during compound impact (mm)

F, is the tangential component of impact force (N)

H; is the hardness of the softer material (specimen) (MPa)

nzLs and mz.s are normal and sliding impact wear exponents in Zalzalah-Lewis-Slatter Model

The results of Fricke [22] under normal impact conditions shows that AISI 440C with a hardness of 710
HV has more mass loss than AISI 304 ( 164 HV), 1210 (242 HV), and 817M40 (554 HV). Also, the
current results presented in Chapter 4 (see Figure 4.5) revealed that ductile cast iron (238 HV) has more
mass loss than both AISI 304 (190 HV) and EN8 (213 HV). Therefore, hardness has not been considered
as a primary parameter controlling the wear volume of different materials under normal impact, such an
approach is similar to the models described by Wellinger [44] (see Section 2.4.2.1) or Fricke [22] (see
Section 2.4.2.3).

This equation predicts wear volume and can be used with different impact angles or solely for normal
impact only. The model has considered the impact force, rather than impact energy, in order to be able
to use measured peak impact forces for each impact, rather than impact energy calculated theoretically
or derived from high-speed video camera data and to highlight the role of shear force during compound
impact.

7.3.1 Derivation of Model Parameters
7.3.1.1 Normal Impact Component

The normal impact wear coefficient K and impact force exponent ny; ¢ were calculated from the
experimentally derived relationship between the measured experimental impact force (1982 N, 2783 N,
and 3476 N) and wear volume by specific number of cycles (54,000) as shown in Table 7.1 for the tested
alloys.

Figure 7.1 shows the derivation of the normal component of tested alloys with impact angle 90° using a
line fitting method similar to the work of Wellinger [44] and Fricke [22], the error bar represents the
standard deviation of four repetitions of the data.

Table 7.1 Normal impact wear coefficient K and exponent n for tested materials

Material K Nzis
AlSI 304 1.85x10°° 0.816
AISI 316 5.64x10°° 0.816

EN8 2.04x108 0.655
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— B - Experimental data of AISI 304 for normal impact (90°) — B - Experimental data of AISI 316 for normal impact (90°)
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Figure 7.1 Line fitting from the experimental data of (a) AISI 304, (b) AISI 316 and (c) EN8 under normal
impact after 54,000 cycles

This number of cycles (54,000) was selected to obtain measurable wear volume as explained earlier in
Section 6.2. The normal component of materials in Table 7.1 have been tested with the work of other
papers with different number of cycles and shows good agreement (Section 7.4).

7.3.1.2 Sliding due to Impact Component

Due to lack of data in the literature describing wear as a function of tangential force for tested alloys,
experiments to derive the sliding impact wear coefficient k and exponent m,; ¢ to be used in the new
model, were conducted only using AlISI 304 specimens. Therefore, data from experiments using other
materials would not be able to be then validated against the work of others. That said, in order to give
confidence in the data from these experiments conducted for this work the results were compared with

the experimental work of Rigaud & Le Bot [29] using the same material and at impact angles of 60°,
45° and 30°.

The tangential component of impact force was calculated from the experimentally derived relationship
between the tangential impact force (1738 N for 60° impacts and 2457 N for 45° impacts) and wear
volume by specific number of cycles (54,000). Using a similar line-fitting approach as for the normal
component of Figure 7.1 to gives value for k of 1.45 x10~7 and for m, s of 1.85 that can be then used
as the basis for the new model. It should be noted that because the load cell described in Chapter 3-
Section 3.3.2 used throughout this work was a uniaxial, the tangential forces (1738 N for 60° impacts
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and 2457 N for 45° impacts) were calculated theoretically from the normal forces recorded
experimentally.

7.4 Validation of the New Proposed Model

The new model has been validated with four published papers that present three different materials either
solely under normal impact and using the normal component set of the model (applied for three papers)
or under compound impact using the two sets of the model (applied for one paper). Such validation has
not been reported for any of the models described in Section 2.4.2.

7.4.1 Austenitic Stainless Steel (AISI 304)

The new model proposed here was validated with experimental results from literature by Rigaud & Le
Bot [29] under different impact angles using the same exponent n,; s (0.816) and wear coefficient
1.85x10~°, since the same material was being used. A comparison is provided in Figure 7.2 and shows
some deviation between the experimental data and the new model with different impact angles and
specific number of cycles (560,000).

