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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Background

Manufacturing engineering technology holds a paramount position in the national
economy of every country worldwide, serving as a cornerstone for industrial progress and
economic development. Among its fabricating techniques, metal forming processes emerge as
indispensable bases, offering fundamental and reliable means of production [1]. Metal forming
processes involve a range of manufacturing techniques employed to shape metal workpieces into
desired configurations and dimensions. These processes entail the application of pressure or force
to induce deformation in the metal material, without the removal of any material, thereby ensuring
optimal material utilization and minimizing waste [2-3]. For example, Fig. 1.1 shows typical
illustrations of bulk metal forming and sheet metal forming processes [4]. These manufacturing
methods not only ensure the fabrication of workpieces endowed with high strength, superior
performance, and intricate shapes, but also boasts inherent advantages such as heightened
productivity and diminished consumables usage [5-6]. Consequently, metal forming processes
find extensive application in industries including automotive, aerospace, construction, and
manufacturing for producing a diverse array of metal components and products, as illustrated in
Fig. 1.2. Each process offers distinct advantages in terms of efficiency, precision, and the types

of shapes achievable [7-9].
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Fig. 1.1 The illustrations of typical (a) bulk and (b) sheet metal forming processes [4]




Chapter 1 Introduction

Application of
metal forming
processes
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< \Cafifecting 3d
gnd piston

Fig. 1.2 Some important examples of industrial applications in metal forming processes [6]

Metal forming products are ubiquitous in our daily lives, appearing in a vast array of
items that we encounter regularly. These products range from simple items composed of only a
few parts, such as eyeglasses and pencil cases, to highly complex assemblies comprising hundreds
or even thousands of parts, like computers, automobiles, and airplanes, which are found in various
forms across the globe [10]. For instance, Fig. 1.3 provides an illustration of an automobile
component that consists of various metal forming products, showcasing the intricate interplay of
numerous formed metal parts [4]. Undoubtedly, the integrity and reliability of metal forming
products serve as the cornerstone of modern industrial development and technological
advancement, underpinning the functionality and durability of countless devices and machines.
Consequently, ensuring the avoidance of surface defects in these products is crucial for
maintaining their reliability and performance, thereby sustaining the high standards required for

their widespread application in diverse industries.

Shaped windshield Molded dashboard

Drawn tube for antenna

Cold-rolled
sheet metal or
reinforced plastic

Forged valves
Powder-metal filters
Ceramic spark plug

Blow-molded for body
windshield-

washer

fluid tank Stamped
Stamped license plates

wheel covers Injection-molded

tail light lenses
Fuel tank

Springs

Deep-drawn oil pan

Fig. 1.3 The illustration of an automobile component [4]
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It is widely acknowledged that tribological phenomena at the interface play a pivotal
role in the occurrence of defects in metal forming processes, and Fig. 1.4 lists some defects
occurring in these products [11-14]. As depicted in Fig 1.4, common defects like cracks, arise
from excessive deformation beyond the limit of material due to high friction or uneven stress
distribution [11]. Conversely, wrinkling manifests as undesired folds or ridges on the product
surface, stemming from elevated frictional forces hindering material flow and causing localized
deformation, ultimately resulting in wrinkle formation [12]. Clearly, the severity of friction
phenomena at the interface disrupts appropriate material flow, culminating in surface defects
during these processes. These imperfections invariably compromise the integrity of metal forming
products and eventually impede the advancement of industrial technology. It is evident that
investigating tribological phenomena at the interface is indispensable for avoiding surface defects

and achieving high-quality metal forming products.

(a)

Scratch
and abrasion

Fig. 1.4 Common defects of forming products: (a) crack, (b) wrinkle, (c) tearing, (d)

scratch and abrasion

In recent years, driven by advancements in science and technology and the pressing
need for high-quality products, High-Mix Low-Volume (HMLV) production has emerged as the
mainstream in the manufacturing sector [15]. HMLV Manufacturing involves producing a diverse
range of products in small quantities. This production approach is frequently employed to manage
and manufacture unique and intricate products with precise quality specifications. Items that were
traditionally mass-produced, such as vehicles or appliances, are now customized and crafted to
meet individual customer requirements, thus necessitating HMLV production methods [16-17].
Inevitably, there has been an increasing need for high-mix low-volume manufacturing within the
metal forming process, coupled with diverse requirements for achieving both high quality and

cost-effective production technologies [18-19]. This places higher demands on the quality of the
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metal forming products, thereby further underscoring the heightened significance of
comprehending tribological phenomena at the interface. Notably, the study of tribological
phenomena is evidently essential for attaining high-quality metal forming products, serving as a
cornerstone for the rapid advancement of modern industrial technology. Therefore, there is an
urgent demand for a new technique or method to explore the effects of tribological phenomena
and develop a deeper understanding of friction phenomena at the interface during plastic

processing.

1.2 Prior research

The preceding background introduction and discussion emphasize the significance of
studying tribological phenomena at the interface and underscore the pressing need to propose a
new technique or method to explore the effects of these phenomena in the metal forming process.
Consequently, a summary of prior research on these subjects is presented, focusing on an
overview of tribology, tribological phenomena and related friction models in metal plastic
processing, the correlation between deformation behavior and tribological phenomena, the
methodologies used to investigate these relationships, as well as techniques to quantify

deformation behavior in manufacturing processes.

1.2.1 Overview of tribology

Tribology is an interfacial phenomenon that is affected by physical and mechanical
properties of the two interacting surfaces as well as operational conditions, primarily investigating
the laws of friction, wear, and lubrication between relative moving surfaces, along with their
control techniques. It encompasses various industrial fields such as traditional mechanical
processing, transportation, aecrospace, marine, chemical engineering, and bioengineering [20-21].
The term “tribology” was first introduced by a UK government committee from Britain in 1966,
defining it as an interdisciplinary subject concerning the theory and application of the study of
friction, lubrication, and wear between relative moving surfaces, and their interrelationships, even
though friction, lubrication and wear had been studied for many years before then and have a long
and fascinating history [22]. For effective solution of tribology problems, all three constituents
should be considered carefully and equally, and Fig. 1.5 lists the illustration for this tribology
triangle [23]. Theoretical principles and techniques of tribology can be utilized to enhance the
operational efficiency of mechanical systems, prolong their service life, reduce accidents, and
provide effective solutions to challenges faced by human society, such as energy shortages,
resource depletion, environmental pollution, and health issues. An overview of the key

components of tribology will be introduced in the following section.
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Tribology

brication

Fig. 1.5 Tribology triangle [34]

(1) Friction [24]

Research on friction primarily aims to elucidate the origins of frictional forces and their
energy dissipation mechanisms, among other fundamental physical processes and mechanisms.
Friction is defined as the resistance encountered when one surface slides or rolls over another.
This broad definition embraces an important class of relative motion: sliding. In ideal sliding, a
tangential force F 1is required to move the upper body over the stationary counterface.
Experimental evidence demonstrates that the friction force is frequently linearly proportional to
the normal load force W applied to the body. This phenomenon is referred to as Coulomb friction.
The ratio between this frictional force and the normal load is termed the coefficient of friction,

typically denoted by the symbol u, that is:

p= (1.1)

F
w

Bowden and Tabor developed the friction theory to elucidate the causes of friction [25].
According to this theory, friction comprises two components: the adhesive component, which is
an adhesion force developed at the areas of real contact between the surfaces (the asperity
junctions), and the plowing component, which is a deformation force required to plow the
asperities of the harder surface through the softer one. The resultant frictional force F is then
regarded as the sum of the two contributing terms: Fgq, due to adhesion and Fyor due to

deformation. These components are independent to each other, such that:

F = Fadh + Fdef (12)
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These conventional friction models can explain most practical situations and therefore
have a wide range of applications. However, for complex tribological phenomena, such as friction
occurring at the interface in metal forming processes, these friction models are not suitable for

describing the tribological phenomena at the interface.

(2) Wear [26]

Studies on material wear seek to reveal the mechanisms of material removal and
influencing factors, thereby establishing physical models, mathematical descriptions, and seeking
lubrication, surface treatment, and other technologies to reduce friction and control wear, which
holds significant significance for the national economic development. Wear refers to the gradual
loss of material from a surface due to mechanical actions like sliding, abrasion, or fatigue. During
relative motion, material on the contact surface may be displaced so that properties of the solid
body near the surface are altered. Material may then be removed from a surface, resulting in
transfer to the mating surface or breaking loose as a wear particle. Like friction, wear is not a
material property; it is a system response. Table 1.1 lists different types of wear mechanisms,
definitions, and characteristics [27]. Researchers investigate wear mechanisms and develop
strategies to minimize wear through the selection of appropriate materials, surface treatments, and
lubrication regimes. By reducing wear, engineers can extend the lifespan and reliability of

mechanical components.
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Table 1.1 Different types of wear mechanisms, definitions, and characteristics [27]

Mechanisms Definitions Characteristics
Transfer of material from one
) surface to another surface by Adhesive bonding, shearing, and
Adhesion ) ) ) ) )
shearing of solid welded junctions material transfer
of asperities
) Hard particles or protuberances . _ ,
Abrasion o ) Plowing, wedging, and cutting
sliding along a soft solid surface
Delamination of thin material ) _
o ) ) Plastic deformation, crack
Delamination sheets beneath the interface in the ) .
nucleation, and propagation
subsurface
Mechanical interaction between Angle of incidence, large-scale
Erosion solid surface and a fluid, or subsurface deformation, crack
impinging liquid or solid particles initiation, and propagation
Small amplitude oscillatory ) ) )
) ) Relative displacement amplitude and
Fretting tangential movement between two _
entrapment of wear particles
surfaces
) Fracture arising from surface Cyclic loading and fatigue crack
Fatigue . )
fatigue propagation
) Sliding takes place in corrosive Formation of weak, mechanically
Corrosion ) ) ) )
environment incompatible corrosive layer

(3) Lubrication [28-29]

Lubrication serves as a necessary means to reduce friction and minimize or prevent wear.
The development and proper application of lubricants and lubrication techniques represent the
primary technical pathways to significantly enhance mechanical efficiency, ensure long-term
reliable operation of machinery, and conserve energy. From ancient times to the present,
lubrication has been an effective practical means for two simultaneous purposes: reducing friction
losses and extending the service life of rubbing machine parts. The function of the lubricant is to
keep the twin components of a part, like bearings and reducers, separated. Lubricants are also
used to reduce friction in machine-tool work, such as cutting, forming and grinding. Lubricants,
according to their physical state, may be solid, liquid, or gaseous. There are also intermediate
types: semisolid and semiliquid. Tribologists study the properties and behavior of lubricants,
including viscosity, film formation, and boundary lubrication. Effective lubrication helps
minimize frictional losses, dissipate heat, and protect surfaces from damage, thereby enhancing

the efficiency and durability of mechanical systems.
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In summary, tribology is a multidisciplinary field that encompasses the study of friction,
wear, and lubrication in mechanical systems. Through understanding and controlling tribological
phenomena, engineers can develop strategies to optimize performance, enhance reliability, and

extend the lifespan of components in various applications.

1.2.2 Tribological phenomena in metal plastic processing

In metal forming processes, tribological phenomena refers to interactions occurring at
the contact interface between the tool/die and the workpiece material during deformation. These
interactions can significantly impact the forming process and the quality of the final products [30].
Among these, interface friction plays a critical role in metal forming processes. It is well-known
that tool/die-material interfaces in metal plastic processes are characterized by severe conditions
of friction and these conditions have a pivotal role in bulk deformation, influencing tool life,
energy consumption, as well as the performance and mechanical properties of the processed
material [31-33]. For example, friction at the tool-workpiece interface plays an important role in
determining the strain distributions [34] and non-uniform friction stress can result in uneven strain
distribution [35]. Additionally, excessive friction between the die and workpiece material can
result in surface defects such as scratches, cracks, or wrinkles. These defects compromise the
quality of the formed product and may require additional processing steps for correction [36-37].
Moreover, frictional forces dictate the material flow during metal forming. High friction at the
die-workpiece interface can impede smooth material flow, leading to uneven deformation and
limiting the extent to which a material can be deformed before failure [38]. This impacts the
overall formability and dimensional accuracy of the formed components [38-39]. Undoubtedly,
friction between the die and workpiece is fundamental to the efficiency and quality of the metal
forming process, affecting the formability of bulk material, tool life, as well as the surface finish
of the specimen [36, 40].

Another critical tribological phenomena in metal forming processes is the occurrence of
adhesion at the interface, particularly in workpiece materials that are chemically active. For
instance, dry forming and machining of aluminum alloys are often associated with high adhesion
at the die-workpiece interface [41-42]. This is primarily due to work materials undergo severe
plastic deformations in metal forming process and usually stretch to 10-20 times their original
surface area, leading to a substantial surface enlargement or surface expansion and subsequent
exposure of a chemically active nascent surface [43-44]. It cannot be ignored that adhesion-
induced wear on the die surface is a prevalent issue in metal forming. When workpiece material
adheres to the die surface, it can cause abrasion, material transfer, and surface degradation,
ultimately leading to premature die failure and increased maintenance costs [45]. Additionally,
adhesion contributes to the overall frictional forces experienced during metal forming. As the tool

8
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and workpiece surfaces adhere to each other, the resistance to relative motion increases, affecting
material flow, formability, and process efficiency. Excessive adhesion between the tool and
workpiece can restrict the formability of materials. Adhesive forces can impede deformation and
hinder the smooth flow of material, resulting in defects such as wrinkles, tears, or cracking,
particularly in deep drawing or forming processes [46]. Undoubtedly, adhesion, alongside friction,
is a critical aspect of tribological phenomena in metal plastic processing.

While the examination of friction phenomena remains crucial in metal forming
processes, addressing tribological phenomena, such as extreme friction and adhesion phenomena
occurring at the contact interface, emerges as a pivotal factor influencing the quality of metal
forming products, thus warranting considerable attention. To mitigate friction and adhesion while
enhancing surface finish, lubricants are commonly applied to the tool-workpiece interface [47].
It is widely acknowledged that lubricants have the capability to modify interfacial friction
conditions, facilitate the flow of workpiece material, and prevent adhesion of the workpiece
material to the tool/die surface [48]. Liquid lubricants are distinguished by their excellent cooling
properties, ease of handling, and superior permeability, making them the most commonly used
option under general conditions [49-50]. Traditional methods for evaluating lubrication
effectiveness often involve complex experimental setups, with many providing only qualitative
assessments [51]. Additionally, methods for evaluating lubricant performance, such as ring testing
[52] or compression-tension testing [53], assess lubrication effectiveness within specific
environments. However, in real plastic processing, tribological phenomena are highly complex.
Despite effective lubrication in controlled test environments, there is a risk that lubricants may
prove inadequate in actual manufacturing processes, eventually resulting in rough machined
surfaces or even tool damage. Hence, there is a pressing need to devise lubrication evaluation

methods suited to real processing environments.

In summary, tribological phenomena at the interface are crucial in metal forming
processes due to their significant influence on the quality, efficiency, and reliability of
manufacturing operations. Understanding and effectively managing these phenomena are
essential for achieving desired outcomes in metal forming. This also highlights the importance of

precise friction models to accurately describe these interactions.
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1.2.3 Friction models

To accurately depict the tribological phenomena in forming processes, it is imperative
to employ a friction model that aligns reasonably with reality. Classic friction models like
Coulomb friction and constant friction models continue to be utilized in the majority of forming
processes [24, 54]. For example, the Coulomb friction model provides a straightforward way to
incorporate friction into the analysis of metal forming processes such as forging, rolling, extrusion,
and stamping [55-57]. By using a constant coefficient of friction, it simplifies the calculations
needed to predict the forces and energy required for deformation. However, the assumption of a
constant coefficient of friction (u) is a significant simplification. In reality, y can vary with
factors such as contact pressure, temperature, sliding velocity, and surface roughness, which can
lead to inaccuracies in predictions. Particularly, the Coulomb model does not consider the
influence of normal pressure on friction. In metal forming processes, contact pressure can vary
widely, and this variation can significantly affect frictional behavior.

To address this issue, Wanheim et al. proposed an extension of the traditional Coulomb
friction model, incorporating the dependency of friction on the normal pressure, as expressed in
Eq. 1.3 [58]:

T, = mak (1.3)

where 7,, denotes nominal friction stress, k is the yield stress in pure shear, m is the friction
factor, a represents the real area of contact and in Fig. 1.6, « is plotted as a function of normal
pressure q/2k with the friction factor m as a parameter. This modification offers a more
accurate representation of frictional behavior under varying conditions. Furthermore, Fig. 1.7
illustrates the relationship between nominal friction stress and normal pressure with the friction
factor m serving as a parameter. The results demonstrate that friction conditions at high normal
pressures differ significantly from those at low normal pressures. At lower normal pressures,
Amonton’s law is valid; however, it becomes meaningless under large pressures because the
coefficient of friction becomes pressure-dependent. This model provides a more realistic
representation of frictional forces in processes where contact pressure can vary significantly.
Undoubtedly, this model has its limitations. For example, it relies on the accurate determination
of the reference friction factor; incorrect parameter values can lead to significant deviations in the
predicted frictional behavior. Additionally, it does not account for the effect of plastic deformation
on frictional conditions at the interface, thereby limiting its applicability.

To overcome these limitations, scholars worldwide have proposed various improved
friction models building upon the classic friction models. Table 1.2 presents the mathematical
expressions, main character and applications of these friction models.

10
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Table 1.2 Mathematical expression and main character and applications of fiction models [59]

o ) ) Main character
Friction model Mathematical expression o
and applications
Correction model Vg Arbitrary curve contact
T = —mk—arctan(—) - ..
[60] T A boundary friction conditions
The general . .
o A wider range of forming
friction model T, = fak
pressure
[61]
u(U; — Uy)
o ( 7 (h > 100) Suitable for a wider range of
Realistic friction { W, - U,) lubricati
= - tact
model [62] 5 U 1h 2 (306 > h > 100) contac u .rlca ion
l conditions
Tq +TqA+ 1,(1 - A) (h < 30)
The dynamic High prediction accuracy on
- dv,;
friction model T, =P e contact stresses at neutral
z
[63] plane
The empirical a Cold foroi £ alumi
T . old forging of aluminum,
friction model —=A (ﬂ*) B(T=To/T"=To)" ging )
(641 T p steel and stainless steel

Due to differing viewpoints and considerations, the friction models mentioned above,
including both classic and recent ones, may suit specific plastic forming processes, yet there are
still lacks of friction models with adequate accuracy. Furthermore, despite the numerous models
proposed to date (Table 1.2), they basically rely on empirical equations grounded in various
assumptions and are often criticized for deviating from actual phenomena. This raises questions
like how to determine the physical factors governing the constant component in the models or
how different machining conditions affect the distribution of friction stress. More importantly,
existing friction models do not account for the effects of plastic deformation on tribological
conditions at the interface, limiting their scope and applicability. Notably, these models fail to
address these considerations adequately. Therefore, exploring friction models based on the
response of actual deformation behavior becomes particularly crucial for comprehensive
understanding tribological phenomena, serving as a major motivation and objective of this

dissertation.
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1.2.4 The correlation between deformation behavior and tribological phenomena

The limitations of existing friction models indicate their inability to appropriately
describe the tribological phenomena at the interface of the current metal forming process, and
therefore it is particularly important to explore a new technique or methodology to study
tribological phenomena.