- #- - Experimental Data (Rigaud & Le Bot [29])
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Figure 7.2 Experimental data of Rigaud & Le Bot [29] compared with the Zalzalah-Lewis-Slatter model data.

The deviation between the experimental data of Rigaud& Le Bot and model data is likely to be as a
result of large differences between the number of cycles reported in literature and the actual number of
cycles (e.g., mismatch between excitation frequency and impact frequency).

This indicates that the dynamic system is strongly nonlinear and the rig is unstable during tests caused
by vibration during impact and induced dispersion in impact location (see Figure 2.15) which may
reduce the wear volume significantly since the impact is not occurs in the same contact region.

It is also possible that variation in surface roughness could influence sliding impacts, even if that effect
in a very small scale. Liang [91], for example, found that the wear volume of materials increased from
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1 mm? with a surface roughness of R,=0.1um to 3 mm? with surface roughness R,=0.5 (within the range
of the work presented here).

Lastly, the experimental data of Rigaud & Le Bot has not been repeated which reduce the confidence of
the results. This deviation between the experimental data and the model data should be considered
against very small predicted values for both approaches (less than 0.008 mm?3).

7.4.2 Austenitic Stainless Steel (AISI 316)

Validations using data from work using AISI 316 were limited to using the normal component of the
new model because of a lack of information about the tangential impact force in those studies.
Experimental data from testing of unburnished specimens (310 HV) and burnished specimens (405 HV)
from a study by Yilmaz & Sadeler [28] was compared with the new model.

In that work, the specimens were subjected to normal impact (impact force 560 N for 1000, 10,000, and
100,000 impacts) and the wear volumes were directly measured by 3D non-contact profilometry, Figure
7.3 shows result for both specimens.

— & - Experimental Data (Yilmaz & Sadeler [28] for Burnished Specimens)
Experimental Data (Yilmaz & Sadeler [28] for Unburnished Specimens)
—a— Zalzalah-Lewis-Slatter Model Predicted Data

Volume Loss by 3D Profilometer (mm?3)
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Figure 7.3 Experimental data of Yilmaz & Sadeler [28] under normal impact compared with Zalzalah-Lewis-
Slatter model data.

Very good correlation was found with the data reported for the burnished specimens but much weaker
for the unburnished. This can be attributed to the fact that the new model, in common with the other
extant models described in Section 2.4.2, is based on wear volumes derived from measured mass loss
(Figure 5.1) rather than the 3D non-contact profilometry used by Yilmaz & Sadeler. It means that the
latter method will detect the extra volume loss resulting from zero wear [71]. Having been subjected to
mechanical working, the burnished specimens will likely not experience significant zero wear
phenomenon, thus the wear reported by 3D non-contact profilometry will be the same as that detected
by the measured mass loss method.
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7.4.3 Medium Carbon Steel (EN8)

Two validations were possible with carbon steel as the material of interest, and with normal impact
conditions using the normal impact wear coefficient K and impact force exponent nz.s (2.04x10® and
0.655, respectively) derived experimentally in this work (Section 7.3.1). Figure 7.4 shows good
correlation between the predictions of the new model and the experimental data from the work of Jiang
et al. [15] where rail steel and a welded rail steel joint (Figure 7.4) were subjected to normal impact.

The experimental results here were based on impact force of 200 N and different number of impact
cycles (5,000-100,000) compare favourably the predictions of the new model, particularly for data
points representing wear occurring after large numbers of cycles.

The variation between the experimental data and the predictions at lower numbers of cycles is again due
to the role of zero wear, in this case because of the use of the spherical cap method which leads to results
similar to the 3D non-contact profilometer, but with greater potential error. However, the better
correlation of the model with higher number of cycles (end of life) is more desirable in an industrial
context where total wear life is often of more immediate interest than the evolution of the early stages
of wear, especially in contacts where that stage is effectively used as a running in period.