It is well known that deformation behavior is intricately linked with friction phenomena,
which significantly impact the final performance and mechanical properties of the material
undergoing processing [65]. For example, in severe interface friction conditions, a phenomenon
of material flow localization caused by variations in velocity gradients occurs near the tool/die-
material contact interface, significantly impacting material removal processes and the quality of
material forming [40, 66, 67]. It has been reported that this localization of material flow closely
resembles a fluid-like boundary layer, as illustrated by the parallel flow lines shown in Fig. 1.8
[66], which indicate substantial velocity gradients across the secondary shear zone. Since the
secondary shear zone is extremely thin compared to the chip, and shear occurs through a viscous-
like drag along the rigid tool boundary, a clear boundary layer analogy can be drawn with fluid
mechanics. Similar phenomena also occur in metal forming processes, such as in the deformation
of cold-extruded billets during the extrusion process, as illustrated by the grid distortion shown
in Fig. 1.9 [67]. However, the presence of wall-relative velocity at the tool-material interface
suggests that the traditional no-slip boundary condition may not accurately capture this
deformation behavior [68-69]. The no-slip assumption at the liquid/solid interface, which has
been widely supported by extensive experimental evidence in macroscopic analyses of fluid film
lubrication [70], contrasts with microscopic scales where localized sliding occurs at the interface
[71]. This phenomenon, akin to the slip observed at the tool-material interface, suggests non-
uniform friction conditions along the contact surface [66, 72]. The presence of flow localization
and slip conditions at the tool/die-material interface illustrates the deformation characteristics
near the contact interface arising from interface friction. These deformation behaviors notably
indicate their close correlation with tribological phenomena.

Additionally, dry forming and machining of aluminum alloys are often associated with
high adhesion at the die-workpiece interface due to the severe deformation and high surface
expansion experienced by the work material [41, 73]. A large surface expansion inevitably
increases the amount of chemically active nascent surface generated, ultimately leading to higher
adhesion. Clearly, the surface expansion ratio could serve as an indicator of interface adhesion.
This ratio is typically used in metal forming to indicate the magnitude of the nascent surface
generated [72, 74]. It is the ratio of the enlarged surface area of the final products to the original
surface area of the undeformed specimen [75]. Severe surface expansion caused by a plastic
deformation of the workpiece is known to cause a flattening of the asperities, increase frictional
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traction, and cause a drastic change in the tribological properties [74, 76]. Furthermore, the large
surface expansion associated with severe adhesion and friction often leads to the breakdown of
the lubricant film, pick-up of the workpiece material on the tool, and the consequent damage of
specimen surfaces [77]. Consequently, understanding the behavior of surface expansion plays a
pivotal role in comprehending tribological properties under severe contact conditions. Although
the factors determining the distribution of surface expansion are still under discussion,
investigating the development of the boundary layer structure might elucidate the role in how the
surface of bulk material expands at the contact interface. This is because both surface expansion
and the plastic boundary layer result from interface friction under severe sliding contact

conditions.

In short, deformation behavior and tribological phenomena are closely linked. Exploring
the quantitative relationship between friction phenomena and deformation behavior would be the
key to gain a comprehensive understanding of tribological phenomena at the interface in metal

plastic processes.

Fig. 1.9 The grid distortion of cold extruded billets [67]
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1.2.5 Methodologies to explore deformation-tribology correlation

It is evident that deformation behavior and tribological phenomena are closely related,
prompting numerous researchers to employ various methodologies to explore their correlation.
These methodologies include tensile testing, the finite element method, slip line field analysis,
and photoelasticity. Thus, the strengths and limitations of these conventional methods are

introduced in the following sections.

(1) Tensile testing

Tensile testing is a fundamental mechanical test employed to ascertain the mechanical
properties of materials, notably metals [78]. It entails applying a controlled tensile load to a
standardized test specimen until it fractures. Throughout the test, parameters such as stress, strain,
and strain rate are measured and recorded. Tensile testing yields crucial data on material behavior
under tension, encompassing elastic modulus, yield strength, ultimate tensile strength, and
elongation [79]. In the context of exploring the relationship between deformation behavior and
tribological phenomena in metal forming, tensile testing serves to characterize the mechanical
properties of the material both before and after forming [80-85]. For example, S. Msolli proposed
a multiscale modeling approach for the mechanical behavior of metals and validated this scheme
by comparing simulated responses to experimental data obtained from tensile tests [82]. Similarly,
Yaping Wang validated a new strain rate-sensitive solid-state pressure bonding model through a
series of compression tests and determined the interface bond ratio by conducting tensile tests
[83]. By subjecting specimens to tensile testing before and after forming processes, engineers can
assess changes in material properties and deformation behavior resulting from interface
phenomena such as friction, lubrication, and material interactions [84-85]. In summary, tensile
testing is a powerful tool for exploring the relationship between deformation behavior and
tribological phenomena in metal forming processes. Through conducting controlled experiments
and analyzing mechanical properties under tension, researchers can gain valuable insights into
material behavior and optimize forming processes for improved performance and quality.
However, tensile testing primarily involves applying uniaxial loading conditions, which can pose
challenges when interpreting test results in the context of metal forming applications. Moreover,
these conditions may not accurately simulate the complex multiaxial stresses experienced in metal
forming processes, due to the differences in loading conditions and deformation mechanisms [80].

Consequently, this mismatch can result in inaccurate predictions of material behavior.

(2) Finite element method (FEM)
FEM is a computational technique used to simulate the behavior of materials and

structures under various loading conditions. It involves discretizing the geometry of the object
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into finite elements and applying mathematical equations to model the physical behavior of the
material. FEM can predict parameters such as stress, strain, displacement, and deformation in
complex structures or components [86-87]. In the context of metal forming, FEM can be used to
simulate the deformation behavior of metal workpieces, including the effects of tribological
phenomena such as friction, lubrication, and material interactions [88-92]. For example, Ramin
Ebrahimi proposed an alternative design for the extrusion process by observing the deformation
behavior of these processes through EFM and verified that this geometry holds strong potential
for industrial applications [89]. Similarly, Shubo Xu utilized the same method to propose a new
metal forming process and studied its deformation behavior. The results showed that these
numerical simulation findings could offer valuable guidelines for die design, determination of
process parameters, and process planning [90]. By incorporating material properties, boundary
conditions, and process parameters into the simulation, engineers can analyze how different
factors influence deformation behavior and optimize forming processes accordingly. While FEM
simulations offer a powerful tool for modeling metal forming processes, they frequently depend
on simplifying assumptions and idealizations to manage computational complexity [87].
Nevertheless, these simplifications may inadequately represent the intricate physics and material
behavior inherent in metal forming operations, thereby resulting in inaccuracies in predictive

outcomes.

(3) Slip line field

A slip line field is a graphical method used in solid mechanics and plasticity theory to
analyze the deformation behavior of materials undergoing plastic deformation. It offers a
qualitative understanding of the stress and strain distribution in a deforming material by
delineating regions where slip or plastic deformation occurs [93]. In slip line field theory, the
material undergoing plastic deformation is divided into imaginary slip lines, each representing a
path along which material particles slide past each other due to applied stresses. These slip lines
are assumed to be continuous and non-intersecting within the material. The direction and
magnitude of the velocity gradient along these slip lines provide information about the
deformation behavior and flow patterns within the material [94-96]. In summary, slip line field
analysis provides a valuable framework for understanding the deformation behavior and flow
patterns in metal forming processes. By analyzing slip line patterns and velocity gradients within
the material, researchers can gain insights into how tribological phenomena influence deformation
behavior and optimize forming processes for improved performance and product quality.
Nevertheless, the slip line field method often relies on simplified assumptions regarding material
behavior and deformation mechanisms [95]. These assumptions may fail to fully capture the

intricate physics and material behavior encountered in real-world metal forming processes,
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resulting in inaccuracies in predictions.

(4) Photoelastic method

Photoelasticity is an experimental method used to study stress distribution and
deformation in materials by observing birefringence patterns induced by stress [97]. This
technique is particularly valuable for visualizing stress fields in transparent models, providing a
direct visual representation of stress distribution through isochromatic fringes. These fringes can
be analyzed to study friction and contact problems by examining the stress distribution at
interfaces [98-101]. For example, C.W. Wern conducted a photoelastic study to examine the stress
fields in the cutting process, verifying that the stress fields when cutting copper fibers vary with
fiber orientation in a manner similar to the cutting force [101]. This helps in understanding how
tribological conditions affect stress and deformation. Additionally, it serves as an excellent tool
for validating numerical models. For instance, Tarkes Dora Pallicity used digital photoelasticity
to validate simulations of the precision glass molding process [102]. By comparing photoelastic
results with simulation outputs, one can verify and refine computational models. However,
photoelasticity requires transparent models made of birefringent materials, which typically differ
from the actual metals used in forming processes. This discrepancy in material properties can lead
to inaccuracies when extrapolating results to real metal forming scenarios. Moreover, while
photoelasticity is excellent for qualitative analysis, obtaining precise quantitative stress values
necessitates meticulous calibration of the photoelastic material, which can be challenging and
time-consuming [101]. Clearly, this technique has limitations in quantifying the effects of

tribological phenomena on metal plastic deformation.

In summary, there is still a lack of research focusing on the actual quantitative
relationship between tribological phenomena and deformation behavior. This gap persists due to
the extreme difficulty in quantitatively investigating interface deformation at tool-material
interfaces using conventional methods such as the quick-stop tests and grid marking techniques
[103-105]. This challenge arises because material flow is highly localized near the friction
interface, and the region of high deformation is extremely thin. Hence, the development of a new
technique or methodology that enables quantifying interface deformation behavior could signify
a breakthrough in quantitatively exploring the relationship between tribological phenomena and
bulk deformation fields. Such advancement invariably enhances our understanding of tribological
applications in fundamental machining or forming processes, serving as a milestone breakthrough

in the rapid development of modern manufacturing technology.
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1.2.6 Techniques to quantify deformation behavior

The preceding discussion emphasizes the role of deformation behavior in comprehending
tribological phenomena, with a key difficulty on the technique for quantifying this behavior.
Therefore, this section will introduce both conventional and state-of-the-art techniques used to

quantify deformation behavior.

(1) Strain gauges

Strain gauges are devices employed to measure the strain experienced by an object
undergoing deformation. They consist of thin wires or foil patterns arranged in a grid-like
configuration and affixed to the surface of the deforming object. As the object deforms, the strain
gauges undergo a change in electrical resistance proportional to the strain magnitude. Throughout
the metal forming process, the strain gauges continuously monitor the deformation of the
workpiece in real-time [106]. By detecting alterations in resistance due to strain, the strain gauges
provide crucial data. This data enables the analysis of strain distribution across the workpiece,
measurement of deformation magnitude, and identification of areas experiencing high stress or
strain [107-111]. For instance, C. Fast Irvine devised an experimental methodology aimed at
characterizing the constitutive behavior of anisotropic sheet metals across a range from uniaxial
to plane strain tension, which was accomplished through the utilization of strain gauges as the
standard uniaxial tension tests [109]. Paulo Flores presented a methodology rooted in numerical
analysis of plane strain tensile tests conducted on various materials and specimen geometries. The
objective was to experimentally discern the evolution of the homogeneous strain field zone during
deformation. This study established an expression for computing the actual stress within the
specimen's plane strain state zone along the loading direction, leveraging experimental data and
incorporating the evolution of edge effects in terms of plastic strain [110]. On the other hand,
Shakil Bin Zaman employed strain gauges to measure the average strain accumulated along each
loading axis until fracture occurred to ascertain and validate a distortional plasticity model using
an optimization algorithm [111]. By correlating strain measurements with related variables,
researchers can optimize the metal forming process to enhance product quality, minimize defects,
and improve efficiency. Overall, strain gauges offer valuable insights into the deformation
behavior of metal workpieces during forming processes, enabling researchers and engineers to
gain a deeper understanding of the manufacturing process and exert greater control over it.
However, traditional strain gauges, typically necessitate direct contact with the material surface
and offer only point measurements at specific locations on the workpiece surface [106]. This
invasive requirement can disrupt the forming process, modify material behavior, and overlook

certain deformation features, ultimately resulting in inaccurate measurements.
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(2) Grid marking methods

Grid marking methods, also known as grid analysis or grid marking techniques, entail
applying a grid pattern onto the surface of a material or specimen. This pattern comprises regularly
spaced lines or dots that function as reference points for measuring deformation during
mechanical testing or material processing, such as metal forming [105, 112]. The metal workpiece
undergoes the metal forming process, whether it involves forging, rolling, bending, or another
deformation method. During the process, the metal undergoes deformation, leading to a
corresponding deformation of the grid pattern applied to its surface. Following the completion of
the metal forming process, the deformed grid pattern undergoes examination and analysis. Any
alterations in the spacing, orientation, or shape of the grid lines or dots indicate the magnitude
and direction of deformation experienced by the metal workpiece during forming [113-117]. For
example, S. K. Barik utilized circular grids printed on the sheets to determine the effective strain
distribution, aiming to validate that the forming behavior of the material depends on both the
degree of pre-strain and the change in pressure [116]. In another instance, C. Bandini validated a
metal forming finite element (FE) code by comparing it to grid-based experiments. Additionally,
they implemented a theoretical model to predict the grain size and shape evolution of aluminum
alloys [117]. Overall, through a comparison between the deformed grid pattern and the original,
undeformed grid, researchers can quantify the extent of deformation, strain, and deformation
gradients across the metal workpiece. These methods serve as valuable tools for investigating
deformation behavior in metal forming processes, aiding in the optimization of process
parameters, enhancement of product quality, and advancement of understanding regarding
material behavior under mechanical loading. However, due to the spatial resolution limits of the
grid lines, such as the constraints on grid line spacing and width, it is extremely difficult to observe
and capture the characteristics of interface deformation near the contact surface [113]. This
difficulty arises from the higher localization and thin layer of the friction-induced deformation

field during the metal plastic deformation process.

(3) Quick-stop tests

The quick-stop test is a method employed in metal forming to assess the formability of
metal materials. This procedure entails suddenly halting the deformation process during a forming
operation, commonly achieved by ceasing the motion of the forming tool while the metal
undergoes deformation [104, 118-120]. The objective of this test is to examine the final state of
the formed part and analyze any defects or failure modes that may arise. For instance, U. Wiklund
utilized a quick stop test to halt the cutting process of stainless steel, enabling observation of the
initial layer adhering to the tool surface [119]. Similarly, Koichi HosHI employed the same

method to elucidate the mechanism behind the variation of the built-up edge during metal cutting
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[120]. It furnishes invaluable insights for process design, material selection, and quality control
within metal processing applications. On the other hand, it is evident that quick-stop tests offer
only a snapshot of the forming process at the moment of interruption. Consequently, they may
fail to capture the dynamic behavior or transient phenomena occurring during deformation, thus

limiting the understanding of deformation behavior.

(4) Digital image correlation (DIC) and particle image velocimetry (PIV)

Digital image correlation (DIC) is an optical technique employed to measure full-field
displacements and strains on the surfaces of objects undergoing deformation. It involves capturing
images of a speckle pattern applied to the specimen surface before and after deformation, and
then correlating these images to calculate displacement fields [121]. DIC emerges as a potent tool
for observing deformation behavior in metal forming processes owing to its capacity to furnish
detailed, high-resolution data across expansive areas. It offers comprehensive full-field strain data,
facilitating a thorough understanding of deformation behavior throughout the entire workpiece
[122-127]. For example, utilizing DIC technique, Lin Lv introduced a testing method and
analytical procedure for materials experiencing complex stress/strain states. This method could
be considered an ideal approach for establishing materials databases that focused on accurately
describing the mechanical and fracture behaviors of materials [125]. While Pedram Farahnak
utilized DIC to analyze material behavior in sheet metal forming and subsequently determined
strain rate sensitivity through corresponding experiments [126]. Additionally, it is capable of
capturing dynamic deformation events in real-time, offering insights into transient deformation
behavior during metal forming processes. Related research, such as that conducted by Pengjing
Zhao [127], employed the digital image correlation method to measure the displacement field and
monitor the evolution of strain fields and crack initiation during deformation. This suggested that
the method offered a comprehensive and precise description of the diverse damage evolution
processes observed in blanking aluminum alloy sheets. Overall, DIC proves to be a valuable tool
for characterizing deformation behavior in metal forming processes and has the potential to
contribute significantly to the optimization and enhancement of manufacturing processes.
However, it highly relies on high-contrast and non-repetitive speckle patterns on the surface of
the specimen to ensure each subset of the image is unique for accurate correlation [121]. Clearly,
creating a suitable speckle pattern on metallic surfaces can be challenging.

In recent years, particle image velocimetry (PIV) has become increasingly prevalent in
manufacturing industries and the fundamental principle underlying PIV is the image correlation
technique [128]. Generally, PIV is a method employed to measure the velocity field of a fluid
flow by tracking the motion of particles suspended within the flow and capturing consecutive

images using a camera. Conversely, DIC is a technique utilized to measure deformation and strain
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fields in materials under load [129]. Although initially employed to acquire instantaneous velocity
data in fluids, PIV has now been adapted to investigate deformation in severe plastic deformation
processes of metals during machining and forming processes [69, 130-131]. This method has been
successfully employed to investigate deformation in punch indentation, plastic flow during metal
cutting, and the analysis of flow dynamics in metal sliding [132-135]. It enables the direct
observation of interface phenomena and deformation characteristics, offering a novel avenue for
exploration. This approach facilitates the quantification of deformation behavior, thereby
contributing to a comprehensive understanding of extreme friction conditions at interfaces and

marking a significant advancement in the application of tribology in metal plastic processing.

In summary, DIC/PIV presents notable advantages and considerable potential for
quantifying deformation behavior in metal forming processes. This capability serves as the
cornerstone for fulfilling the research objective of this study, which seeks to comprehensively
understand tribological phenomena at the interface by investigating the quantitative relationship

between friction phenomena and deformation behavior.

21



Chapter 1 Introduction

1.3 Objective

Due to its high production rates, cost-effectiveness, and energy efficiency, the metal
forming process is indispensable in modern manufacturing. In recent years, the demand for high-
mix, low-volume manufacturing has increased within the metal forming industry and there is a
growing need for high-quality metal forming products, as well as technology that can be produced
at low cost. To meet these requirements and avoid surface defects effectively, a comprehensive
understanding of tribological phenomena is essential. However, conventional friction models
used to describe these phenomena mainly rely on empirical equations based on various
assumptions, which often deviate from actual conditions. Therefore, exploring friction models
based on the response of actual deformation behavior is crucial for a comprehensive
understanding of tribological phenomena, serving as a major motivation and objective of this
dissertation.

Additionally, the close correlation between tribological phenomena and deformation
behavior, combined with the development of PIV techniques, makes it possible to explore the
quantitative relationship between them. This exploration would serve as the cornerstone for
achieving the research objectives of this study, ultimately enabling a comprehensive
understanding of tribological phenomena at the interface. Specifically, the research objectives of
this dissertation can be categorized into the following three aspects:

(1) Based on PIV analysis, propose a methodology to characterize deformation behavior,
including both interface and bulk deformation, aiming to quantify the effects of tribological
phenomena at the interface on deformation.

(2) Investigate the quantitative effects of tribological phenomena on metal plastic deformation
and explore the feasibility of classic friction models in the actual metal forming process,
enabling the proposal of more accurate friction models based on observed deformation
behavior.