Experimental Data (Jiang [15] for Rail Weld Material)
0.08 — = - Experimental Data (Jiang [15] for Rail Material)
—a— Zalzalah-Lewis-Slatter Model Predicted Data

o

o

~
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0 20 40 60 80 100 120

Number of Cycles (1000s)

Figure 7.4 Comparison between the experimental data of Jiang et al. [15] for steel of rail material and rail weld
joint material and data from Zalzalah-Lewis-Slatter model data.

A second validation was carried out between the new model’s predictions and the experimental data
obtained by Wang et al. [39] for 40Cr steel impacted normally (impact force of 80.9 N, and up to 100,000
cycles), this comparison is shown in Figure 7.5.
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Similar to the comparison with the unburnished AISI 316 results shown in Figure 7.3, the new model
under-predicts compared to the experimental data. In this case, the volume loss was also measured by
3D non-contact profilometer and neglecting the role of zero wear volume during normal impact, as in
the present work.

— ® - Experimental Data (Wang [39])
0.14 5 —a— Zalzalah-Lewis-Slatter Model Predicted Data
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Figure 7.5 Experimental data of 40Cr steel from Wang [39] compared with the Zalzalah-Lewis-Slatter model
data.

7.5 Discussion

The new Zalzalah-Lewis-Slatter model proposed here was developed based on specific parameters
(number of cycles, normal and tangential impact force, sliding distance and hardness of softer material)
to reflect information readily known about contacts in many real mechanical systems. This means that
it can be easily used for predicting both normal and compound impact wear, including angle as a
function, without requiring large number of experimentally derived parameters that often need apparatus
not always found outside dedicated research facilities.

The model can be used under both normal and compound impact and the results easily compared with
other data to obtain accurate values for the wear volume. Existing experimental data representing the
behaviour of three widely used metal alloys has been used to validate its predictions for normal and
compound impact. It is important to note that none of the experimental work from literature used for
validation described any data robustness information (as discussed elsewhere [68]) could have affected
the accuracy of the wear volume results. However, to some extent, good correlation was generally found
with the model.

All the results were obtained with dry contacts since most impact wear applications fall within this field,
hence the role of lubricant has not been taken into consideration during this work. Further work is
required to understand the role of a lubricant, or other third body in transmitting the force applied in the
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impact. The model could also be developed to include the role of work hardening directly during impact
and then compared with other experimental data. However, additional experimental parameters will be
required, such as work hardening exponents for each material, as such trends are not easy to compare
and validate.

The model was compared with volume loss results measured by 3D non-contact profilometer from the
validated papers under normal impacts, it shows that the model underpredicted the results due to the role
of zero wear volume which has not been consider during impact and highlighted by the Author of this
thesis [71].

The model is expected to lead to better correlation with the wear volume results obtained by the standard
method of mass loss (converted to wear volume by considering the material’s measured density) than
with data obtained via direct volume measurement methods especially under normal impact as explained
earlier (see Figure 5.4 and Figure 6.4). Table 7.2 shows the differences in volume losses data produced
under normal impact (90°) on the AISI 304 specimens (see Sections 5.2.1 and 5.2.2) and measured by
mass loss (wear volume) and 3D non-contact profilometer (total volume loss) with different number of
cycles. While Figure 7.6 shows the differences in results between the model and these experimental data
which is mainly contributed to the role of zero wear volume during normal impacts [71].

Table 7.2 Mean wear volume and total volume loss of AISI 304 under normal impact with different number of

cycles

Mean Total

Conditions Mean Wear Volume Standard Deviation Volume Loss Standard Deviation
V,, (mm?) ¢ (STD) 6 (STD)

V, (mm3)
36000, 90° 0.042 0.0066 2.08 0.16
54000, 90° 0.082 0.012 2.1 0.18
72000, 90° 0.111 0.02 2.18 0.2

- ® - Experimental data of AISI 304 for normal impact (90°)
_ —— Zalzalah-Lewis-Slatter Model Predicted data of normal impact (90°)

- B - Experimental data of AISI 304 for normal impact (30)
0.16 - —8— Zalzalah-Lewis-Slatter Model Predicted data of normal impact (90%)
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Figure 7.6 Comparison between the model and the experimental results of AISI 304 under normal impacts and impact force
3476 N where; (a) wear volume measured by mass scale and (b) volume loss measured by 3D non-contact profilometer
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Figure 7.6 (b) shows large deviation between the experimental data of AISI 304 measured directly by
3D non-contact profilometer and the model (based on wear volume). While this deviation is contributed
to the role of zero wear volume, it reduced significantly with compound impact (60° and 45°) as shown
for example in Figure 7.7 with an impact angle of 60°.

— B -Experimental data of AISI 304 for compound impact (60°) ) B ..
s M nema data of p impact (60) - ® - Experimental data of AlSI 304 for compound impact (607) X
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Figure 7.7 Comparison between the model and the experimental results of AISI 304 under compound impacts where; (a)
wear volume measured by mass scale and (b) volume loss measured by 3D non-contact profilometer

The majority of deviation in Figure 7.7 (b), is contributed to the plastic flow volume that removed from
the centre of wear scar and accumulated near the bottom edge (see Figure 5.7 (b), Figure 5.8 (b)) and
minimising the effect of zero wear volume during compound impact as described in Section 5.2.2 (see
Figure 5.4).

Figure 7.6 (a) and Figure 7.7 (a) show an excellent correlation between the experimental data of AlSI
304 and the model under both normal and compound impacts with different number of cycles
(36,000;72,000) to that the model was derived (54,000). This comparison and deviation is similar to that
achieved by Fricke between the experimental data of AISI 431 and the model ( Section 2.4.2.3) with
different number of cycles [22].

The new model is based on wear volume measured by mass loss rather than total volume loss measured
by 3D non-contact profilometer. This is the typical method for measuring the wear volume and calculate
the impact wear coefficient and compare it with other value from the extant wear models. Also, this
method is similar to all the extant wear models described in Section 2.4.2 (based on mass loss). While
the 3D non-contact profilometer measure the total volume loss not the wear volume and this does not
reflect the actual material loss as wear volume and eventually cannot identify the wear resistance of
materials.

It is important to mention that the new model is only modelling the first impact, whereas the experiment
will have all the subsequent impacts that contribute to the wear results.

Lastly, the current results showed that the impact wear coefficient K and sliding wear coefficient k of the
tested materials both achieved values to an exponent in the range 107-10°, potentially indicating the
severity of wear during impact. Where a value of 10 indicates very severe wear conditions and a value
of 10 indicates that the wear conditions are far less aggressive [92-94]. This means that the three tested
alloys (AISI types (304 and 316) and EN8 ) could be considered as materials with good impact wear
resistance within the impact conditions explored, and a value of 10-° and 10 could indicate moderate
wear conditions [22, 45, 95].
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7.6 Impact Wear Model Summary

The summary of the findings derived from the new proposed impact wear model in this chapter are
shown below:

A new model for predicting both normal and compound impact wear taking into consideration the
role of shear force (tangential force) is achieved in this work.

The model is valid for ductile materials (mainly steels) since hardness is a parameter included in the
model and therefore, it is not applicable for non-metallic materials such as ceramic (brittle).

The model has with good agreement using data obtained from literature describing studies that
considered normal and compound impacts on similar engineering alloys (with deviation up to three
times the experimental data).

The model correlates better wear volume data measured indirectly by mass scale (the de facto
standard) than direct methods due to the role of zero wear.

Further experimental to fully validate the experimental data under compound impact and subsequent
model parameters for materials other than AISI 304 is required.

195

195




Conclusions and Future Work

Chapter 8 Conclusions and Future Work

8.1 Introduction

The final chapter of this thesis first summarises the research contributions of this study, then presents
the main conclusions and findings extracted from this work and the related contributions to the field of
impact wear. Finally, it provides recommendations for future work based on the outcomes of the work
presented in this research.

8.2 Summary

The effect of impact wear parameters including the number of cycles and impact angle for a variety of
engineering metallic alloys was analysed.

The selected materials, which had different mechanical properties and are used in many applications,
included an austenitic stainless steels type (AlISI 304 and 316); a medium carbon steel (EN8); a ductile
cast iron (EN-GJS-600-3); an aluminium alloy (AlSi9Cu3) and a phosphor bronze (PB102).