(3) Explore the quantitative relationship between tribological phenomena and deformation
behavior, thereby enabling the quantification of stress distribution and establishing a

quantitative evaluation method for tribological conditions at the sliding contact.
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1.4 Outline of the dissertation

The dissertation is structured into six parts, with the first chapter serving as an
introduction section. It provides a background overview to underscore the importance of
tribological phenomena at the interface. Additionally, prior research is reviewed to ascertain the
current state of the art in the fields of tribological phenomena, along with their interrelationship
with deformation behavior. This chapter also offers a brief introduction to the motivation and
objectives of the study.

In chapter 2, wedge indentation experiments are conducted as a model system to
quantify deformation behavior and explore the distinct tribological phenomena at the interface by
using PIV analysis. The chapter illustrates various deformation behaviors, such as velocity field
and material flow under diverse conditions, demonstrating the potential of wedge indentation to
reproduce the diverse deformation fields observed in plastic deformation and the capability of
PIV analysis to capture the characteristics of severe plastic deformation, and also explain that
existing friction models are inadequate for precisely describing the tribological phenomena,
aiming to propose the feasibility of friction models based on observed deformation behavior.

In Chapter 3, building upon the characteristics of various plastic deformation fields and
the influence of surface expansion on adhesion force outlined in Chapter 2, the surface expansion
distribution is characterized and the quantitative relationship between adhesion phenomena and
surface expansion behavior is proposed, with the aim of emphasizing the significance of the
distribution of surface expansion ratio in quantifying adhesion stress distribution and
understanding tribological phenomena at the interface.

In Chapter 4, attention is directed towards discussing the factors influencing the surface
expansion distribution, a topic overlooked in Chapter 3. This chapter focuses on elucidating the
effects of friction on plastic deformation in both metal surface and bulk, particularly addressing
the factors contributing to the uneven distribution of surface expansion ratio. This correlation
facilitates the proposal of a quantitative assessment of tribological conditions at the sliding contact.
The aim is to achieve a comprehensive understanding of the correlation between tribological
phenomena and deformation behavior.

In chapter 5, based on the quantitative relationship between tribological phenomena and
deformation behavior discussed in Chapter 3 and 4, the friction models based on surface
expansion distribution is developed, including the quantitative modeling of friction and normal
stress distribution, aiming to describe the potential developments in the comprehension of
tribological phenomena at the interface and the implications for engineering applications.

The final chapter of the dissertation presents the conclusions drawn from the study and

identifies potential avenues for future research in this field.
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Chapter 2 Deformation behavior and tribological phenomena in wedge
indentation

2.1 General introduction

In metal forming processes, deformation behavior refers to how a metal material
responds to external forces and undergoes changes in shape, including material flow, velocity
field, strain and strain rate field. A comprehensive grasp of these deformation behaviors holds
paramount importance in the exploration of tribological phenomena at the interface in the metal
forming processes, facilitating the efficient attainment of desired outcomes [65]. This chapter
establishes a model system that enables employing direct in-situ observations coupled with high-
speed imaging and particle image velocimetry (PIV) techniques to reproduce and characterize
diverse deformation behaviors and exploring the distinct tribological phenomena at the interface
by using wedge indentation. Specifically, the deformation fields of different apex angle indenters
are investigated and the relationship between the surface expansion behavior and adhesion force

is discussed.

2.2 Experimental details
2.2.1 The determination of wedge indentation

The contact interfaces between tools/dies and materials in machining and forming
processes differ significantly from conventional engineering sliding contacts. The tribological
characteristics of these tool/die-material interfaces are critical in determining the performance of
machining and forming operations, as they strongly influence the thermodynamic conditions at
the interface. For instance, in metal cutting, severe friction and friction-induced deformation at
the tool-chip interface result in the formation of a secondary shear zone (Fig. 2.1 (a)), leading to
high cutting temperatures and forces [68]. This, in turn, affects energy consumption and surface
quality. Similarly, in metal forming processes such as rolling, this friction-induced deformation—
referred to as redundant deformation—occurs at the interface, as illustrated in Fig. 2.1 (b). This
redundant deformation leads to non-uniform material flow and work-hardening, consumes
additional energy, and can ultimately damage the surface of the workpiece [136].

Despite the critical importance of tribological phenomena and the deformation fields at
these contact interfaces, predicting the nature of such severe contact conditions remains
challenging. Traditional methods have proven inadequate for quantitatively investigating the
deformation behavior at tool/die-material interfaces, largely due to the extreme difficulty in

measuring these interactions [105, 118]. Therefore, the development of a new model system
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capable of replicating the complex deformation fields at tool/die-material contact interfaces in
metal processing is essential to better understand and predict the behavior of these tribological

conditions.

(a) Cutting

Tool
Chip flow Secondary
direction shear zone

Primary
shear zone
Workpiece
(b) Rolling
Die Redundant
deformation

Zzone

Fig. 2.1 Schematic of deformation characteristics in metal processing: (a) secondary

shear zone in metal cutting and (b) redundant deformation zone in rolling [68]

Wedge indentation is commonly employed to assess the mechanical behavior of
materials, as the indentation response is intricately linked with the deformation field [137]. This
approach is founded on the similarity between the deformation field near the contact interface
during indentation and the deformation fields observed in various plastic forming processes,
thereby extending its applicability to diverse scenarios [138]. As depicted in Fig. 2.2, the
schematic illustrates the deformation modes for narrow and wide wedge indenters, where shearing

occurs with narrow-angle wedges (Fig. 2.2 (a)) and compression dominates with wide-angle
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wedges (Fig. 2.2 (b)) [133]. By examining the friction phenomena and deformation behavior that
develop during indentation, we can draw parallels to other complex material deformation
processes, enhancing our understanding and prediction of material performance and tribological
phenomena under different forming conditions. Thus, we utilize wedge indentation experiments
as a model system to investigate the role of quantitative deformation behavior and its relationship

with tribological phenomena at the interface.

(@) (b)

Fig. 2.2 Deformation mode in wedge indentation: (a) shearing with narrow-wedge

indenter and (b) compression with wide-wedge indenter

2.2.2 Experimental setups and materials

Fig. 2.3 depicts the different angles of the indenter utilized for the experiment, all of
which were constructed from high-speed steel. Experiments were conducted using indenters with
angles of 30°, 60°, 90°, and 120°, respectively. By varying the wedge angle of the indenter, we
could obtain and reproduce the diverse deformation fields observed in plastic deformation. The
indentation experiment was performed using a machining center (FANUC ROBODRILL a-
D14iA5).

Fig. 2.4 illustrates the experimental setup for force measurements. The indenter was
securely affixed to the machining center using an attached vise, ensuring stability and precision
during the experiment. The rotating part of the spindle section was immobilized to prevent any
unintended movement. The workpiece material was positioned directly beneath the spindle
section, ensuring proper alignment. The indenter was then moved to the appropriate distance to
conduct the indentation experiments, allowing for controlled and accurate measurement of the

forces involved.
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90°  120°

30° 60°

Fig. 2.3 Indenters with different apical angles (2a)

Fig. 2.4 Experiment setup for force measurements

Aluminum, a typical metallic material with diverse applications, undergoes significant
deformation at the interface and displays pronounced adhesion during the indentation process,
making it conducive to exploring the relationship between tribological phenomena and the
deformation field [139]. Consequently, in this study, annealed aluminum (A1050P) was chosen
as the workpiece material due to its well-documented mechanical properties and its relevance in
practical applications. Table 2.1 provides the primary composition of A1050P, highlighting its
suitability for detailed analysis of the deformation and adhesion behaviors observed during

indentation experiments.

Table 2.1 Chemical composition ofA1050P

Chemical Composition %
Al Si Fe Cu Mn Mg Zn Ti v
99.56 0.07 0.32 0.01 0.00 0.00 0.00 0.02 0.02
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2.2.3 Experimental procedures

The experimental procedures for quantifying the effects of tribological phenomena on
deformation behavior comprise two distinct experimental setups in this study. The first setup is
devised for observing metal deformation through in-situ observations, while the second is
dedicated to measuring indentation force to elucidate the relationship between deformation
behavior and tribological phenomena. It is noteworthy that the setup for measuring force closely
mirrors that of the in-situ observations, ensuring consistency in experimental conditions. Fig. 2.5
illustrates the schematic of the experimental setup for direct in-situ observations during
indentation. To observe the plastic flow occurring within the material, a plane strain condition
was ensured by clamping the specimen against a thick, transparent glass block, which restricts
out-of-plane deformation and allows clear visualization of the deformation processes. This
configuration enables detailed analysis of the material's response under controlled conditions,
thereby facilitating a comprehensive understanding of the deformation mechanisms at play.
Indentation was conducted at a constant speed (V) of 0.1 mm/s until the indenter reached a
designated depth (D). Throughout this process, the indentation force in the vertical direction was
measured using a piezoelectric dynamometer (Kistler 9272, natural frequency ~2 kHz), onto
which the workpiece was mounted. Material flow was recorded in-situ through the glass block
using a high-speed camera (Photron WX100), capturing images at 125 frames per second with a
spatial resolution of 1 um per pixel. The image sequences were analyzed via image correlation
using PIV techniques to obtain quantitative deformation behavior in the vicinity of the indenters.

Further details regarding PIV will be discussed in the subsequent section.

Vo

1 ’ Indenter

High-speed camera

Specimen
(A1050P)

Glass constraint

Image sequence

Fig. 2.5 Schematic of the experimental setup for in-situ observations
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Fig. 2.6 depicts an example of the indenter motion and the corresponding change in
force during the experiments. As illustrated in this figure, the force exhibits a linear increase
during indentation (Fig. 2.6 (b)) and then reaching its peak at a given indentation depth, indicating
a consistent penetration of the indenter into the specimen. This maximum force, expressed as the
indentation force (F), represents the resisting force that impedes the indenter from penetrating
and separating the material, resulting from the combined effects of friction force (Fy) and normal

pressure (F,) (see Fig. 2.7). Their relationship with the indenter angle can be expressed as:

= Fycosa + F;sina (2.1)

N| T

The friction force at the indenter-material interface acts as the primary resistance
preventing the penetration of the indenter, concurrently causing shear deformation at the contact
surface. Conversely, normal pressure is the main driver of compressive effects, particularly
causing the accumulation or compression of the material. Due to the symmetrical shape of the
indenter, directly measuring the friction force and normal force separately is unfeasible. By
varying the indenter angle, we can reproduce different tribological conditions affecting
deformation behavior. Specifically, using a relatively narrow-angle indenter in experiments
allows for exploring the relationship between interface friction and deformation behavior. This is
because the normal component of the normal force on the indenter surface is comparatively small
compared to the normal component of the friction force due to the smaller apical angles (Eq. 2.1).
On the other hand, a wider-angle indenter makes it possible to investigate the effects of normal
pressure on the deformation field.

After stopping for 1 second, the indenter is extracted from the specimen (Fig. 2.6 (c)).
During the extraction (Fig. 2.6 (d)), the force is directed opposite to the indentation direction. This
force should match the adhesion force at the interface when the material is being pressed in, as
both forces result from the interface adhesion between the indenter and the specimen, albeit in
opposite directions. Therefore, in this study, this maximum negative force was assessed as the
adhesion force (F,). It is noteworthy that the glass block was removed during the measurement
of the indentation force and adhesion force to mitigate the influence of friction between the glass
and indenter, ensuring that the measured force accurately reflects the true adhesive interactions.
The filming and indentation conditions, including parameters such as indenter angle and
indentation speed, are presented in Tables 2.2 and 2.3, respectively, providing a comprehensive

overview of the experimental setup and conditions.
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Fig. 2.6 Procedure for measuring adhesion force

Fig. 2.7 The relationship between each force component

Table 2.2 Filming conditions

Pixel number 2048x2048 (2.048 mm x 2.048 mm)

Shutter speed 125 fps
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Table 2.3 Indentation conditions

Workpiece A1050P
Indenter angle 30°, 60°, 90°, 120°
Indentation speed 0.1 mm/s
Indentation depth 0.5,1.0,2.0,3.0,4.0, 5.0 mm

2.2.4 The details of PIV

PIV has traditionally been employed to measure two-dimensional velocity fields in
macroscopic fluid flows. The fundamental principle of PIV involves correlating successive image
frames by tracking specific features in each [140]. Specifically, to visualize the flow, particles are
seeded into the fluid and photographed at two distinct times. The resulting images are divided
into numerous smaller regions called interrogation regions, as depicted in Fig. 2.8. Particle
tracking typically relies on analyzing sequences of photographic images captured of the moving
fluid. The motion of particle groups within an interrogation region is determined using a statistical
technique known as cross-correlation. If the array of gray values in the first image is denoted as
fk(i,j) and the second image as g, (i,j), the cross-correlation, @, (m,n), is calculated as

follows:

q P
Oumm) = > > fli, ) geli+m,j + ) 22)
j=1i=1

where the k" interrogation region is in a certain region of size p x ¢ pixels in the digital image.
This calculation identifies the displacement of particles by determining the peak of the cross-
correlation function, which corresponds to the most probable displacement vector within the
interrogation region. This method allows for precise measurements of velocity fields by analyzing
the shifts in particle positions between consecutive frames. To expedite the calculation of velocity
vectors, the application of Fast Fourier Transform (FFT) within the interrogation region can
significantly reduce computation time [141].

In the present model system, image sequences of the indentation were captured using a
high-speed camera. Subsequently, specific feature points in each frame were tracked through PIV
analysis. By identifying the same feature point in two successive image frames, the incremental
displacement between frames was computed using spatial averaging [142]. This procedure of
determining displacement was repeated for the entire set of grid elements, thereby generating a
displacement field for the entire imaged region, which in our study was the area around the

indenter. This comprehensive displacement field enabled the calculation of deformation behaviors
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such as material flow and velocity field. The detailed steps of the computational process,
including FFT application for efficiency, were implemented using MATLAB. Fig. 2.9 depicts the
flowchart schematic describing the computation of flow and deformation parameters, illustrating

the methodology from image acquisition to final data analysis [133].
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Fig. 2.9 The flowchart schematic of PIV analysis
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2.3 Deformation behavior and tribological condition in wedge indentation
2.3.1 Deformation field under varying angle of indenters

We conducted wedge indentation experiments as a model system lying in its abilities to
reproduce diverse deformation field by simply varying indenter angles and Figs. 2.10 (a-d) depict
the velocity maps derived from the PIV analysis, showcasing both the vertical (V/,) and horizontal
(V) components for indenter angles of 30° (30 deg), 60° (60 deg), 90° (90 deg), and 120° (120
deg), respectively to demonstrate the effectiveness of this indentation configuration. For the 30-
degree indenter (Fig. 2.10 (a)), material flow predominantly occurs in the vertical direction within
the region proximal to the indenter face due to interfacial friction and the horizontal velocity field
indicates that material movement in the lateral direction is concentrated near the indenter tip. It
resembles the deformation seen near the edge of a tool in metal cutting by sharp wedges or in the
splitting of wood, where the material separates towards both sides. This similarity reinforces the
appropriateness of the term “cutting” for the action of the indenter [133]. Furthermore, for the 60-
degree indenter (Fig. 2.10 (b)), material flow in the vertical direction resembles that of the 30-
degree indenter, being primarily confined to the region proximal to the indenter surface. However,
the horizontal velocity field reveals significant material flow in the lateral direction, likely due to
the material being pushed outward by the wider indenter. As a result of the geometric relationship,
increasing the indenter angle will inevitably amplify the normal pressure component during
indentation (see Eq. 2.1). This suggests that a wider indenter angle not only induces cutting-like
deformation near the indenter tip but also promotes broader material displacement due to
enhanced compressive forces, namely normal pressure.

On the other hand, for the 90-degree and 120-degree indenter (Figs. 2.10 (c-d)), the
vertical velocity of the workpiece beneath the indenter is nearly equal to the indentation velocity,
indicating this region of the workpiece material is stationary with respect to the indenter.
Specifically, as the material is subjected to compressive forces, regions near the contact interface
can undergo significant plastic deformation. This severe deformation can result in work hardening,
which reduces the material’s capacity for further deformation, contributing to the formation of
the “zero velocity” zone. This “zero velocity” zone, also defined as the dead metal zone [143], is
significantly more pronounced under the 120-degree indenter (Fig. 2.10 (d)), indicating that this
zone of material moves integrally with the indenter. In this sense, it acts as an extension of the
indenter [134].

To further illustrate the characteristics of the deformation field under the 120-degree
indenter, Fig 2.11 depicts the development of the vertical velocity field over time. In this figure,
the velocity field is divided into three regions: a dead metal zone (Region 1) that acts as an

extension of the indenter, a transitional zone (Region 2) with a velocity of about 0.06 mm/s, and
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Region 3, located away from the indenter, where the material velocity is essentially zero. As
shown in the figure, the dead metal zone (Region 1) expands significantly over time due to the
effects of strain hardening, which impact the further deformation of the material during this
process. This also explains why the deformation field in Region 2 decreases over time, as strain
hardening makes it more difficult for further slip to occur. These results clearly demonstrate the
capability of wedge indentation to reproduce diverse deformation behaviors.

In metal forming processes, deformation modes pertain to the diverse methods through
which a material undergoes reshaping or deformation. Common deformation modes encountered
in metal forming encompass compression, tension, bending, shearing, or cutting [144]. During
indentation, the workpiece material is mainly subjected to the friction force and normal pressure.
The material flow induced by the interface friction is usually shearing or separating material, just
like the cutting action of the indenter [145]. Clearly, under narrow-wedge indentation, the
deformation field corresponds to the cutting mode. On the other hand, material flow induced by
the normal pressure often compressing or accumulating the material, and the region of
deformation area under the compression effects exists near almost all the contact surface [146],
corresponding to deformation field under wide-wedge indentation. These results indicate a
transition from the cutting mode to the compression mode with increasing indenter angles,
highlighting the potential of wedge indentation in reproducing multiple deformation fields.

This potential can also be manifested by the flow of grid patterns and Fig. 2.12 shows
an image sequence of 30 deg indenter with superimposed grid line from PIV captured at different
time intervals. The grid patterns for 30 deg indenter reveal noticeable surface expansion, namely
surface enlargement near the indenter tip after indentation [72]. By examining points A, and A;
at different frames, it becomes evident that the workpiece is predominantly stretched towards the
region proximal to the indenter face. Fig. 2.13 shows the material flow lines with 30°, 60°, 90°,
and 120° indenters respectively. In the case of the 60° indenter (Fig. 2.13 (b)), the grid lines
resemble those observed with the 30° indenter (Fig. 2.13 (a)), albeit with less material separation
near the indenter. Conversely, for the 90° and 120° indenters (Figs. 2.13 (c-d)), the material flow
becomes more diffuse, with minimal observed separation, indicating compression rather than
separation of the workpiece. Considering points 4, and A4;, By, and B;, C;, and C;, Dy and
Dy, situated closely at the onset but exhibiting distinct movement during indentation, distinctly

highlights the transitional behavior with increasing indenter angle.
In summary, the grid and velocity fields clearly indicate the transition from cutting mode

to compression mode with the increase of the indenter angle, suggesting the significant potential

of wedge indentation to reproduce diverse deformation behaviors.
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2.3.2 Limitations of conventional friction models in wedge indentation

The complete understanding of tribological phenomena at the interface remains
underdeveloped due to the complexity of the die-workpiece contact. This complexity arises
because the tool/die-material interfaces in metal forming processes are subjected to severe
frictional conditions, particularly near the tool edge, which is typically associated with high
normal pressure. High normal pressure generally results in increased friction force. These
tribological phenomena have been demonstrated and described in several friction models, such as
the Wanheim-Bay friction model [58] and the mixed Coulomb-sticking friction model, also
known as the sticking-sliding friction model [147].

Previous section proves distinct material flow modes between narrow and wide angle
indenter, specifically the compression mode for the 120-degree indenter and the cutting mode for
the 30-degree indenter. To show the difference of tribological condition at the interface between

these two indenters, indentation experiments were conducted to measure the indentation force and
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adhesion force with the indentation depth of 1 mm by using 30 deg and 120 deg indenters.

Fig. 2.14 compares the indentation force and adhesion force between the 30-degree and
120-degree indenters. As shown in the figure, the indentation force for the 120-degree indenter is
significantly higher than that for the 30-degree indenter. Since the indentation force (F) arises
from the combined effects of friction force (Fr) and normal pressure (F,) (Eq. 2.1) and the
proportionality of normal pressure increases with increasing indenter angle, the normal pressure
for the 120-degree indenter is largely higher compared to the 30-degree indenter, while the
adhesion force for the 120-degree indenter is considerably smaller. According to the traditional
pressured-based friction models, like Wanheim-Bay friction model and sticking-sliding friction
model, the adhesion force should increase with higher pressure. However, this result shows the
opposite trend, which clearly contradicts existing friction models. This outcome indicates that
existing friction models are inadequate for precisely describing these tribological phenomena

occurring at the interface under current indentation configuration and material properties.
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Fig. 2.14 The comparison of (a) indentation force and (b) adhesion force between 30

deg and 120 deg indenters

The different tribological phenomena observed between distinct deformation modes
may result from variations in surface expansion behavior. Fig. 2.15 schematically illustrates
surface expansion behavior during indentation. As shown in this figure, the surface enlargement
decreases with increasing indenter angle, leading to less amount of surface expansion.
Consequently, a smaller amount of nascent surface is generated, resulting in a lower adhesion
force for wider-angle indenters. These results underscore the critical role of nascent surface
generation, specifically the surface expansion parameter following indentation, in determining
the magnitude of the adhesion force. This insight highlights the importance of considering surface

expansion behavior to understand and control adhesion phenomena during indentation processes.
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2.3.3 Influence of surface expansion on adhesion force

It is recognized that the adhesion force is closely linked with surface deformation, which
generates a chemically active nascent surface, with surface expansion serving as a representative
factor [43]. Previous section proposed that surface expansion significantly influences the
magnitude of the adhesion force and existing friction models are inadequate for precisely
describing these tribological phenomena during indentation mainly due to variations in surface
expansion behavior. Therefore, to assess the impact of surface expansion of the deformed material
on the adhesion force at the indenter-material interface, two parameters were defined: surface
expansion amount AA and surface expansion ratio ¢. The surface expansion amount AA
represents the difference between the original surface area of the undeformed specimen and the
surface area after stretching due to the indentation process. In the wedge indentation experiment
configuration, the surface expansion 4A per unit length of the specimen width is calculated using

the following equation:

D(1 — sina)
AA=(L+A4L) - L =—F (2.3)
cosa

where D is the indentation depth, and 2a is the indenter angle, as shown in Fig. 2.16. Eq. 2.3
indicates that AA differs with the indentation depth and indenter angle.

The surface expansion ratio ¢ is the ratio of the surface expansion amount 44 to the

original surface area of the undeformed specimen, and is expressed as follows:

p=—=— 24)
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Note that the surface expansion ratio ¢ expressed by this equation represents the
average surface expansion across the entire deformed surface, which is a “macroscopic” surface
expansion ratio. Eq. 2.4 demonstrates that the macroscopic surface expansion ratio does not
depend on the indentation depth; rather, ¢ is solely influenced by the indenter angle in the

present experimental configuration.

Fig. 2.16 Schematic of wedge indentation

To explore the relationship between surface expansion and adhesion force, we initially
conducted indentation experiments to measure adhesion force using various degree indenters with
identical surface expansion amounts under the conditions outlined in Table 2.4, in accordance
with Eq. 2.3 and Eq. 2.4. Fig. 2.17 shows the relationship between the indenter angle, adhesion
force, and surface expansion ratio ¢. As shown in this figure, the adhesion forces for each
indenter vary depending on the indenter angle even with the same surface expansion amount AA
and the adhesion force is the greatest for the indenter with an indenter angle of 30°, indicating
that surface expansion amount is not equal to the nascent surface generated. This is because the
aluminum oxide layer stretches in association with the stretching of the bulk aluminum under the
conditions of low macroscopic surface expansion ratio ¢, and the freshly generated nascent
surface, which is chemically active and causes a strong adhesion at the interface, is not formed
until the macroscopic surface expansion ratio ¢ reaches a certain value, as shown in Fig. 2.18.
This result clearly confirms that the exposure of the freshly generated nascent surface and
subsequent interface adhesion should be evaluated not by the surface expansion amount A4A but
by the macroscopic surface expansion ratio ¢. This finding is strongly supported by the result
that the magnitude of the macroscopic surface expansion ratio ¢ for each indenter is consistent

with the magnitude of the adhesion force.
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Table 2.4 Experimental conditions for four indenters

Indenter angle 2a (deg) 30 60 9 | 120
Indentation depth D (mm) 1.00 | 1.33 | 1.85 | 2.86
Surface expansion amount A4 (mm?) 1.53 | 1.53 | 1.53 | 1.53
Surface expansion ratio ¢ (—) 2.86 | 1.00 | 0.41 | 0.15
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Fig. 2.17 Adhesion force and surface expansion ratio for each indenter
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Fig. 2.18 Schematic of exposure of nascent surface

To further explore the relationship between the macroscopic surface expansion ratio and
adhesion force, the specific adhesion force is plotted as a function of indentation depth for the
indenter with an indenter angle of 30° (Fig. 2.19). Note that the specific adhesion force indicates
the adhesion force divided by the indentation depth and the macroscopic surface expansion ratio,
as defined in Eq. 2.4, is independent of the indentation depth and determined only by the indenter
angle. If the magnitude of the macroscopic surface expansion ratio ¢ truly determines the
magnitude of the adhesion force (Fig. 2.17), the specific adhesion force should not differ
depending on the indentation depth for the same macroscopic surface expansion ratio. However,
as shown in this figure, the specific adhesion force increases with increasing indentation depth,

even with the same macroscopic surface expansion ratio ¢. These results indicate that although
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the macroscopic surface expansion ratio reasonably reproduces the magnitude of the adhesion
force, it is inadequate to precisely explain or describe the interface adhesion phenomena. This
suggests that additional factors, beyond the macroscopic surface expansion ratio, contribute to the
adhesion force, necessitating a more detailed examination of the microscopic interactions at the

interface.
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Fig. 2.19 Relationship between specific adhesion force and indentation depth

2.4 Summary

Deformation behavior observed at contact surfaces plays a fundamental role in the
tribological behavior, and this behavior is highly correlated with tribological phenomena in
machining or forming processes. In this chapter, our focus was on investigating the deformation
behavior of different apex angle indenters and exploring the relationship between the surface
expansion behavior and adhesion force. The main conclusions are summarized as follows:

(1) Wedge indentation has significant potential to reproduce diverse deformation behaviors.
Specifically, material flow is primarily confined to the region near the indenter surface when
employing a narrower indenter angle, attributable to interface friction. Conversely, with a
wider indenter angle, the material moves collectively with the indenter due to compression
deformation behavior. These findings suggest a transition from the cutting mode to the
compression mode as the indenter angle increases.

(2) The comparison of the indentation force and adhesion force between the 30-degree and 120-
degree indenters indicates that existing friction models are inadequate for precisely

describing these tribological phenomena under current indentation configuration. These
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@)

distinct tribological phenomena may result from variations in surface expansion behavior,
which correlates with the nascent surface area as the indenter angle increases.

The macroscopic surface expansion ratio is qualitatively consistent with the magnitude of
the adhesion force at the contact surface compared to the surface expansion amount, but it is
inadequate to describe the interface adhesion phenomena precisely. These findings suggest
that surface expansion behavior holds significant potential for further exploration of the
effects of adhesion phenomena and necessitates a more detailed examination of the

microscopic interactions at the interface.
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Chapter 3 The correlation between adhesion phenomenon and surface
expansion behavior

3.1 General introduction

Previous chapter demonstrated that while the macroscopic surface expansion ratio can
reasonably indicate the magnitude of the adhesion force, it is not sufficient to comprehensively
describe the interface adhesion phenomenon. This highlights the need for a more detailed
examination of the microscopic interactions at the interface. The challenge, therefore, lies in
obtaining the microscopic surface expansion ratio, as quantitatively investigating interface
deformation is extremely difficult [103]. Hence in this chapter, direct in-situ observations coupled
with high-speed imaging and PIV techniques were employed to capture and characterize the
distribution of microscopic surface expansion, namely surface expansion distribution defined in
this study, at the contact surface. By using single-groove indenters, the quantitative relationship
between the surface expansion distribution and adhesion force was examined and the friction

model for adhesion stress distribution was proposed.

3.2 Surface expansion behavior in wedge indentation
3.2.1 The procedure for obtaining surface expansion distribution

The preceding discussion has underscored the intimate connection between adhesion
force and surface expansion ratio. However, as depicted in Fig. 2.19, it becomes evident that the
macroscopic surface expansion ratio fails to precisely characterize the interface adhesion
phenomenon. This observation prompts a deeper inquiry into the relationship between adhesion
force and microscopic expansion ratio, specifically focusing on the distribution of microscopic
surface expansion ratio along the deformed surface, which is defined as the surface expansion
distribution in our research. The previous chapter demonstrates that the wedge indentation
experiments and PIV analysis effectively capture the characteristics of severe plastic deformation.
This capability enables the characterization of the surface expansion distribution at the contact
surface. By applying the PIV analysis, the surface expansion distribution ¢(x) was obtained by
the following procedure:

(1) Plot virtual tracking markers at regular intervals of [ on the metal surface (Fig. 3.1 (a)).

(2) Obtain the position of the tracking marker P, from the indenter tip (x,,) and the distance
between virtual tracking markers P, and P,i; (l+ Al, ,4+1) during the indentation
process (Fig. 3.1 (b)).

(3) Calculate the midpoints x, ,+; and the local surface expansion ratio ¢, 41 between the
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tracking markers P, and P,,; based on the following equation:

0 (n=0)
Xnn+1 =) X¥ntXns (n > 0) (3.1)
2
Al
¢n_n+1 = n2n+1 (3.2)

(4) Obtain the distribution of the surface expansion ratio ¢(x) for the local surface expansion

ratio at the point X, 41 as ¢y, p4q(Fig. 3.1 (¢)).

Material

Fig. 3.1 Procedure for obtaining distribution of surface expansion ratio ¢ (x)

3.2.2 The results of surface expansion distribution in wedge indentation

Fig. 3.2 and Fig. 3.3 show the images of 30 deg and 120 deg indenters with
superimposed virtual tracking markers (I = 12.0 pm) before and after indentation (D = 1.0 mm)
respectively, indicating that the virtual tracking markers successfully reproduce the local surface
expansion along the indenter face under distinct deformation fields. Note that, in Figs. 3.2 and
3.3, the markers are highlighted every five points to clearly show the movement and positional
relationship of each tracking marker. As shown in Fig. 3.2, the movement of each tracking point
along the indenter face for the 30-degree indenter varies considerably and the distance between
the two successive tracking points becomes particularly pronounced near the indenter tip,
indicating significant nascent surface generation in this region. In contrast, the tracking points for
the 120-degree indenter move integrally with the indenter (Fig. 3.3), with little or no surface
enlargement. Evidently, these distinct surface expansion behaviors associated with nascent
surface generation are closely related to the interface adhesion phenomena (see Fig. 2.18). This
visualization helps in understanding the local deformations and their contributions to the overall
adhesion force, thereby providing a more detailed and accurate depiction of the interface adhesion

phenomena.
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Fig. 3.2 Virtual tracking markers (a) before and (b) after indentation process for 30 deg

indenter

Fig. 3.3 Virtual tracking markers (a) before and (b) after indentation process for 120

deg indenter

Fig. 3.4 shows the comparison of surface expansion distribution ¢(x) along the side
face of the indenter between 30 deg and 120 deg indenter at indentation depths of 1.0 mm. Note
that the origin in this figure represents the indenter tip. Additionally, the values of x, 4, and
¢n n+1 1n this figure are the averages of values obtained from eight different experiments (see
Fig. 3.1). As illustrated in this figure, the surface expansion ratio for 120 deg indenter along the
interface is nearly zero, i.e., there is almost no new nascent surface generated. This clearly
explains why the adhesion force of 120 deg indenter is significantly smaller than that of 30 deg

indenter, since the adhesion force is highly related to the nascent surface that is chemically active.
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Clearly, under narrow-wedge indentation, the workpiece material undergoes higher adhesion
force and more severe localized surface expansion near the indenter edge, which facilitates a more
detail discussion on the relationship of surface expansion distribution and adhesion force for the

30-degree indenter.
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Fig. 3.4 The comparison of surface expansion distribution ¢ (x) along the side face of the

indenter between 30 deg and 120 deg indenter at indentation depths of 1.0 mm

3.3 Influence of surface expansion distribution on adhesion force

To investigate the relationship between surface expansion distribution and adhesion
force for the 30-degree indenter across a wide range of spatial variation, we obtained the surface
expansion distribution at different depths (see Fig. 3.1) and Fig. 3.5 presents the surface expansion
distribution, ¢(x) at indentation depths of 0.5, 1.0, 1.5, and 2.0 mm. As shown in this figure, the
surface expansion ratio is not uniform along the indenter face, and the localization of surface
expansion in the vicinity of the indenter tip is evident. This non-uniform distribution highlights
the importance of considering local variations in surface expansion when analyzing adhesion
phenomena, as localized areas of high surface expansion may exert a disproportionate influence
on the overall adhesion force. Specifically, localized and large surface expansion ratios inevitably

create more new surfaces, thereby influencing the amount of adhesion experienced at the interface.
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Fig. 3.5 Distribution of surface expansion ratio ¢(x) for each indentation depth

On the other hand, larger indentation depth inevitably increases the value of the micro
surface expansion ratio near the indenter tip for each point. Therefore, to mitigate the influence
of the variation in indentation depth on the indenter face at each point, the sliding distance Lg(x)

and normalized surface expansion ratio distribution ¢’(x) were defined as follows:

Li(x)=L; —x = osq  © (3.3)
ven PG
PO =1 65 (34)

where L, is the length of contact surface at indenter-workpiece interface, D is the indentation
depth, and 2« is the indenter angle (refer to Fig. 2.16 and Fig. 3.1). Since the normalized surface
expansion ratio distribution ¢'(x) eliminates the influence of the sliding distance at each point,
the relative localization of the surface expansion along the indenter face at each indentation depth
can be examined by comparing ¢'(x). Fig. 3.6 shows the normalized surface expansion
distribution ¢'(x) at indentation depths of 0.5 and 2 mm. This figure clearly indicates that while
the severe localization of the surface expansion occurred in the vicinity of the indenter tip for a
small indentation depth (D = 0.5 mm), the surface expansion localization became considerably
less and the surface expansion distribution becomes more diffuse with increase in the indentation
depth. This suggests that the increase in the specific adhesion force with increasing the indentation
depth (Fig. 2.19) results from the widespread distribution of the surface expansion ratio with an
increase in the indentation depth, as shown in Fig. 3.6. This is because surface expansion above

a certain value is required to cause strong adhesion at the interface, as explained in Section 2.3.3.
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Fig. 3.6 Distribution of surface expansion ratio normalized by sliding distance Lg(x)

The change from localized to diffused distribution in surface expansion is most likely
caused by the increase of the shear flow stress of the material in the vicinity of the indenter tip
owing to the strain hardening caused by the intense plastic deformation. To verify this hypothesis,
the surface expansion ratio at x =0 and x = 0.6, i.e., ¢(0) and ¢(0.6), are plotted as a
function of the indentation depth (Fig. 3.7). As shown in Fig. 3.7 (2), the surface expansion ratio
in the vicinity of the indenter tip rapidly increases in the initial stage of indentation, while the
transition from rapid to gradual increase in the surface expansion is observed with the increase of
the indentation depth. In contrast, at x = 0.6, the surface of the material slowly expands after the
indentation depth reaches 0.6 mm, then the surface expansion ratio rapidly increases with
increasing the indentation depth, as shown in Fig. 3.7 (b). These results clearly demonstrate that
the heightened shear flow stress, attributable to strain hardening, leads to the suppression of
plastic deformation in the immediate vicinity of the indenter tip. Consequently, this suppressed
plastic deformation fosters surface expansion at positions further away from the indenter tip.
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Fig. 3.7 Surface expansion ratio at (a) x = 0 and (b) x = 0.6
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From these results, it is concluded that, in contrast to the conventional “macroscopic”
surface expansion ratio, the distribution of the microscopic surface expansion ratio along the
deformed surface, known as the surface expansion distribution ¢(x), can effectively capture the
quantitative characteristics of material deformation behavior at the contact surface. This nuanced
analysis offers deeper insights into the interface adhesion phenomena, allowing for a more

comprehensive understanding of the intricate mechanisms at play during indentation processes.

3.4 Relationship between adhesion stress and surface expansion distribution

The results in the previous section clarify that the surface expansion ratio distribution
plays a pivotal role in determining the adhesion force since this distribution is closely related to
the nascent surface generated during the deformation process. Hence, we hypothesize that the
microscopic adhesion force distribution 7,(x), i.e., adhesion stress distribution, can be expressed

as a function of surface expansion distribution ¢ (x):

Tq(x) = ke (x) (3.5)

where k is defined as a factor of the adhesion stress distribution, indicating that the adhesion
stress T,(x) has the same distribution as the surface expansion distribution ¢(x). To verify the
relationship between the adhesion stress distribution and surface expansion distribution, the mean
adhesion stress and mean surface expansion ratio are compared by measuring the adhesion force
of normal and single-groove indenters. Fig. 3.8 shows the 2-dimensional and 3-dimensional
profiles of textured indenter, [-600 and Table 3.1 lists the configuration of the fabricated indenters,

which was fabricated by using a femto-second laser technology.