The mechanical performance change and wear resistance of tested alloys were assessed using Vickers
hardness and microhardness tests, and tests on an impact wear rig; while the wear scar features were
analysed using microstructural characterisation.

8.3 Conclusions

The aim and objectives outlined in the first chapter of this research have led to the following main
conclusions and suggestions:

8.3.1 The Nature of Impact Wear Mechanisms

e AISI 304 shows the best impact wear resistance among the tested materials under normal impact
despite its relatively low hardness compared with both EN8 and ductile cast iron.

e The experimental results revealed zero wear volume as the predominant volume loss occurring
among all the tested materials under normal impacts and this shows the importance of using the
mass scale together with the 3D non-contact profilometer.

e The impact wear volume of steels is inversely proportional to the impact angle and the wear
damage mechanism changes from surface fatigue under normal impact (90°) to abrasive wear
as the main form of wear damage with compound impact, especially with an impact angle of
45°,

e Two and three body abrasive wear occur during repetitive compound impact (60° and 45°) for
the tested alloys (AISI types 304 and 316, and EN8).

e For the tested alloys (AISI types 304 and 316, and ENB8), the cracks initiated from the surface
and propagated beneath the surface with normal impact, while with compound impact, both
surface and subsurface cracks initiation and propagation occurred, thus contributing to the
overall wear damage of the steels.

e For the tested alloys (AISI types 304 and 316, and EN8), both intergranular and transgranular
cracks were found during impacts, regardless of the impact angle.

o All metal alloys used in this work showed an increase in hardness for the centre of the wear scar
and the maximum increases in hardness value and depth always occurs with normal impact.

e The new predictive impact wear model differs from other extant models in highlighting the
contributions of both normal and tangential impact force on the accumulative wear volume and
it shows good agreement with four papers presents three metal alloys.
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8.3.2 Suggestions on Measurement Methods
The work presented in this thesis also suggests the following:

o Mass scale and direct volume measurements by 3D non-contact profilometer should both be
used to detect the possible zero wear volume, as it would otherwise be neglected.

e A 3D non-contact profilometer is an important tool to detect the wear scar features such as
depth, diameter, area and volume.

e Total volume loss of metallic materials under repetitive normal and compound impacts can be
measured by using either 3D non-contact profilometer or spherical cap method for point contact
geometry.

e Perpendicular sectioning is very important for demonstrating the abrasive wear during
compound impacts where otherwise neglected under normal impact.

8.4 Novelty of Work

The novelty of this research, as described in Chapter 1, is its highlighting of the importance of
calculating the zero wear volume in the field of impact wear under normal impact. Otherwise, it can be
neglected with compound impact due to the role of plastic flow volume and wear volume during
repetitive compound impact. The work reported in this thesis expands the understanding at the
fundamental level of the role of impact angle in the surface and subsurface damage of metal alloys where
no data about AISI types (304 and 316) are involved.

The new model could contribute to better understanding of the wear damage of any equipment under
either normal or compound impact but this would require measurement of the impact force theoretically
or experimentally.

8.5 Reflection and Future Work

The last section of this thesis focuses on the potential future work that can be completed to gain further
understanding regarding the contribution of impact wear damage based on the work achieved in this
research and the main conclusions.

8.5.1 Impact Wear Rig

The impact wear rig used in this work was modified compared to the original one designed by Slatter
[40] to measure the impact force during normal impact and heat test specimens for elevated temperature
testing.

It is important to report certain limitations relating to this rig, the most commonly used and reliable type
of rig for investigating the wear damage mechanisms of different materials. With the current rig, the
work was limited to the range of 90° to 45° and it is recommended that the range of angles is widened
to between 90° and 30° to cover a wide range of impacts that reflects different impact angles for
engineering components.

Also, it is recommended to use a 3-axis load cell to measure the impact force with both normal and
compound impact rather than a uniaxial load cell such as in this work, such a modificarion need a specifc
new desinged load cell for this rig and it is more expensive.
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8.5.2 Zero Wear Volume and Tested Alloys

The zero wear volume has been tested on five metals alloys possessing different mechanical properties.
Due to lack of information about the zero wear volume in the literature and in order to establish a
database for zero wear volume, it is recommended that an investigation is carried out on further
materials, such as low and high carbon steel, hardened steel, martensitic stainless steel and others under
normal impact conditions. This would help to gain insights about whether these materials tend to have
more plastic flow volume or zero wear volume and provided further support to the current results
regarding the role of materials work hardening during normal impact.