Fig. 3.8 Developed indenter with single micro-groove (I-600), (a) optical microscope image, (b)

three-dimensional profile, and (c) two-dimensional profile
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Table 3.1 Parameters of single microgroove indenters

Indenter name | L; (um) | L, (um) | Depth of groove D (um) | x,, (mm)
1-300 300 500 30 0.4
1-400 400 600 30 0.5
I-500 500 700 30 0.6
1-600 600 800 30 0.7
1-700 700 900 30 0.8
1-800 800 1000 30 0.9
1-900 900 1100 30 1.0
1-1000 1000 1200 30 1.1
I-1100 1100 1300 30 1.2
1-1200 1200 1400 30 1.3

As shown in this table, each indenter has a different grooved area on the indenter face.
Since the grooved area L; < x < L, becomes a non-contact state at the interface, the adhesion
force (F,_1,) generated partially in the area between L; < x < L, (Fig. 3.8 (a)) would be zero.
By using the adhesion stress distribution 7, (x), the adhesion force (F;) generated over the entire
side surface of the indenter and partial force (Fj ;,) generated in the area between L; < x < L,

for normal indenter are expressed as follows:

Lt
i=f wt, (x)dx (3.6)
2 0
Ly
Fa 12 =J; wt,(x)dx (3.7)

1

where L; is the contact length between the indenter face and specimen, and w is the width of
the specimen. By measuring the adhesion force of single groove indenter and normal indenter,
namely F, ; and Fg, respectively, adhesion force F, ,, partially generated in the area between
L, and L, as well as mean adhesion stress 7,(x,,) at the mid point of micro-groove could be

calculated by:
Foi120=—F5— (3.8)
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L
Foiz fL12 74 (x)dx

w(l, — L) Bl L, — Ly

(3.9)

T (X)) =

Fig. 3.9 (a) shows a schematic diagram of the mean adhesion stress and the position of
the groove structure. In this figure, x,, is the position of the midpoint of the micro-groove (see
Table 3.1), equal to:

L+,
T2

Xm (3.10)

Furthermore, Fig. 3.9 (b) depicts a schematic diagram of the mean surface expansion
ratio and the position of the groove structure. As shown in this figure, mean surface expansion

ratio ¢ (x,,) at the mid point of micro-groove can be expressed as:

f LL: ¢ (x)dx

¢(xm) = L,— L,

(3.11)

(a) (b)
Ta A ¢ A

Surface expansion distribution ¢ (x)

/

oy
X

L Xm L,

Fig. 3.9 The schematic diagram of (a) mean adhesion stress 7,(x,,) and (b) mean surface

expansion ratio ¢(x,,) at x,,

Assuming that the hypothesis in Eq. 3.5 is correct, the partially generated force F, 4,

and mean adhesion stress 7,(x,,) are given as follows:

L, L,
Fyip = f wt,(x)dx =kw | ¢(x)dx (3.12)
L L

1
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Fa 12 fLLlZ To(x)dx  k fLL12 ¢ (x)dx
W(LZ - Ll) B Lz - L1 B LZ — L1

Ta(Xm) = = kop(x) (3.13)

Eq. 3.13 suggests that mean adhesion stress 7,(x,,) should be proportional to the mean
surface expansion ratio ¢(x,,) if the assumption (Eq. 3.5) is correct. Therefore, we can verify
the hypothesis in Eq. 3.5 by comparing mean adhesion stress, which was experimentally obtained
by measuring F, and F, ;4 (Eq. 3.9), and mean surface expansion ratio, which was calculated
based on surface expansion distribution (Eq. 3.11).

To verify that the assumption in Eq. 3.5 remains valid at larger depths, it was essential
to observe a broader processing area than in the previously analyzed region. Accordingly, we
adjusted the experimental conditions and obtained the surface expansion ratios at increased depths.
Fig. 3.10 shows the surface expansion distribution, ¢(x) for indentation depths of 2, 3, 4, and 5

mm under these new conditions.
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Fig. 3.10 Distribution of surface expansion ratio ¢(x) for each indentation depth

Fig. 3.11 illustrates the relationship between the mean surface expansion ratio, obtained
based on Fig. 3.10, and mean adhesion stress at different indentation depths, calculated by force
measurements of normal and single-grooved indenters (Eq. 3.9). The red dashed line in this figure
represents the shear yield stress 7, (64 N/mm?) of the specimen (A1050P) used in this study. It
indicates that the adhesion stress is proportional to the surface expansion ratio at relatively small
surface expansion ratios. However, at large surface expansion ratios, the adhesion stress nearly
converges to the shear yield stress of the specimen under the current indentation configuration,
suggesting that the hypothesis in Eq. 3.5 holds true under certain conditions, but becomes
unsuitable when the surface expansion ratio is significantly large. This occurs because in highly
adhesive materials, like aluminum used in this study, a significant surface expansion ratio

generates a substantial amount of nascent surface, leading to strong adhesion at the interface and
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causing the adhesion stress to approach the material’s shear yield stress. However, the maximum
adhesion stress at the interface cannot exceed this yield stress, so even with further surface

expansion, the adhesion stress remains capped at this threshold.
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Fig. 3.11 The relationship between the mean surface expansion ratio and mean adhesion stress

at different indentation depth

3.5 Adhesion stress distribution model in wedge indentation
3.5.1 Determination and validation

Based on previous section, the adhesion stress distribution under the current indentation
configuration and material properties is not totally proportional to the surface expansion
distribution and it might converge to the shear yield stress of the material under large surface
expansion ratios, which facilitates other assumption that adhesion stress distribution may be
similar to sticking-sliding condition at the interface observed in the metal cutting process [147].

Based on following sticking-sliding friction model commonly employed in cutting process:

_ fuon  (uop <mry)
te {st (‘LLO'n = st) (3.14)

the function of adhesion stress distribution could be modified as:

o= {90 () <mey 315)

mts  (kp(x) = mt,)
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where 7, isthe shear yield stress of the material, k is a factor for the adhesion stress distribution
discussed in the previous section, and the constant m (where 0 < m < 1), whose value depends
on material properties and processing conditions, typically refers to the friction factor. It describes
the relationship between the maximum friction stress at the interface—specifically, the maximum
adhesion stress under the current indentation configuration—and the shear yield stress of the work
material [148]. Note that the variation of k and m are complicated. Factors influencing these
variations will be discussed in a subsequent section. Additionally, it is worth noting that, although
the expression form for adhesion stress distribution (Eq. 3.15) closely resembles that of the
sticking-sliding friction model (Eq. 3.14), they represent fundamentally different characteristics.
Although Eq. 3.14 follows the traditional pressure-based friction model [58], the newly proposed
adhesion stress distribution does not exhibit this characteristic. Specifically, the adhesion stress
distribution is independent of normal pressure variations and is instead determined by the surface
expansion ratio under the current indentation configuration and material properties.

As shown in Fig. 3.11, at large surface expansion ratios, the maximum adhesion stress
nearly converges to the shear yield stress of the material. Considering the high adhesion
characteristics of the material under the current experimental conditions, as discussed in the
previous section, it is reasonable to assume that the maximum adhesion stress closely
approximates the material’s shear yield stress. Therefore, for the current indentation configuration
and material, we set m = 1 in Eq. 3.15. In other words, the maximum adhesion stress T; max
equalsto 7 atlarge surface expansion ratios. To specify these conditions more clearly, Fig. 3.12,
building upon Eq. 3.15, illustrates the predicted adhesion stress distribution along the contact
interface, based on the surface expansion distribution obtained under the current indentation
scenario (Fig. 3.10). In this figure, L, denotes the transitional position where 7, 4, Teaches g,
when ¢(x) exceeds a certain threshold. In other words, by determining L., we can obtain a
quantitative distribution of 7,(x) according to Eq. 3.15. In the following part, we will explain

how to deduce the value of L.

Surface expansion distribution ¢(x)

Ts Adhesion stress distribution 7,(x)

L L, x
Fig. 3.12 The schematic of the surface expansion distribution and adhesion stress distribution

along the contact interface
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Based on this discussion, the adhesion stress could be modified as:

_ (k) (x>Lc)
(%) = { Gl (3.16)
Considering the continuity of adhesion stress distribution, gives that:
75 = k(L) (3.17)

The integral value of the adhesion stress distribution along the contact interfaces in this

research should equal to the total adhesion force F,. Therefore, the following equation must hold:

L¢ Lt

Lt L¢
F, = 2f wt,(x)dx =2w U ‘ca(x)dx] = 2w [TSLC +k ¢(x)dx] (3.18)
0 0 Le

Tgdx +f
L

c

From the equations above, we can derive the length of L., thereby quantifying
distribution of adhesion stress. Fig. 3.13 presents the predicted adhesion stress distribution 7, (x)
at indentation depths of 2, 3, 4, and 5 mm based on Eq. 3.15. The results confirm that as the
indentation depth increases, the region where the maximum adhesion stress reaches the shear
yield stress also expands, correlating with an increasing overall surface expansion ratio.
Conversely, the regions where the adhesion stress does not reach the shear yield stress exhibit a
distribution curve similar to the actual surface expansion ratio observed (Fig. 3.10).

Based on this comparison, the experimental mean adhesion stress, calculated as outlined
in the previous section (Eq. 3.13), is plotted in Fig. 3.14 to assess the consistency between the
experimental data and the model predictions. The comparison shows that the predicted adhesion
stress distributions closely align with the experimental values obtained from the grooved indenters,
validating the accuracy of the proposed friction models based on surface expansion distribution.
These findings lay the foundation for further development and quantification of friction models

grounded in actual deformation behavior in metal forming processes.
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Fig. 3.13 The predicted adhesion stress distribution 7,(x) at indentation depths of 2,
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Fig. 3.14 The comparison between experimental results and predicted adhesion stress

3.5.2 Factors influencing adhesion stress distribution

The results of the previous section suggest that the adhesion stress distribution, 7,(x),
can be represented in terms of the surface expansion ratio, ¢ (x), the material’s shear yield stress,
T¢, and appropriate coefficients k and m, as Eq. 3.15 expressed. In other words, Eq. 3.15 implies
that 7,(x) increases proportionally with ¢(x) and converges toward the certain adhesion stress,
mt,, under the current indentation configuration. For instance, for the highly adhesive material
used in this study, it can be assumed that m equals to 1, indicating maximum adhesion stress
converges to the material’s shear yield stress. Conversely, for materials with lower adhesiveness,
m may be smaller than 1, implying that maximum adhesion stress converges to a value below the
shear yield stress. A smaller adhesion stress, combined with a larger surface expansion ratio,
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inevitably changes the value of k and m. Thus, changes at the interface—such as the introduction
of suitable surface coatings or effective lubricants—may lead to variations in k and m. Evidently,
multiple factors influence the distribution of adhesion stress. In the following part, we will briefly
discuss the effects of lubrication condition, surface coating, material property, and temperature

on the proposed adhesion stress distribution model (Eq. 3.15).

(1) Lubrication condition

Good lubrication in metal forming processes can effectively reduce the coefficient of
friction and minimize the likelihood of direct contact between the workpiece material and the die,
thereby lowering adhesion forces. Specifically, the lubricant film serves as a physical barrier,
diminishing metal-to-metal contact and reducing the chances of adhesion [48]. This directly
decreases the adhesion stress and the corresponding value of k. Furthermore, by continuously
acting as a physical barrier at the interface, effective lubrication ensures its persistent presence,
facilitating smoother material flow and reducing the shear stress needed to initiate plastic
deformation during processing. Under such condition, the maximum adhesion stress may
converge below g, where m < 1. Therefore, selecting the appropriate lubricant and optimizing
lubrication conditions are crucial in metal forming processes. These factors not only influence
adhesion forces but also significantly impact forming quality, die life, and overall process

efficiency.

(2) Surface coating

Surface coating generally exhibits a low friction coefficient, significantly reducing the
contact friction between the tool and the workpiece. This characteristic can greatly diminish the
adhesion of the workpiece material to the tool surface during processing, effectively preventing
the formation of a bond between them [4]. The reduction in adhesion stress inevitably leads to a
decrease in the value of k. Additionally, in cases of contact between materials with high chemical
affinity and adhesion, the maximum adhesion stress at the interface inevitably matches the
material’s shear yield stress. In such condition, shearing may occur within the material, leaving a
portion adhered to the tool, fulfilling m = 1. Conversely, when a coating with low surface free
energy is applied, the adhesion at the interface decreases, resulting in a adhesion stress at the
interface that is smaller than the material’s shear yield stress. In this scenario, shearing occurs at
the adhesive interface, indicating that m < 1. Although surface coating does not directly alter the
shear yield stress of the workpiece material, they can indirectly lower the shear stress to initiate
deformation by reducing friction, controlling temperature, and optimizing cutting forces. This

improvement enhances the material’s flowability and contributes to better forming quality.
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(3) Material properties

Different materials exhibit distinct adhesion characteristics, primarily due to variations
in their chemical composition, crystal structure, and surface energy. For instance, soft metals such
as aluminum and copper are more prone to adhesion with die surfaces during processing, largely
because of their high surface activity, which enhances adhesion forces. In contrast, harder metals
like steel and titanium alloys, which possess higher yield strength and surface hardness, are less
likely to adhere to dies or tools during machining [4]. As a result, materials with lower
adhesiveness generally exhibit a reduced adhesion force and smaller & values under identical
conditions. Moreover, for materials with lower adhesiveness, the reduced adhesion force results
in the maximum shear stress at the adhesive interface being smaller than the material’s shear yield
stress. This causes shearing to occur at the contact interface, leading to m < 1. Additionally, highly
reactive metals like aluminum tend to form thick oxide layers on their surfaces. The thickness of
this oxide layer can also influence the values of k. As illustrated in Fig. 2.18, the oxide layer
stretches along with the bulk aluminum during indentation, with a new surface forming only after
the surface expansion ratio reaches a certain threshold. When a thick oxide layer is present, fresh
surface exposure is reduced compared to that of a thin oxide layer under the same expansion,
leading to a decrease in adhesion force and a corresponding reduction in & values. However, with
sufficient surface expansion, the maximum adhesion stress is expected to converge to the
material’s shear yield stress regardless of oxide layer thickness. In such cases, m should remain

unchanged, i.e., m = 1.

(4) Temperature

Temperature is typically an indirect occurring factor primarily due to issues such as
inadequate lubrication or excessive tool friction, both of which can lead to increased wear and
elevated temperatures during machining. The effect of temperature on the m value is considerable.
Generally, higher temperatures cause material softening, which lowers the material’s shear yield
stress during processing [ 148]. As a result, the adhesion stress distribution curve converges below
T¢ at room temperature, fulfilling the condition where m < 1. This reduction in maximum
adhesion stress may lead to a decrease in the ratio of 7, to ¢, meaning that the value of &
decreases. However, with rising temperatures, the metal’s plasticity also increases, making it
easier for the material to flow and deform. This enhances the contact area between the nascent
surface of material and the tool surface, which can significantly raise adhesion forces.

Consequently, this increase in adhesion may lead to a corresponding rise in the & value.

In summary, any factors that directly or indirectly reduce adhesion between the

workpiece and the tool surface, significantly impact the distribution of adhesion stress. These
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factors are thus essential in shaping the friction models profile, advancing our deeper

understanding of tribological phenomena at the interface.

3.5.3 The effects of lubrication conditions on adhesion stress distribution

The previous section explored the influence of various factors on the variables within
the adhesion stress distribution model. This section will narrow the focus to one of these key
factors: lubrication conditions. Here, we will analyze how variations in lubrication conditions
affect the distribution of adhesion stress. It is well-recognized that lubrication methods play a
critical role in reducing adhesion, enhancing process efficiency, and improving the overall quality
of the forming process. In our current research, a commercially available mineral-oil-based
lubricant (refer to as ‘o0il”) was employed in the lubricated condition [149].

Fig. 3.15 is the comparison of adhesion force at different indentation depths, conducted
at a speed of 0.1 mm/s, both with and without the presence of a lubricant. This figure distinctly
indicates that the adhesion force under the lubricated condition is largely lower than that in the
dry condition. This substantial reduction suggests an effective mitigation of interface adhesion
due to the application of the lubricant. These findings are supported by observations of the
indenter face after experiments (Figs. 3.16 (a) and (b)). Note that, in Fig. 3.16, the results of the
element analysis at points A and B conducted using the Laser-Induced Breakdown Spectroscopy
[150] are also presented. As shown in Figs. 3.16 (a) and (b), pronounced adhesion to the indenter
face, identified as aluminum oxide through the element analysis, is observed in a dry state (Fig.
3.16 (a)). In contrast, under the oil condition, minimal or no adhesion occurs (Fig. 3.16 (b)),

indicating that the use of lubricant reduces interface adhesion.
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Fig. 3.15 The comparison of adhesion force with and without lubricant
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Fig. 3.16 Observation for indenter surface and its corresponding element analysis under (a) dry

and (b) oil conditions

To show the effects of lubrication condition on adhesion stress distribution, Fig. 3.17
compares the correlation between the mean surface expansion ratio and mean adhesion stress at
different indentation depths, both with and without lubricants. Note that the red dashed line and
green dashed line in this figure are the trend lines of this correlation under dry and oil conditions,
respectively. As shown in this figure, the ratio of 7, and ¢, represented by k, namely the slope
of the trend line, is significantly lower under lubricated conditions than under dry conditions. This
is because the lubricant effectively reduces the adhesion force, resulting in lower adhesion stress
at the same surface expansion ratio.

As discussed in the previous section, if the lubricant could consistently remain at the
interface, it would be expected that both £ and m would decrease, resulting in m < 1. However,
current experimental results show that m remains unchanged, as the maximum adhesion stress
under lubricated conditions nearly converges to the shear yield stress of the specimen. This
finding suggests that, despite the lubricant supply, the adhesion stress in regions with high surface
expansion converges to the material’s shear yield stress, indicating for the oil conditions
employed in current indentation configuration, m can be approximated as 1. This is primarily
because the oil film near the indenter tip is squeezed out and breaks down under high pressure,

resulting in direct contact between the indenter surface and the nascent material surface, with the
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maximum adhesion stress approaching the material’s shear yield stress. This observation suggests
that in areas of significant surface expansion—where normal stress is also high—the lubricant is
unlikely to remain at the interface, as it is expelled and degraded. Thus, it is evident that the effects
of lubrication on m and k are heavily influenced by the pressure resistance and penetrability of

the lubricant.
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Fig. 3.17 Comparison of the mean surface expansion ratio and mean adhesion stress at

different indentation depths between with and without lubricants

Building on this premise, we deduced the adhesion stress distribution under oil
conditions at indentation depths of 2, 3, 4, and 5 mm based on Eq. 3.15, alongside the
experimentally derived mean adhesion stress values using the same methodology as Fig. 3.14. As
illustrated in Fig. 3.18, the predicted adhesion stress distribution aligns closely with the
experimental data, even under lubricated conditions, further confirming the reliability of the
quantitative adhesion stress distribution model. As shown in the figure, the experimental adhesion
force under oil lubrication is slightly higher than the predicted adhesion force. The reason for this
is that the micro-grooves can serve as micro-pools for retaining oil fluid [151]. As a result, the oil
film near the indenter tip, which would typically break down under high pressure, can still
maintain its effect of reducing direct contact between the indenter surface and the nascent surface

of the workpiece. This effectively reduces the adhesion force of single-groove indenters.
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Fig. 3.18 The comparison between experimental results and predicted adhesion stress under oil

conditions

3.6 Summary

Interface adhesion is pivotal to understanding tribological behavior at the contact

surface, exerting significant influence on tribological phenomena in machining and forming

processes. In this chapter, our focus was on exploring the quantitative relationship between

interface adhesion phenomenon and surface expansion behavior to propose suitable friction

model through wedge indentation and direct observation. The main conclusions are summarized

as follows:

M)

)

®)

The surface expansion ratio exhibits non-uniformity along the indenter face, with surface
expansion predominantly localized near the indenter tip. As the indentation depth increases,
this localization diminishes significantly, giving way to a more diffuse surface expansion
distribution.

The change from localized to diffused distribution in surface expansion with increasing
indentation depth is due to the heightened shear flow stress, attributable to strain hardening,
leads to the suppression of plastic deformation in the immediate vicinity of the indenter tip.
Consequently, this suppressed plastic deformation fosters surface expansion at positions
further away from the indenter tip. As the result, the surface expansion distribution becomes
more diffused, resulting in the proportion of the surface expansion ratio that exceeds the
threshold for causing adhesion at the interface increases, subsequently leading to a higher
adhesion force.

The adhesion stress distribution based on surface expansion distribution is proposed and

expressed as:
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o= {40 (0 <mey)

mts  (kp(x) = mt,)

Specifically, adhesion stress, 7,(x), is proportional to the surface expansion ratio, ¢(x),
with the factor of k£ at relatively smaller surface expansion ratios, while it converges to the
certain adhesion stress, mtg, at larger surface expansion ratios during processing. Multiple
factors influence the constants m and k, including lubrication conditions, surface coatings,
material properties, and temperature. In our study, the effects of lubrication conditions on
adhesion stress distribution were discussed as an effective example, demonstrating how
lubrication can significantly alter the adhesion characteristics and frictional behavior at the
interface. The findings reveal a high degree of consistency between the predicted values of
adhesion stress distribution and the experimental mean adhesion stress values, both with and
without lubricants. This consistency makes it possible to quantify the friction model based
on actual deformation behavior in the metal forming process, marking a significant
breakthrough in quantitatively investigating the relationship between tribological

phenomena and deformation behavior.
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Chapter 4 The effects of interface friction on plastic deformation in
metal surface and bulk

4.1 General introduction

The previous chapter highlighted the critical role of the microscopic distribution of the
surface expansion ratio in understanding interface adhesion phenomena. However, limited
attention has been given to the factors influencing this distribution. Clarifying these determinants
could provide a deeper insight into the interrelationship between material plastic deformation at
the interface and the prevailing friction conditions. It is well-established that under severe friction,
a phenomenon of flow localization occurs at the contact interface during metal plastic processing
and this flow localization closely resembles the behavior of a fluid-like boundary layer [112, 118].
Investigating the development of the boundary layer structure might elucidate the role in how the
surface of bulk material expands at the contact interface and determine surface expansion
distribution, since both surface expansion and the plastic boundary layer result from interface
friction under severe sliding contact conditions [69]. Therefore, in this chapter, plastic
deformation behaviors, including surface expansion at the contact interface are quantified by
using PIV analysis, and compare it with traditional boundary layer theory. Specifically, the
quantitative relationship between interface friction and interface deformation, namely wall-slip
phenomenon and surface expansion behavior at the interface, is investigated. Through PIV
analysis, the critical factors influencing surface expansion distribution are investigated. Moreover,
it explores the interrelations among interface friction, boundary layer phenomena and the
distribution of surface expansion and proposes quantitatively assess tribological conditions at the

sliding contact.

4.2 Boundary layer and wall-slip phenomenon

Boundary layer phenomena hold significant importance in fluid mechanics, wherein a
thin layer of fluid forms over a solid surface due to differences in velocity gradients. It has been
reported that the deformation field in the vicinity of severe sliding contact caused the friction
induced retardation of material flow, such as tool-chip interface in machining process and
die/mold-material interface in forming process, resembles a fluid-like boundary layer flow [68].
To understand the relationship between the friction condition and plastic boundary layer structure,
wedge indentation experiments were conducted. Fig. 4.1 shows the deformation field
superimposed by the streaklines obtained by the PIV analysis. In Fig. 4.1 (a), the initial streak
lines U, (n: streakline number) at t = t; are placed orthogonal to the indenter face, i.e., the X

and Y axes are tangential and normal to the indenter face, respectively. Fig. 4.1 (b) shows the
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material flow at t =t, + 5 s. The red and yellow points in these figures correspond to the
endpoints of the streaklines and points on the indenter face tangent to the initial position of the
endpoints, respectively. In other words, the gap between red point and yellow point for each
streakline at t =ty + 5 s (Fig. 4.1 (b)) indicates the relative motion between the material and
indenter at the interface.

The friction at the interface induces a shear stress tangential to the bulk material near
the indenter surface, which is transmitted to the workpiece and influences its deformation
behavior. As depicted by the streaklines in Fig. 4.1 (b), the material displacement along the x-
direction gradually diminishes and eventually becomes stationary at a distance from the indenter
face, indicating the existence of velocity gradients of the bulk deformation. This result shows that
the material is dragged by the interface friction between the indenter and material, which

consequently results in the formation of a plastic boundary layer.

Fig. 4.1 Material flow at (a) t = ty,(b) t =ty +5 s

The characteristics of this friction-induced deformation are also evident in the
distribution of the velocity in x direction (v,), i.e., velocity of the material along the indenter face,
as shown in Fig. 4.2. Note that the velocity field is determined by averaging velocities over 20
consecutive frames, and v, (x,y) denotes the value of v, at the coordinate (x,y). Fig. 4.2 (a)
confirms that the formation of a steep velocity gradient that constitutes the plastic boundary layer.
Also, Fig. 4.2 (b) shows the relationship between v, and the vertical distance away from the
interface (y) at x = 100,300,500, 700 um, confirming that the deformation is largely confined
to the region close to the indenter face. Additionally, Fig. 4.2 (b) indicates several aspects of the
plastic boundary layer resulting from the interface friction between the material and the indenter

face. Firstly, the velocity gradient, namely the boundary layer structure, differs depending on the
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value of the x-coordinate and a more pronounced velocity gradient is observed in the area closer
to the indenter tip. As explained in previous chapter, the adhesion friction stress along the indenter
face increases toward the indenter tip, suggesting that the boundary layer structure is determined
by the friction condition at the interface. Secondary, velocity difference exists at the interface
between the indenter and the material, namely, wall-slip occurs at the interface. In Fig. 4.2 (b),
Vyau 18 the velocity component of the indenter face in the x-direction, equivalent to vgcosa (vy:
indentation speed, a: half of indenter angle). As shown in this figure, the velocity of the material
at the interface, i.e., v,(x,0), is lower than v,,4;;, which clearly shows the existence of the wall
slip at the interface and causes the relative motion between the material and indenter at the

interface, as shown in Fig. 4.1 (b).
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Fig. 4.2 (a) Velocity field of the x direction and (b) the relationship between v, andy at
different values of x axis (x = 100,300, 500,700 um)
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In order to quantitatively examine the relationship among interface friction, boundary

layer structure, and wall-slip at the interface, wall-slip velocity vg(x) is defined as follows:

V5(x) = Vyau — vx(x,0) (4.1)

Fig. 4.3 shows the distribution of vy(x) along the indenter face, indicating that
vg(x) decreases toward the indenter tip. This decrease arises from material deformation at the
interface caused by friction drag, where the velocity of the material v, (x,0) is higher near the

indenter tip due to greater friction stress.

bt
o
&

0.04

0.02

0 1 1 1
0 0.2 0.4 0.6 0.8
Distance from edge (x) [mm]

Wall-slip velocity (v,) [mm/s]

Fig. 4.3 Wall-slip velocity distribution

Furthermore, to examine the impact of wall-slip velocity on the boundary layer structure,
the velocity field v, (x,y), which is shown in Fig. 4.2 (b), is normalized based on the following

equation:

v (ny) v (xy)
Vwau — Vs(X) - vy (x,0)

vn(x,y) = (4.2)

Fig. 4.4 shows the normalized velocity field v, (x,y) at x = 100,300,500,700 um.
In contrast to Fig. 4.2 (b), all curves of the normalized velocity field nearly converge to a single
curve, strongly suggesting that the boundary layer structure is determined by the wall-slip
behavior at the interface. These findings suggest that the interface friction primarily determines
the wall-slip behaviors at the interface, such as wall-slip velocity or wall-slip amount, which
subsequently determines the bulk deformation of the material, i.e., the plastic boundary layer

structure.
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Note that the friction-induced plastic boundary layer is very similar to a laminar fluid
boundary layer characterized by steep velocity gradients. However, wall-slip behavior plays a
crucial role in the plastic boundary layer, which is not typically observed in classical fluid
mechanical boundary layers. This distinction may be one of the features of the friction-induced

plastic boundary layer and aids in understanding friction-induced deformation behaviors.

4.3 Relationship between the wall-slip velocity and surface expansion distribution

Explained in the preceding section, wall-slip behavior is pivotal in comprehending
interface friction and its linked deformation patterns. Surface expansion stands out as a paramount
phenomenon in sliding contact, exerting a significant influence on interface friction. Specifically,
the surface expansion ratio—denoting the ratio between the original material’s surface area and
the area post-deformation—directly influences the exposure of chemically active nascent surfaces
at the contact interface, which also directly corresponds to the adhesion force distribution at the
interface. Additionally, the surface expansion ratio is distributed non-uniformly at the interface,
and its distribution also changes as the friction condition at the interface during the deformation
process. Prior chapter has paid limited attention to the factors influencing this distribution. This
section seeks to fill this gap by elucidating the relationship between surface expansion behavior
and the wall-slip phenomenon, and identifying the key factors influencing the distribution of
surface expansion at the sliding contact interface.

Section 3.2.1 and Section 4.2 clearly illustrate methods for determining the distribution
of surface expansion and wall-slip velocity without considering the relationship with time,
respectively. To comprehensively explore the relationship between wall-slip velocity and surface
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expansion distribution during indentation and facilitate understanding, we analyze the distribution
of wall-slip velocity and surface expansion distribution over time, corresponding to varying
indentation depths. Fig. 4.5 depicts the procedure for obtaining distribution of surface expansion
ratio ¢(x,t) atany giventime t. By tracking virtual markers placed at regular intervals of [ on
the metal surface (Fig. 4.5 (a)) through PIV analysis, the position of tracking marker P, from the
indenter tip (x,) and the distance between B, and P,.; (l+ Al, ;) at different time ¢
during the indentation process can be obtained (Fig. 4.5 (b)). The distance of midpoints x;, ;41
between P, and P,,; from the indenter tip, namely x, ,4;(t) and the corresponding local
surface expansion ratio ¢, ,4+1(t) at the position of point x, ,;; at given time t are
calculated by the following Eq. 4.3 and Eq. 4.4. The distribution of surface expansion ratio
¢(x,t) is determined based on the local surface expansion ratio ¢, ,,1(t) and local point

Xn_n+1(t), respectively (Fig. 4.5 (¢)).

0 (n=0)
xn_n+1(t) = Xp (£)+Xn41(E) (Tl > 0) (43)
2
Xn(E)+2xn41 ()1 _
(t) _ Aln_n+1(t) _ l (n - 0) 4 4
¢n_n+1 - 1 - X1 (B)—xp () -1 ( ' )

n>0)

l
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-mx-o-ooo-o-o-oo-o—

[

-

Ph P P, P3

¢(x,t)

Material

Fig. 4.5 The procedure for obtaining distribution of surface expansion ratio ¢(x,t) at given

time t

Fig. 4.6 (a) shows images featuring superimposed virtual tracking markers (/= 25.6 pm)
at an indentation depth of 5 mm, demonstrating that the virtual tracking markers successfully
visualize the local surface expansion along the indenter face. The tracking markers (P;-Ps),
initially placed on the metal surface at regular intervals (see Fig. 4.5 (a)), demonstrate varied
movement, reflecting different slip conditions along the interface surface. Moreover, Fig. 4.6 (b)

illustrates the surface expansion distribution ¢(x,t) at specific time intervals—20, 30, 40, and
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50 seconds—corresponding to indentation depths of 2.0, 3.0, 4.0, and 5.0 mm, respectively. Note
that this figure should naturally match with Fig. 3.10. As depicted in this figure, the surface
expansion ratio varies along the indenter face, and the localization of the surface expansion in the
vicinity of the indenter tip is evident. These results confirm the non-uniform nature of the surface
expansion distribution along the indenter face and indicate that the localized surface expansion

results in the severe frictional conditions near the indenter tip.

pf Indenter tip -
500 pm 0 1 2 3 4 5

Surface expansion (¢ (x, t))

Distance from edge (x) [mm]

Fig. 4.6 Distribution of surface expansion ratio: (a) tracking markers with the depth of 5 mm

and (b) surface expansion distribution at different given time ¢

According to Eq. 4.4, the non-uniform surface expansion distribution is caused by the
difference in the surface expansion deformation behavior at each two consecutive points along
the indenter face at a given time. This uneven surface expansion distribution is closely linked to
the wall-slip velocity at each point along the interface. To depict the relationship between surface
expansion and wall-slip velocity, a schematic diagram in Fig. 4.7, illustrating the assumption of

the movement of each tracking point under slip and no-slip conditions, is presented.

71



Chapter 4 The effects of interface friction on plastic deformation in metal surface and bulk

Fig. 4.7 Schematic of (a) initial distribution of tracking points before indentation, (b)
macroscopic deformation after indentation, (c) distribution of tracking points under no-slip

condition and (d) distribution of tracking points under slip condition after indentation

Assuming that the tracking points P; (i=0, 1,2, -, n) are plotted on the metal surface
with the regular interval distance / before indentation (Fig. 4.7 (a)) and v;(t) (wall-slip velocity)
is the instantaneous velocity of the tracking marker P; along the indenter face at a given time t.
At any incremental time At, the corresponding wall-slip velocity for each two tracking markers
P,and P,,; are v,(t+ At) and v, (t + At).

The “macroscopic” surface expansion ratio over the entire deformation area can be

defined as:

p=—=—— (4.5)

where AL represents the difference between the original surface length of the undeformed
specimen, L, and the surface length after the indentation process (see Fig. 4.7 (b)).

Presuming that the contact condition at the interface adheres to a no-slip condition, i.e.,
the wall-slip does not occur at the indenter-material interface, where v;(t) equals to zero, the
virtual tracking point at the metal surface moves integrally with the indenter (Fig. 4.7 (¢)), i.e.,
microscopic incremental length for each pair of two tracking markers, Al, remains uniform, and
the total Al for all tracking markers is equal to AL. Under such conditions, the local microscopic
surface expansion ratio ¢, ,41(t) for each pair of two tracking markers P, and P,,; atgiven

time t could be expressed as:

l_ne1(®) AL 1-—sina

A
Pn_ns1(t) = (4.6)

l l sina
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This implies that in the absence of wall-slip at the interface, the surface expansion ratio
remains consistently uniform across the entire contact area, maintaining the value consistent with
the macroscopic surface expansion ratio. In other words, any difference in the surface expansion
ratio should be attributed to the wall-slip behavior at the interface.

On the other hand, assuming that the contact condition at the interface follows the slip
condition (Fig. 4.7 (d)) —a scenario that more accurately reflects reality—, uneven friction
condition at the interface inevitably results in different interface deformation behavior, causing
changes in wall-slip velocity along the interface. According to Eq. 4.4, the incremental surface
expansion ratio A¢, ,+1(t) atany incremental time At for each two tracking markers P, and

P,,;1could be expressed as:

Al pe1(E+AD)  Alpy_pis ()
Apn_ns1() = Pn_ns1(t + A= _n4q () = == — Snonnn® _

[xo(t+At)—x0(t)]-;-[xl(t+At)—x1(t)] _ f:+At[vo(t2+V1(t)]dt (n=0)

s (A0 43 (D]~ (HAD -2 )] _ [ [onea () —vn (D]t
! !

(4.7)

(n>0)

Here, ¢, n41(t +At) and ¢, ,41(t) represent the microscopic surface expansion ratio for
each two tracking markers P, and P,,, atgiventime (t + At) and t,respectively. Meanwhile,
Apy ni1(t) is the incremental value of ¢, ,.1(t) after an interval time of At. This suggests
that the distribution of the surface expansion ratio should be determined by the distribution of the
wall-slip velocity. To illustrate the wall-slip behavior at the indenter-material interface, the
evolution of the distance from the indenter tip, x,, and wall-slip velocity, v, for each tracking

point (P;-Ps, see Fig. 4.6) are obtained through the PIV analysis, as shown in Fig. 4.8.
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Fig. 4.8 (a) Distance from the indenter tip and (b) wall-slip velocity v, for each tracking point

over time

As illustrated in Fig. 4.8, during the initial indentation, the tracking points are close to
the indenter tip (Fig. 4.8 (a)), while exhibiting relatively high wall-slip velocity for each tracking
point (Fig. 4.8 (b)). This occurrence is due to lower interface friction at the interface resulting
from less fresh surface generated and smaller adhesion at the interface, manifesting as smaller
incremental distance between consecutive points (Fig. 4.8 (a)). With the progress of indentation,
the friction increases because of more nascent surface generated, thereby largely increasing the
adhesion force at the interface, corresponding to large incremental distance of each two
consecutive points (Fig. 4.8 (a)). Consequently, the wall-slip velocity for P; diminishes and
remains nearly constant over time, even as the distance of P; extends far from the indenter tip.
On the other hand, wall-slip velocity for tracking points P,-Ps decreases initially at small
indentation depths but gradually increases over time (Fig. 4.8 (b)), leading to distinct growth
trends in distance from the indenter tip (Fig. 4.8 (a)).
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These differences in the deformation behaviors stem from strain hardening induced by
intense plastic deformation near the indenter tip as the indentation depth increases. This
phenomenon would hinder further deformation in the vicinity of indenter tip, causing a slowdown
in the increasing distance of P; from the indenter tip (Fig. 4.8 (a)), as well as reflecting in an
almost constant wall-slip velocity (Fig. 4.8 (b)). Subsequently, decreased deformability promotes
surface deformation in regions farther from the indenter tip (Fig. 4.8 (a)), triggering an increase
in wall-slip velocity for P,-Ps (Fig. 4.8 (b)). This ultimately results in a diffuse surface expansion
distribution and substantial nascent surface generation (see Fig. 4.6 (b)), since nascent surface
does not form until the surface deformation reaches a certain threshold, as illustrated in Fig. 2.18.
A more diffuse surface expansion distribution, inevitably increases proportion above a certain
value of surface expansion ratio that is required to cause a huge adhesion at the interface,
consequently elevating interface friction. As a result, this increased friction impedes material
deformation further, manifesting as less wall-slip velocity in the vicinity of indenter tip and more
diffuse surface expansion distribution. These findings distinctly illustrate the interrelation and
mutual influence among interface friction, wall-slip velocity, and surface expansion distribution.

To verify the relationship between surface expansion distribution and wall-slip velocity,
we compare the local surface expansion ratio ¢, ,4+1(t) of several two consecutive tracking
markers with different given time t, calculated through the procedure for obtaining distribution
of surface expansion ratio (Eq. 4.4), with the integral of wall-slip velocity ¢y n+1(Ocaicutated
(Eq. 4.7), as shown in Fig. 4.9. Note that At equals to 2 second in this figure. As demonstrated
in Fig. 4.9, ¢n_n+1(t) is highly consistent with ¢y n41(t)caicutateq » indicating that the
distribution of surface expansion ratio is indeed determined by that of the wall slip velocity. These
findings clearly indicate that non-uniform surface expansion distribution results from variations

in the wall-slip velocity along the sliding surface induced by interface friction.

80
-O- ¢oa
X qboflcalculuted
60 I o ¢.5
X ¢273calculared
| O~ Qus

I
o

X ¢4’,56ulculated

20

Sy

Surface expansion ratio ¢, ,41(t)

Fig. 4.9 The comparison between ¢p_n1(t) and ¢y n41(t) carcutated

75



Chapter 4 The effects of interface friction on plastic deformation in metal surface and bulk

4.4 The quantitative assessment of tribological condition at sliding contact

As discussed in the previous section, interface friction, wall-slip velocity, and surface
expansion distribution are interconnected and mutually influential. Moreover, surface expansion
distribution can serve as an indicator of adhesion friction force distribution at the contact interface,
potentially providing a quantitative approach to assess tribological conditions in sliding contact
scenarios. For instance, both surface coatings and lubrication conditions can effectively alter the
tribological conditions at the interface, inevitably impacting wall-slip behavior and surface
expansion distribution. This suggests that we can quantitatively assess the tribological state of a
sliding interface by evaluating changes in wall-slip velocity and surface expansion distribution—
a method of substantial practical importance. Moreover, if tribological conditions at the interface
can be quantified, we can also evaluate tool wear, the comparative effectiveness of different tool
coatings, and lubrication performance, all of which significantly influence the interface’s
tribological properties.