8.5.3 Role of High Temperature during Repetitive Normal and Compound Impacts

Due to lack of information in the literature about the role of high temperature during impact, further
investigation is recommended, using continuous temperatures reaching up to 600°C for testing a variety
of materials.

Due to the global pandemic crisis (Coronavirus) the planned high temperature work has not been done
because the lockdown in March 2020 forced the closure of the labs. The AISI 304 and EN8 samples
were ready to be tested under both normal and compound impacts; the connections of heater cartridges,
block and controller box were completed and we were in the process of undertaking a new risk
assessment of the rig to enable working with high temperatures.

It is highly recommended that besides AISI 304 and EN8, specimens from high carbon steel be prepared
in the future for this work for testing at 200°C and 400°C in order to compare these results with the only
available paper in this field by Ootani [33]. This would help to know if similar trends will be obtained.

8.5.4 Austenitic Stainless Steels

The AISI types 304 and 316 results showed differences between the hardening depth measured by
microhardness and the deformed grains revealed by electro etching, this attributed to the role of residual
stresses during impact that remains inside the specimens. Therefore, it is recommended that a stress
relieving treatment after impact is recommended to relieve stresses that absorbed by the specimens
during impact process.

The following activities were planned to be achieved at the Materials Department of Leicester
University:
1- Using higher magnification of SEM to obtain images that would show the cracks orientation and
the deformed grains for AISI types 304 and 316.

2- AISI 304 samples to be prepared by means of a special polishing process, with use of silica
suspension (0.06pum) to carry out the Electronic Back Scatter Diffraction (EBSD). This analysis
technique uses to detect the microstructural characterisation regarding such as grains size and
orientation, surface texture and any possible phase transformation from austenite to martensite in
the region with crushed particles.

Due to Coronavirus, the above work has not been done.
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8.5.5 Statistical Analysis

For better statistics calculations and to reduce the standard deviation and standard error in wear volume.
it is recommended that 5 repetitions should be performed. Due to the large number of tests being
performed during this work and the limitation of the number of specimens, it was not possible to do
further tests for the work presented in this thesis.

Also, specimens blinding was not considered in this work and therefore, it is recommended that blinding
should be consider as a part of any future work to achieve the four set of criteria in the field of tribology
(randomisation, blinding, use of control and repetitions).

8.5.6 Impact Wear Model

The model has been validated under compound impact for only one material (AISI 304) due to lack of
data from other materials in the literature and further experimental work for materials other than AlISI
304 is required to fully validate the model and its parameters.

Futher investigation could be carried out of the role of work hardening during impact as an independent
parameter (not hidden within the wear coefficient). This could be included in a new model to highlight
its role during impact. However, achieving such work would require more complicated parameters such
as the work hardening coefficient and exponent for each tested material and it also means that no
validation can be achieved with the current published papers.
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Appendix A
Map Grading Criteria

. Criteria
Reference Primary Secondary Total
Number Category Category 1 » 3 score
’ Impact _Wear Impac-t Wear v v N )
Testing Rigs
5 Impact _Wear Impagt Wear v v N 5
Testing Rigs
7 Impact_Wear Wear v v N )
Testing Measurements
Im Wi Wi
8 pact_ ear ear v v N )
Testing Measurements
9 Impact_Wear Wear v v N )
Testing Measurements
1 Impact Wear Im.pact Wear v v N 3
Models Simulation
I Wi
12 mpact Wear Hardness | Y | Y | N 2
Parameters
13 Impact Wear of Ferro_us v v N p
Metals Materials
I
1 mpact Wear of Ferro_us v v N )
Metals Materials
I tW f F
15 mpact Wear o erro_us v v N )
Metals Materials
I Wi f F
16 mpact Wear o erro_us v v N )
Metals Materials
I Wi f F
17 mpact Wear o erro_us v v N )
Metals Materials
Impact Wear of Ferrous
18 P 5 Y | Y | N 2
Metals Materials
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Impact Wear of Ferr
19 pact Wear o e o_us v
Metals Materials
Impact Wear of Ferrous
20 P ! Y
Metals Materials
Impact Wear of Ferr
21 pact Wear o e o_us v
Metals Materials
Impact Wear of Ferr
99 pact Wear o e o_us v
Metals Materials
93 Impact Wear of Ferro_us v
Metals Materials
Im Wear of Ferr
24 pact Wear o e o_us v
Metals Materials
Impact Wear of | Non-Ferrous
25 . Y
Metals Materials
Impact Wear of | Non-Ferrous
26 . Y
Metals Materials
97 Impact Wear of | Non-Ferrous v
Metals Materials
Impact Wear
28 P Hardness Y
Parameters
Impact Wear
29 P Roughness Y
Parameters
Impact Wear
30 P Impact Angle Y
Parameters
I Wi Wi
31 mpact_ ear ear v
Testing Measurements
Im
39 pact _Wear Wear v
Testing Measurements
Impact Wear Wear
33 pact Y
Testing Measurements
Impact Wear Wear
34 P ) Y
Testing Measurements
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35 Impact Wear Wear
Testing Measurements
Impact Wear Wear
36 .
Testing Measurements
37 Impact Wear Wear
Testing Measurements
Impact Wear Wear
38 .
Testing Measurements
Impact Wear Wear
39 .
Testing Measurements
a1 Impact Wear Zero Wear
Model Model
44 Impact Wear Extant Wear
Model Models
45 Impact Wear Extant Wear
Model Models
46 Impact Wear Extant Wear
Model Models
50 Impact Wear Extant Wear
Model Models
51 Impact Wear Impact Wear
Model Simulation
59 Impact Wear Impact Wear
Model Simulation
Impact Wear
53 P Impact Angle
Parameters
Impact Wear
54 P Impact Angle
Parameters
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Appendix B
MATLAB Coding for Tested Materials

% Example of stress distribution for PB102

Surface stresses calculation

Fn= 3476; % F is the impact force

El=1.21el1, % E is the young Modulus of PB102 material

E2=2.1el1; % E is the young Modulus of Ball Bearing materials

R=0.0075; % R is the radius of the ball

mul=0.34; % possion Ratio of PB102 material

mu2=0.29; % possion Ratio of Ball bearing material

RR=((1/R1));

R=(1/RR);

EE=(((1-mul™(2))/(E1)) +((1-mu2™(2))/(E2)));

E=1/EE;

a=((3*Fn*R)/(4*E)).~(1/3); % Where a is the radius of contact area
Po=(3*Fn)/(2*pi*a."2); % Where Po is the Maximum contact Pressure on surface
Pavg=(Fn)/(pi*a."2); % Where Pavg is the average contact Pressure on surface
r=-a:a/150:3; % Where r is the is ratio of a

Pr=-Po.*(1-(r."2/a."2)).”0.5; % pressure distribution on the surface
Sr=Po.*((((1-(2*mu2))/3).*((a.*2)./(r."2)).*(1-(1-((r."2)./(a."2))).~(3/2)))-(1-((r."2)./(a."2))).~(0.5));
Stheta=Po.*(((-1*(1-(2*mu2))/3).*((a.*2)./(r."2)).*(1-(1-((r."2)./(a."2))).~(3/2)))-(2*mu2)*(1-
((r~2)./(a."2))).”0.5));

Sz = -Po.*(1-(r."2./a."2)).”0.5;

xlim([-0.6 0.6]);

ylim([-6000 6000]);

set(gca, 'XTick', [-0.6 -0.55-0.5-0.45 -0.4 -0.35 -0.3 -0.25-0.2-0.15-0.1 0 0.1 0.15 0.2 0.25 0.3 0.35
0.40.450.50.55 0.6 ],"fontsize',10,'FontName’, Times New Roman’);

set(gca, "YTick', [-6000 -5500 -5000 -4500 -4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 0 500
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 ],'fontsize’,10,'FontName’, Times New