To verify this insight clearly and demonstrate its potential in developing a method for
quantitatively evaluating lubricant lubricity, Fig. 4.10 (a) and Fig. 4.10 (b) are the image of the
30 deg indenter, superimposed with the streaklines at t =ty +5 s, with and without the
lubricant. In these images, yellow and red points represent the endpoints of the streaklines and
points on the indenter face tangent to the initial position of the endpoints, respectively.
Additionally, Fig. 4.11 presents a comparison of the slip amounts for each streakline (U;-U,) with
and without the presence of oil. The results clearly show that the lubricant effectively increases
the gap between the red and yellow points, representing the slip amount, at t =ty +5 s,
indicating the decreased interface friction at the interface. These findings are supported by the
distribution of the wall slip velocity along the indenter face at t = t5 + 5 s (Fig. 4.12), under
both dry and lubricated conditions. These variations in the state of interface friction manifest as
differences in wall-slip behavior, with the wall-slip velocity under the lubricated condition being
approximately 60% higher than that under dry conditions (Fig. 4.12), confirming the significant
facilitation of sliding motion at the interface due to the presence of lubricant. These results
decisively demonstrate the effective reduction of interface friction between the indenter and the

material through the application of a mineral-oil-based lubricant.
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Fig. 4.10 The comparison of streaklines at t = t, + 5 s under (a) dry and (b) oil conditions
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Fig. 4.13 shows the images featuring superimposed virtual tracking markers at an
indentation depth of 5 mm, with and without the application of lubricant, indicating alterations in
the material's deformation behavior at the sliding contact attributable to the presence of lubricant.
As seen in this figure, under the lubricated condition (Fig. 4.13 (b)), substantial wall-slip of the
material results in pronounced surface expansion in the vicinity of the indenter tip. Fig. 4.14
provides a schematic diagram illustrating the impact of localization of the surface expansion at
the indenter tip on the surface expansion distribution under the dry and lubricated conditions.
When subjected to the same indentation depth in both dry and lubricated conditions, the total
amount of surface expansion, AL, remains consistent (refer to Fig. 4.7 (b)). As depicted in Fig.
4.14, at a given time interval At, the indenter initially contacts tracking points P, and P;,
resulting in corresponding wall-slip velocities v, and v;. Due to the reduced interface friction
in the presence of lubricant, v, and v, are greater than those under dry conditions. These larger
values of v, and v; inevitably amplify the value of ¢(0,t) (refer to Eq. 4.4 and Eq. 4.7),
indicating that the surface expansion under lubricant conditions becomes more localized in the
vicinity of indenter tip (Fig. 4.14 (b)). In other words, it should be possible to quantitatively
visualize the lubricity at the interface by evaluating the degree of concentration of the distribution

of the surface expansion ratio in the vicinity of the indenter tip.

(b) Oil condition

- 500 pm

Fig. 4.13 Tracking markers under (a) dry and (b) oil conditions at the depth of 5 mm
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(a) Dry condition
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Fig. 4.14 The schematic diagram of the influence of wall-slip velocity on surface expansion

distribution under (a) dry and (b) lubricant conditions

To quantitatively show the influence of the lubricity on the surface expansion

distribution, Fig. 4.15 shows the distribution of the surface expansion distribution ¢(x,t) at the

indentation depth of 5 mm, namely at ¢ = 50 s, along the indenter face with and without

lubrication. These results demonstrate a significant increase of almost 76% in the surface

expansion ratio near the indenter tip due to the effect of the lubricant, confirming that variations

in frictional conditions at the interface affect the distribution of the surface expansion ratio. This

insight also introduces a method for quantitative evaluation, moving beyond traditional qualitative

assessments.
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Fig. 4.15 The comparison of surface expansion distribution ¢(x,t) with and without

lubricants at the given time t of 50 s
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Moreover, Fig. 4.16 compares the specific surface expansion ratio distribution, ¢4(x,t),

which was defined as the following equation, with and without the presence of the lubricant.

_o00)
$0,0)

¢s(x, 1) (4.8)

This figure further demonstrates that the surface expansion distribution under the oil
condition becomes more localized and less diffused compared to that under the dry condition. In
other words, oil lubricants reduce interface friction, enabling increased wall-slip velocity between
the indenter and material at the interface in the vicinity of the indenter tip. This, in turn, triggers
pronounced localized surface expansion. To put it simply, more localized surface expansion ratio
in the vicinity of indenter tip compared to that under dry condition, indicates a higher wall-slip

velocity at the interface, which reflects smaller interfacial friction.

Specific surface expansion

0 1 2 3 4 5
Distance from edge (x) [mm]

Fig. 4.16 The comparison of specific surface expansion ratio distribution ¢, (x,t)

with and without lubricants at the given time t of 50 s

Building on the discussion above, it may be feasible to quantitatively assess the
lubricating efficiency of lubricants under severe sliding contact by evaluating the material
deformation behavior at the material-indenter interface, suggesting the potential to gauge
tribological conditions in sliding contact scenarios. The reduction in interface friction due to
improved tribological conditions—such as effective lubrication and optimal tool surface
coatings—leads to an increase in wall-slip velocity, resulting in highly localized surface
expansion near the indenter edge. Characterizing this surface expansion distribution, along with
its relationship to wall-slip velocity, offers a robust method for quantitatively assessing variations

in interface tribological conditions.
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4.5 Summary

Interface friction is fundamental to tribology, which has considerable impact on the

tribological phenomena in machining and forming processing. This chapter focuses on the

relationship between interface friction and plastic boundary layer phenomenon, as well as surface

expansion distribution, by using high-speed imaging and particle image velocimetry techniques.

The key findings and conclusions are summarized as follows:

M)

)

®)

(4)

The friction-induced plastic deformation flow observed in the vicinity of the severe sliding
contact is very similar to a laminar fluid boundary layer, albeit distinct due to the presence
of wall-slip velocity.

The interface friction primarily determines the wall-slip behaviors at the interface, which
subsequently determines the bulk deformation of the material, i.e., the plastic boundary layer
structure.

Non-uniform surface expansion distribution results from the difference in the wall-slip
velocity along the sliding surface caused by the interface friction. Since the surface expansion
distribution also determines the degree of the exposure of freshly generated nascent surface
and subsequently influences interface friction, it can be said that interface friction, wall-slip
velocity, and surface expansion distribution interact with each other.

Improved tribological conditions, such as the application of effective lubricants at the
interface, can enhance wall-slip velocity by reducing interface friction. This reduction, in
turn, causes the surface expansion distribution to become more localized near the indenter
tip in the indentation setup. Consequently, it may be feasible to quantitatively assess
tribological conditions at the sliding contact by evaluating the deformation behavior of the

material at the material-indenter interface.
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Chapter 5 Comprehensive exploration of friction model and stress
distribution in metal indentation

5.1 General introduction

The previous chapter aimed to obtain a comprehensive understanding of the tribological
phenomena at the interface during indentation by investigating the interrelated relationship
between interface friction and deformation behavior, including surface expansion distribution and
wall-slip behavior. This exploration enables a thorough analysis of tribological phenomena in
indentation by fully studying the stress conditions at the interface, including the distribution of
normal and friction stresses. This advancement consequently facilitates more comprehensive
discussions and potential developments in engineering applications.

Hence, this chapter aims to further explore the quantitative relationship between surface
expansion distribution and stress distribution and propose a practical friction model to quantify
stress distribution, including both friction and normal stress distribution. It also calculates and
verifies quantitative results for stress distribution by using single-grooved indenters. Moreover,
based on the comprehensive advancements between friction phenomena and surface expansion

behavior, we also propose the potential implications for engineering applications.

5.2 Review of stress distribution

Stress distributions at the tool/die-workpiece interface are crucial for a comprehensive
understanding of material deformation and tribological phenomena. It is widely acknowledged
that to achieve a full understanding of these phenomena at the interface, it is essential to determine
the stress distributions, specifically the distribution of friction stress and normal stress along the
interface [152]. For example, friction stress at the interface significantly affects the sliding of the
tool and workpiece, generating shear forces that act tangentially to the bulk material and thereby
influencing the material deformation behavior and flow characteristics [153]. Conversely, normal
stress is a critical parameter in determining whether a material will yield or deform plastically.
Higher normal stresses can lead to earlier yielding and the initiation of plastic deformation,
resulting in localized plastic deformation or concentrated strain, which may cause material defects
and subsequently affect the entire forming operation [154].

Additionally, understanding the friction model, coupled with stress distribution derived
from actual deformation behavior, plays a crucial role in identifying stress concentrations and
preventing surface defects in various metal forming operations. During processes such as drawing,
rolling, and extrusion, materials flow through dies under pressure. Any irregularities in this flow

can lead to surface stress concentrations. Moreover, rapid deformation can subject the material to
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high strain rates that exceed its plastic deformation capacity, potentially causing cracking [4]. For
instance, extrusion is a manufacturing process used to produce objects with a consistent cross-
sectional profile by pushing or drawing material through a die of the desired shape and Fig. 5.1
illustrates a schematic of the extrusion process (Fig. 5.1 (a)), associated with the geometric

variables involved in extrusion (Fig. 5.1 (b)).
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Fig. 5.1 (a) Schematic of the extrusion process and (b) the geometric variables in

extrusion [4]

In a metal extrusion process, metal from a workpiece with a specific cross-section is
pushed through a die with a smaller cross-section to form an extruded part. Understanding the
material flow during this process is crucial. As the metal is forced towards and through the die, it
undergoes deformation and consolidation. Due to friction at the die-workpiece interface, the outer
layers deform more than those nearer to the center. The shear stress generated by varying friction
at this interface impedes material flow near the die surface, resulting in greater material
displacement and plastic deformation in sections close to the interface. In contrast, material closer
to the center moves more swiftly through the die, attaining higher velocities relative to the die
surface. Improper material flow can result in uneven deformation and localized stresses. The
central region of the billet may experience less smooth flow compared to the outer regions (close
to the interface), leading to stress concentration and potential cracking. Center cracking, or central
burst, a critical concern, is particularly challenging to detect as it occurs internally during
extrusion [4]. Understanding the mechanisms behind center cracking necessitates a thorough

comprehension of metal flow dynamics during the extrusion process. Fig. 5.2 illustrates the zones
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of rigidity and plasticity in extrusion with the occurrence of center cracking. Significant
disparities in metal displacement between the central and outer regions can generate elevated
internal stresses. These stress differentials can precipitate internal cracks, known as center
cracking or burst. Addressing this issue effectively requires a detailed understanding of how stress

distribution at the interface affects both localized and bulk deformation.
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Fig. 5.2 Schematic of zones of rigidity and plasticity in extrusion with the occurrence

of center cracking

Given the importance of stress distribution at the interface in metal plastic processes, a
variety of experimental techniques have been developed to elucidate stress distribution along the
interface. These techniques include photoelastic methods, split-tool tests, and experimental
slipline field methods [93, 101, 154]. Fig. 5.3 presents experimental results on the contact stress
distribution obtained by different researchers [152]. Although these scholars have obtained stress
distributions at the interface using various methods, these efforts are insufficient for a full
understanding of tribological phenomena. Firstly, most results are derived from specific
processing environments using complex and inefficient equipment, thereby satisfying only the
stress distribution under particular conditions [93]. Additionally, many of these results provide
only qualitative analysis, and some even show opposite trends despite using the same methods
[101]. Clearly, there is still a lack of quantitative friction models on stress distribution in metal
cutting and forming processes due to the extreme difficulty in characterizing the complex friction

conditions at the interface.

In summary, a new quantitative model of stress distribution for metal plastic
deformation is crucial for comprehensive analysis the tribological conditions at the interface,
facilitating a broad range of implications for engineering applications. This is a main issue that

our studies plan to resolve through wedge indentation.
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Fig. 5.3 Stress distributions in literature: (a) normal stress and (b) shear stress [152]

5.3 The determination of friction stress distribution

To propose the friction model for the friction stress distribution, first we need to discuss
the relationship between friction force and adhesion force under the current indentation
configuration and material properties. Typically, friction surfaces consist of numerous micro-
convex peaks and valleys, known as asperities. The friction force Fy at the interface arises from

plowing and adhesion effects [25], expressed as:
Fr=F,+FE (5.1)

where F, and E, are the adhesion force and plowing force at the interface respectively. Under
the current indentation configuration and material properties, the indenter was meticulously
polished, and the workpiece material—annealed aluminum—was significantly softer than the
high-speed steel indenter. This disparity in hardness renders the plowing force negligible in
comparison to the adhesion force. Under these conditions, the friction force nearly equals the
adhesion force. In other words, the proposal for the friction stress distribution in this section builds
upon the discussions of adhesion stress distribution presented in Chapter 3. Therefore, friction

stress 77 could also be expressed as a function of surface expansion distribution ¢(x), given by:

_ . _ (kp(x) (k¢(x) < mty)
I ="%a= { mty  (k¢p(x) = mrty) (5:2)

In this scenario, the friction stress distribution could be quantitatively calculated based
on the deductions in Chapter 3, as shown in Fig. 5.4. Note that these values in this figure simply
represent the predicted results obtained from Fig. 3.13. The findings reveal that under larger
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indentations, the friction stress near the indenter tip reaches its maximum value, namely the shear
yield stress of the material. This underscores the significant influence of adhesion friction near
the indenter edge. Conversely, under low indentation depths, sliding friction predominantly

governs the interface in the metal forming process.
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Fig. 5.4 The friction stress distribution under different indentation depth

5.4 The determination of normal stress distribution
5.4.1 Challenges and approaches

Quantifying normal stress distribution in metal forming and machining is challenging
due to the nonlinear stress-strain behavior of materials during these processes. This nonlinearity
complicates accurate prediction and measurement of normal stress distribution. Furthermore,
direct real-time measurement of normal stresses is complex, often requiring embedded sensors in
the tool or workpiece, which can interfere with the process. Indirect techniques, such as
photoelasticity, provide some insight but with the limitation on the materials to which it can be
applied or precision necessary for detailed stress mapping [93, 155]. Inevitably, the current
indentation configuration faces the same challenges in characterizing normal stress behavior.
However, a thorough analysis of tribological phenomena during metal plastic processes would
greatly benefit from an in-depth investigation of normal stress conditions at the interface,
emphasizing the urgent need for precise friction models to describe stress distribution based on
the current indentation configuration and material properties.

Under conventional sliding contact conditions, Coulomb’s law describes the
relationship between normal pressure and friction force (Eq. 1.1). However, due to the complex
contact conditions in the present indentation configuration, the friction behavior along the entire

interface deviates from Coulomb’s law, underscoring the difficulty in directly quantifying the
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normal stress distribution. Nevertheless, if the ratio, defined as u(x), between friction stress
(77 (x)) and normal stress (g, (x)) is established, we can indirectly obtain the value of the normal
stress distribution, as expressed in Eq. 5.3, since we have quantitatively calculated the friction
stress distribution in the previous section. Note that, unlike the constant y in conventional
Coulomb’s law (Eq. 1.1), u(x) in Eq. 5.3 varies depending on the contact conditions at each

location.

(5.3)

The question that remains is how to obtain p(x). The discussions in the previous
chapters have illustrated the strengths and capabilities of PIV in quantifying deformation behavior.
If u(x) can be demonstrated to be a function of deformation parameters, such as strain or strain
rate, then we can compute p(x) without needing to directly measure pressure and friction values.
This represents a significant breakthrough in obtaining the normal stress distribution. The
traditional theory of plastic mechanics, specifically the Prandtl-Reuss equations [156], provides
a framework for computing w(x). Fig. 5.5 summarizes the procedure for deducing the normal
stress distribution by determining p(x) and 7¢(x) in each section. Sections 5.4.2 and 5.4.3 will

subsequently focus on explaining the Prandtl-Reuss equations and their application in calculating

p(x).

Adhesion stress distribution
_3¢(a) dia. N ={k¢(X) (kep(x) < mty)
a

. .
de;= ddoy; = 25 499 mrt,  (kep(x) = mt,)

(Section 3.5.1)

<

Prandti-Reuss Equations

(Section 5.4.2)

4

p(x)

o
a, (x) 4é}f’

(Section 5.4.3)

4

Tf

{kqb(x) (kep(x) < mz,)

mr,  (k¢(x) = mr,)

(Section 5.3)

a

Obtain p(x)

4

Obtain 7, (x)

The deduction of normal stress distribution

7r(x)
p(x)
(Section 5.4.4)

ap(x) =

Fig. 5.5 The summary of the procedure to deduce normal stress distribution
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5.4.2 The explanation of Prandtl-Reuss Equations

Prandtl-Reuss Equations, also known as the flow rule in plasticity theory, are commonly
used to describe the relationship between stress and strain in the plastic deformation of materials
[156-157]. They are simplified according to the following assumptions:

(1) Anisotropic, homogeneous, ideally plastic material, obeying the von Mises yield criterion;

(2) The deforming material adheres to the principle of volume constancy during plastic
deformation;

(3) The principal axes of plastic strain increment and deviatoric stress are coincident, following
the normality rule.

Since metal indentation belongs to metal plastic process and the flow rule obeys the
normality condition, we assume the plastic deformation theory during indentation follows
Prandtl-Reuss Equations.

According to Prandtl-Reuss Equations, the total strain increment de;; is the sum of the

elastic strain increment defj and the plastic strain increment deipj, written as:
— e p ; b _ !
dejj = dej; + dej; with de;; = dAoy; (5.4)

where crl-’j is the deviatoric stress, in which i, j are assumed to take their values in the set {1, 2,
3} and dA is a factor of proportionality that shows the relationship between the strain increment
and deviatoric stress. Since plastic deformation takes place with zero volume change, i.e., the
material is incompressible, mean normal strain increment de,, is zero, so that plastic strain

increment dsfj reduces to:
dsipj = dep 6 + deg. = deg. = dAaj; (5.5)

where deg- is the deviatoric strain increment and Kronecker’s delta §;; is defined as:

6i;j=1 wheni=
8ij = when i # j
According to Eq. 5.5, gives:
deldel; = del def; = dA*djjoj; (5.6)

Noting that effective strain increment and effective stress could be expressed as follows:
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de = [ del, def, 5= |2al0! (5.7)

Thus,

== (5.8)

Eq. 5.8 indicates that dA remains consistent regardless of variations in normal and
shear strain increments or deviatoric normal and shear stress under the same indentation condition.
The discussion on the Prandtl-Reuss Equations presented above assumes an ideal elastic-
perfectly plastic material. However, it is important to note that material strain hardening is a
significant phenomenon in metal plastic deformation. Strain hardening, also referred to as work
hardening, is a process through which a material gains hardness and strength as a result of plastic
deformation, and it encompasses several forms of hardening in plastic deformation applications.
The Prandtl-Reuss Equations presuppose isotropic material behavior and adhere to the isotropic
hardening rule. Given that aluminum alloys typically exhibit strain hardening and the load during
indentation maintains a consistent direction, it is reasonable to assume that the strain hardening
model during indentation follows the isotropic hardening rule. In this scenario, the resultant yield

condition can be expressed as follows:
f(oy,H) =0 (5.9)

where the function of f represents the yield surface and H is the hardening parameter which is

a function of effective strain &, written as:
H=H() &= f% (5.10)

Assuming Yield criterion obeys Mises yield criterion, gives:
d—os—H([de)=0 or [de = () (5.11)

where o is the yield strength of the material and ¢ is the inverse function of H,

dependent on &. So that the effective strain increment de can be represented as:
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de = p(6)do (5.12)
then
3¢'(0)
dA = do 5.13
o5 40 (5.13)

Eq. 5.13 clearly indicates that proportionality factor of strain increment and deviatoric
stress, denoted as dA, is a function of effective stress & and remains no time dependence. In
other words, under the same indentation condition, dA remains constant. This establishes the
groundwork for quantitatively describing the relationship between interface phenomena and

deformation behavior.