Roman’);

set(gca,'FontName',' Times New Roman','fontsize’,12);
plot(r*1000,Sr/2000000,'r") %where r in mm and stress in MPa
hold on

plot(r*1000,Stheta/1000000,'g") %where rinmm and stress in MPa
hold on

plot(r*1000,Sz/1000000,'k") %where rinmm  and stress in MPa
hold on

plot(r*1000,Pr/1000000) %where r in mm and stress in MPa

legend('Sr','Stheta’,'Sz','Pr")
xlabel('Contact Radius(a) in mm’)
ylabel('Surface stress distribution (MPa)')
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min(Sr) % mean the maximum value of the radial stress in the subsurface
min(Stheta) % mean the maximum value of the radial stress in the subsurface
min(Sz) % mean the maximum value of the stress in the z direction for the subsurface
max(Pr)
Subsurface stresses calculations
Fn= 3476; % F is the impact force

El1=1.21ell; % E is the young Modulus of PB102 material

E2=2.1el1; % E is the young Modulus of Ball Bearing materials

R1=0.0075; % R1 is the radius of the ball

mul=0.34; % possion Ratio of PB102 material

mu2=0.29; % possion Ratio of Ball bearing material

RR=((1/R1));

R=(1/RR);

EE=(((1-mul”(2))/(E1))+((1-mu2™(2))/(E2)));

E=1/EE;

a=((3*Fn*R)/(4*E)).~(1/3); % Where a is the radius of contact area

Po=(3*Fn)/(2*pi*a."2); % Where Po is the Maximum contact Pressure on surface
Pavg=(Fn)/(pi*a."2); % Where Pavg is the average contact Pressure on surface
dd=-1500e-6; % value used by the software

z = 0:dd/150:dd:; % Where r is the is ratio of a

Sz=-Po.*((1+((z."2)./(a."2)))."-1);
Sr=Po.*(((-1).*(1+mu2).*(1-(z./a).*atan(a./z)))+0.5.*((1+((z."2)./(a."2))).~-1));
Stheta=Po.*(((-1).*(1+mu2).*(1-(z./a).*atan(a./z)))+0.5.*((1+((z."2)./(a."2))).*-1));
Trz=0.5*(Sz-Sr);

Vm=-((0.5*((Sr - Stheta).”2 + (Sr - Sz)."2 + (Sz - Sr)."2)))."0.5;

Tmax=-0.31*Po;

xlim([-2000 500]);

ylim([-0.5 0]);

set(gca, 'XTick', [-0.6 -0.55 -0.5 -0.45 -0.4 -0.35 -0.3 -0.25 -0.2 -0.15-0.1 0 0.1 0.150.2 0.250.3 0.35
0.40.450.50.55 0.6 ],"fontsize',10,'FontName’, Times New Roman’);

set(gca, "YTick', [-6000 -5500 -5000 -4500 -4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 0 500
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 ],'fontsize’,10,'FontName’, Times New
Roman’);

set(gca,'FontName',' Times New Roman','fontsize’,12);

set(gca,'FontName', Times New Roman','fontsize’,14);

plot(Sr/1000000,z*1000,'h") %where Z is the depth in Z direction in mm and stress in MPa
hold on
plot(Sz/1000000,z*1000,'k") %where Z is the depth in Z direction in mm and stress in MPa
hold on

plot(Trz/1000000,2*1000,'g") %where Z is the depth in Z direction in mm and stress in MPa
hold on

plot(\Vm/1000000,2*1000,'r") %where Z is the depth in Z direction in mm and stress in MPa
legend('Sr','Sz','Trz','Vm’)

xlabel('Stress distribution in (MPa)")
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ylabel('Depth in z direction’)

min(Trz) % mean the maximum value of the Shear stress in the subsurface

min(Sr) % mean the maximum value of the radial and theta stresses in the subsurface

min(Sz) % mean the maximum value of the stress in the z direction for the subsurface

min(Vm) % mean the maximum value of the von mises stress in the z direction for the subsurface
[M1, 11]=min(Trz); % to identify the loaction of the line where max subsurafce shear stress occur

z1 value=z(l1); % to identify the value of the Z where max subsurafce shear stress occur at line |
[M, I]=min(Vm); % to identify the loaction of the line where max subsurafce VVon mises stress occur
z_value=z(l); % to identify the value of the Z where max subsurafce VVon mises stress occur at line |
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