5.4.3 The ratio of friction stress to normal stress

The preceding section elaborates on the Prandtl-Reuss Equations, which elucidate the
correlation between strain increment and deviatoric stress. In plastic processes, it is typical for an
elastic strain component to persist beyond the elastic limit alongside the plastic strain and plastic
strain component is usually significantly larger than elastic strain component. In such case,
Prandtl-Reuss Equations could be modified and are called Levy-Mises Equations [158].
Compared to Prandtl-Reuss Equations, Levy-Mises Equations assumes no elastic deformation
occurs. Fig. 2.6 depicts the variations in force during indentation. Notably, the force changes
illustrated in Fig. 2.6 (c), where cessation occurs one second after indentation to allow for the
recovery of elastic deformation, suggest that the force generated during indentation primarily
constitutes plastic deformation force. This implies that the plastic strain component is substantial,

while the elastic strain component is negligible, following Levy-Mises Equations. That is:

3¢'(5
de?, = dAa}; = %d&a{l- (5.14)

Thus, the normal strain increment dsg could be described by:
dej; = dAaj; = dA(0;; — o) (5.15)
where o, is the hydrostatic stress and equal to the average of the normal stress, written as:

O = (5.16)
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Since experiments are performed under plane strain condition, and Fig. 5.6 (a) is the
schematic of the stress components of plane strain state at a point near the indenter surface, in
which g, and gy, is the normal stress of different direction and 7, is the shear stress at the
interface, then according to Eq. 5.15, the normal strain increment de’, which equals to zero under

plane strain condition, could be expressed as:

Ox + 0y + 0,

D 2 Oy + O'y
de? = dAal = dA(a, — 6,y) = dA(a, — )=5d(o,— 2= =0 (5.17)

3
that means:
g, t+ o
0, = % (5.18)
In such case, the deviatoric stress 03’, could be obtained as:
Ox toy+o, 0,—0y
Oy = 0y — Oy = 0y — 3 == (5.19)

Fig. 5.6 (b) depicts the schematic of force distribution at the tool-workpiece interface.
Given that material flow in narrow-wedge indentation is primarily induced by interface friction
[133], the material predominantly experiences the friction force Fy and normal force F, exerted
by the indenter. Consequently, there is minimal or negligible tension or compression effects along
the x-axis. In other words, o, is much larger than o, since o, is generated by the tension or

compression effects, then oy, reduces to:

0y =0y — Oy = 73/ (5.20)
Levy-Mises Equations give:
3p'(6)  _o
P _ [ Yy
dey, = dAg, 5 da—z (5.21)
3¢'(0)
b _ [ =
dey, = dAoyy, = 5 Aoy, (5.22)
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Thus,

de?

Xy
Txy =~ W y (523)

X
Q

since

¥y
defy ==

(5.24)

where dyfy is engineering shear strain increment, then

ny
Tyy @O’y (5.25)

in which 7y, isequal to friction stress 7y and o, is equal to normal stress oy, so that the ratio

of friction stress to normal stress, defined as u, could be expressed as:

_ Tf(x) _ ny
px) = O E (5.26)

where 77(x) and 0y, (x) are the distribution of friction stress and normal stress along the interface,
while )'/fy and é;,’ are the corresponding distribution of shear strain increment and normal strain
increment, which can be calculated through PIV analysis. Specifically, the PIV analysis provides
a grid of velocity vectors over the field of view [127], used to compute the strain rate components
(€5, €4, Vnw )» In which h-axis and the v-axis represent the horizontal and vertical direction,
respectively, as shown in Fig. 5.6 (c). Based on the principle of the transformation of an Eulerian
strain tensor with a rotation angle of « in the orthogonal axes from v-axis to x-axis (Fig. 5.6 (¢))
[159], )'/fy and s'f,’ could be calculated through PIV as:

ot ¢
y 2 2

Z cos 2a +%sin 2a (5.27)

Vay = (& — &) Sin2a + Y, cOs 2ax (5.28)
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Fig. 5.6 The schematic of the (a) stress component of plane strain state, (b) distribution of force

at a point near the indenter surface and (c) strain rate increments state

Eq. 5.26 clearly shows the quantitative relationship between the tribological
phenomenon and deformation field at the interface and Fig. 5.7 is the experimental results of the
ratio of friction stress to normal stress u (x) at indentation depths of 2, 3, 4, and 5 mm. It reveals
that at low indentation depths, the ratio of friction stress to normal stress, namely u (x), remains
relatively constant at a certain value. However, as the indentation depth increases, u (x)
gradually rises before stabilizing. This phenomenon occurs because, at greater indentation depths,
the pressure near the indenter tip becomes exceptionally high. At this point, the friction stress
equates to the shear yield stress near the indenter tip and subsequently decreases with increasing
distance from the indenter tip. Meanwhile, the normal stress is at its maximum at the tool tip and
gradually diminishes to zero. Consequently, the trend line of u (x) remains consistent at low
indentation depths but gradually increases near the indenter tip before stabilizing at higher
indentation depths. These findings, coupled with the friction stress distribution, establish the

groundwork for quantifying normal stress distribution.
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Fig. 5.7 The distribution of the ratio of friction stress to normal stress u(x) at different

indentation depths

5.4.4 Determination and discussion

Building upon the preceding sections, both 7¢(x) and u(x) have been quantitatively

determined, as shown in Figs 5.4 and 5.7, respectively. Under these conditions, the normal stress

distribution can be derived based on Eq. 5.4, and Fig. 5.8 shows the normal stress distribution

0, (x) at indentation depths of 2, 3, 4, and 5 mm. It demonstrates that the normal stress at the

interface is highest at the indenter tip and gradually diminishes with increasing distance from the

tool edge, facilitating the quantification of the complex contact condition at the interface.
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Fig. 5.8 The distribution of normal stress at different indentation depths
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To validate the accuracy of the quantified normal stress distribution in Fig. 5.8, it is
essential to verify the correctness and reasonableness of the model proposed in the previous
sections. Given that the force measurement experiments in this study capture only the overall
indentation force and the adhesion (or friction) force at the interface, the normal force at the
interface cannot be measured directly.

As depicted in Fig. 5.9, the indentation force F is divided into two components: the
penetrating force at the indenter edge, denoted as F,g4., and the force acting along the sides of
the indenter, defined as Fj,;.The latter force, Fj,;, represents the combined effect of the normal
and frictional forces at the interface on the indenter’s side surface, which is the primary
contributor to interface deformation. In other words, measured indentation force F or normal
indenter is composed of interface indentation force Fj,; and edge indentation force Fg44e, and

can be expressed as:
F = 2Fjpt + Feqge (5.29)

where Fip; is the resultant force of interface friction force Fy and normal force F,, namely the
integral of 7y and o, respectively, written as:

Lt Lt

WTf cos adx +f wo, sin adx (5.30)

Fine =chosa+Fnsina=j
0

0

Therefore, the predicted partial indentation force Fi; preqict generated in the area
between L; and L, on either side of the indenter surface (see Fig. 3.8), can be calculated based

on 7y and oy, as shown in Figs. 5.4 and 5.8, respectively. This force can be expressed as:

Ly
Fi2 predict = f w (Trcosa + oy sina)dx (5.31)
Ly

Similar to the indentation force of normal indenters, the measured indentation force of
grooved indenters, defined as F,, is divided into two components: the penetrating force at the
indenter edge, denoted as Fy 44, and the force acting along the sides of the indenter, defined as
Fy
normal and single-grooved indenters—denoted as Fegqge and Fy ¢qge, respectively—should be

_int- 1deally, under identical conditions, the penetrating force at the indenter edge for both the

equal. This is because both indenters should experience similar edge contact characteristics,
unaffected by the groove’s presence on the indenter face. Consequently, any difference in the total

indentation forces between the two types of indenters would be primarily due to variations in the

95



Chapter 5 Comprehensive exploration of friction model and stress distribution in metal indentation

interface forces along the sides of the indenter rather than at the edge. In other words, the

measured indentation force of the single-grooved indenters, F,

> can be expressed as:

F:q = 2Fg_int + Fg_edge = 2Fg_int + Fedge (5.32)

By measuring the indentation force for normal indenter and single groove indenter, the
experimental indentation force F;, partially generated in the area between L; and L, on either

side of indenter face can be calculated by:

F-F
—7 (5.33)

F12=Fint_Fg_int= 2

If we define mean indentation stress distribution as 7(x), then mean indentation stress

7(x,,) at the mid point of micro-groove, x,,, could be calculated as follows:

L
Fy, lez (x)dx
Ly=L) Ly—L

T(xpy) = w( (5.34)

In this context, F and F,; represent the indentation forces measured for the normal
indenter and the single-groove indenter, as illustrated in Figs. 5.9 (b) and (c), respectively. If the
stress distribution model proposed in the previous section is accurate, then this experimentally
derived partial indentation force in the area between L; and L, on either side of indenter face,
Fi, (Eq.5.33), should be close to Fi; pregict» obtained from the calculated values of 7 and oy,
(see Figs. 5.4 and 5.8). This comparison will serve as a validation of the proposed model's

correctness and reliability in characterizing the normal stress distribution.

(b)

Fig. 5.9 The schematic diagram of the (a) force distribution (b) normal indentation force and (c)

single-groove indentation force
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In Fig. 5.10, the comparison between the experimentally determined partial indentation
force F;, and the predicted partial indentation force Fi; preqice 1S shown. The black straight
line in the figure serves as a reference, indicating the range where Fy; = Fi5 preqict- The results
indicate that the experimental indentation force is proportional and nearly equal to the predicted
force, with most of the experimental indentation forces being smaller than those of the predicted
partial indentation forces. This phenomenon arises due to the presence of the second cutting effect,
which increases the value of indentation force for groove indenters [160]. Consequently, the
experimental indentation stress is smaller, and the effects of second cutting become more
pronounced with increasing indentation depth. These findings unequivocally validate the
accuracy of the stress distribution. Furthermore, we obtain the indentation stress distribution 7(x)
at indentation depths of 2, 3, 4, and 5 mm based on Figs. 5.4 and 5.8, alongside the experimentally
derived mean indentation stress values (Eq. 5.34) in Fig. 5.11. As illustrated in Fig. 5.11, the
predicted indentation stress distributions closely match the experimental data, with the
experimental indentation stress being slightly smaller than the predicted value. This further

confirms the reliability of the quantitative stress distribution model.
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Fig. 5.10 The comparison of experimental and predicted partial indentation force F;,
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Fig. 5.11 The comparison between experimental results and predicted indentation stress

In summary, our research proposes the friction model based on the response of actual
deformation during indentation, marking a key breakthrough in the comprehensive understanding
of tribological phenomena at the interface. This model quantifies the effects of interface friction
on plastic flow, facilitating further discussion on this topic. Additionally, this advancement led to
the proposal of a quantitative method for evaluating the tribological conditions at the sliding
contact, which we believe represents a significant application of our research findings.
Undoubtedly, a thorough comprehension of tribological phenomena through quantitative
exploration of their relationship with deformation behavior in wedge indentation clearly
facilitates advancements across diverse forming processes. The focal objective lies in designing
novel model systems that better correspond to various forming techniques, thereby representing
a substantial stride forward in the practical application of current research findings.

Undeniably, our friction model has certain limitations, and several assumptions were
made, particularly in the normal stress distribution model. For instance, we applied classical
plasticity theory to analyze the relationship between stress and strain during deformation,
neglecting the effects of elastic deformation. While plastic deformation typically dominates in
most forming processes, elastic deformation is inevitably present. Ignoring this aspect could
impact the model’s accuracy. Therefore, future research focusing on incorporating elastic
deformation into the current model will likely enhance both its precision and reliability.
Additionally, our models, including friction stress distribution and normal stress distribution, are
primarily based on discussions involving the application of 30-degree wedge indenters, where the
deformation field is known to be influenced by friction. Therefore, while the model is suitable for

most cases of deformation induced by friction, it may not be directly applicable to cases of
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deformation induced by pressure, such as those near a 120-degree indenter. Nevertheless, by
varying the indenter angle, we have successfully replicated and studied deformations induced by
compressive stresses. While we have not extensively explored the influence of tribological
phenomena corresponding to this aspect of deformation, the research methodology employed in
our study provides a framework to potentially investigate these aspects of the model. This
highlights opportunities for further research and development aimed at expanding the

applicability and comprehension of our friction models.

5.5 Summary

Stress distribution is fundamental to understand tribological phenomena and material
deformation at contact surface. In this study, we focused on the quantitative relationship between
the distribution of surface expansion and stress distribution by using wedge indentation and direct
observation coupled with high-speed imaging and particle image velocimetry techniques. The
main conclusions are summarized as follows:

(1) Under current indentation configuration and material, the friction force nearly equals the
adhesion force during indentation due to the meticulously polished indenter, and the
workpiece material significantly softer than the indenter. Consequently, the friction stress
distribution could be determined based on the deductions of adhesion stress distribution.

(2) Based on the Prandtl-Reuss Equations, the ratio of friction stress to normal stress has been
computed, exhibiting high consistency with the distribution of friction stress and laying the
groundwork for quantifying normal stress distribution.

(3) The normal stress distribution has been quantitatively calculated based on the determination
of friction stress distribution and the ratio of friction stress to normal stress. The stress
distribution, encompassing both friction stress and normal stress, offers a deeper
comprehension of extreme friction conditions at the interface in metal forming processes.
This constitutes a significant advancement and breakthrough in fundamental research on
metal forming processes, facilitating more comprehensive discussions and potential

developments in engineering applications.
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Chapter 6 Conclusions and recommendations

6.1 Summary of conclusions

In recent years, the demand for high-mix, low-volume manufacturing in metal forming
processes has risen, alongside an increasing emphasis on high-quality production and cost-
effective technologies. To meet these demands and effectively prevent surface defects, a
comprehensive understanding of tribological phenomena at the interface is crucial. In this
dissertation, we proposed a novel methodology to quantify deformation behavior—including
surface expansion and wall-slip behavior—using Particle Image Velocimetry (PIV) analysis, to
explore the quantitative influence of tribological phenomena on deformation at the interface. By
investigating the quantitative relationship between tribological effects and deformation behavior,
we developed new friction models based on surface expansion distribution, particularly suited for
friction-induced deformation scenarios, such as narrow wedge indentation, where traditional
pressure-based models prove inadequate. This breakthrough provides a deeper understanding of
tribological phenomena at the interface by quantifying the effects of interface friction on plastic
flow, facilitating further exploration of the topic. Moreover, this advancement enabled the
development of a quantitative method for evaluating tribological conditions at the sliding contact,
representing a significant practical application of our research findings. The following sections
will summarize the results and findings obtained in each chapter of this study.

In Chapter 2, wedge indentation experiments are conducted as a model system to
quantify deformation behavior and explore distinct tribological phenomena at the interface using
PIV analysis. This chapter illustrates various deformation behaviors, such as velocity fields and
material flow under diverse conditions, highlighting PIV’s capability to capture the characteristics
of severe plastic deformation. It demonstrates that existing friction models are inadequate for
accurately describing these tribological phenomena, and it proposes the feasibility of new friction
models based on observed deformation behavior. This chapter verifies the limitations of
traditional friction models and suggests that surface expansion behavior offers significant
potential for further exploration of adhesion phenomena. This underscores the necessity for a
more detailed examination of the microscopic interactions occurring at the interface.

In Chapter 3, the quantitative relationship between adhesion phenomena and surface
expansion behavior is proposed and new friction model for adhesion stress distribution is
proposed building upon the characteristics of various plastic deformation fields and the influence
of surface expansion on adhesion force outlined in Chapter 2. The chapter confirms that adhesion
stress, T,(x), is proportional to the surface expansion ratio, ¢ (x), with a factor of & at relatively

smaller surface expansion ratios. It reaches its maximum value, mrt,, when the condition mts >
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k¢ (x) issatisfied. The constants m (0 <m < 1) and k are determined by the processing conditions,
and changes at the interface, such as the application of effective lubrication, can reduce the values
of k and m. The findings reveal a strong consistency between the predicted adhesion stress
distribution and the experimentally measured mean adhesion stress values, both with and without
lubricants. This agreement enables the quantification of the friction model based on actual
deformation behavior in metal forming processes, representing a significant breakthrough in the
quantitative investigation of the relationship between tribological phenomena and deformation
behavior.

In Chapter 4, the effects of friction on plastic deformation in both the metal surface and
bulk are examined, particularly focusing on the factors contributing to the uneven distribution of
surface expansion ratio. This analysis aims to achieve a comprehensive understanding of the
correlation between tribological phenomena and deformation behavior, a topic not fully addressed
in Chapter 3. The chapter demonstrates that interface friction, wall-slip velocity, and surface
expansion distribution interact in complex ways. Furthermore, it suggests the possibility of
quantitatively assessing the tribological conditions at the sliding contact by evaluating the
material’s deformation behavior at the material-indenter interface.

In Chapter 5, a comprehensive exploration of friction models and stress distribution in
metal indentation is conducted, building upon the findings from Chapters 3 and 4. This chapter
consolidates the analysis of stress distribution, including both friction stress and normal stress, to
provide a deeper understanding of extreme friction conditions at the interface in metal forming
processes. This represents a significant advancement and breakthrough in fundamental research,
fostering more comprehensive discussions and potential developments in engineering

applications.
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6.2 Recommendations for future work

This dissertation quantifies the effects of tribological phenomena on metal deformation

behavior utilizing direct in-situ observations coupled with high-speed imaging and PIV

techniques. This advancement facilitated the development of a friction model that reflects actual

deformation behavior, as well as a quantitative method for evaluating lubrication performance in

practical forming processes. The following section provides recommendations and outlines

potential directions for future work.

M)

)

®)

(4)

®)

Chapter 4 provides a brief discussion on how wall-slip velocity induced by interface friction
leads to changes in the structure of boundary layer-like phenomena. However, detailed
research on boundary layer phenomena remains limited, particularly regarding the
relationship between boundary layer thickness, pseudo-viscosity, and other forms of
deformation. Further investigation in this area is necessary to gain a deeper understanding of
these complex interactions.
Chapter 5 presents friction models based on actual deformation responses, including friction
stress distribution and normal stress distribution. However, the discussion on the practical
applications of these models is limited. For example, real-time monitoring and finite element
analysis necessitate substantial quantitative data to validate and advance current
developments in this field. Thus, exploring the applications of existing friction models across
various contexts would be a promising direction for future research.
The current research utilized wedge indentation experiments as a model system, primarily
due to the deformation field near the contact interface during indentation closely resembling
that observed in various plastic forming processes. This relevance extends to a broad range
of applications. However, a gap persists between these models and actual forming processes
such as forging, rolling, and extrusion. Therefore, the design of new model systems that more
accurately align with various forming processes would represent a significant advancement
in the application of the present findings.
The present research delves into the impact of tribological phenomena on the plastic
deformation of metals. However, the properties of metal materials comprise only a fraction
of modern technological materials. Investigating tribological phenomena in the forming
processes of other materials, such as the deformation behavior of difficult-to-machine
materials, is expected to reveal significant variations. This suggests a promising avenue for
future applications and extensions of this research.
The current research heavily depends on high-speed photography technology. Continued
advancements in this technology are poised to further augment the investigation of the
quantitative effects of tribological phenomena on deformation behavior, potentially
catalyzing significant breakthroughs in this field.
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