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Abstract (English)

In this thesis, material removal mechanisms in grinding are investigated considering a grit-
workpiece interaction as well as a grinding-wheel workpiece interaction. In grit-workpiece
interaction in a micrometer scale, single grit scratch experiments were performed to investigate
material removal mechanism in grinding namely rubbing, plowing, and cutting. Experiments
performed were analyzed based on material removal, process forces and specific energy. A finite
element model is developed to simulate a single-grit scratch process. As part of the development
of the finite element scratch model a 2D and 3D model is developed. A 2D model is utilized to test
material parameters and test various mesh discretizational approaches. A 3D model undertaking
the tested material parameters from the 2D model is developed and is tested against experimental
results for various mesh discretization. The simulation model is validated based on process forces
and ground topography from experiments. The model is also further scaled to simulate multiple
grit-workpiece interaction validated against experimental results. As a final step, simulation
models are developed to simulate material removal, due to the interaction of grinding wheel
and workpiece. A developed virtual grinding wheel topographical model is employed to display
an approach, to upscale a grinding process from grit-workpiece interaction to wheel-workpiece
interaction. In conclusion, practical conclusions drawn and scope for future studies are derived
based on the developed simulation models.

Abstract (German)

In dieser Arbeit werden die Mechanismen des Materialabtrags beim Schleifen untersucht, wobei
sowohl die Wechselwirkung zwischen Korn und Werkstück als auch die Wechselwirkung zwischen
Schleifscheibe und Werkstück berücksichtigt wird. Bei der Korn-Werkstück-Wechselwirkung
im Mikrometermaßstab wurden Experimente mit einem einzelnen Korn durchgeführt, um
die Mechanismen des Materialabtrags beim Schleifen zu untersuchen: Reiben, Pflügen
und Schneiden. Die durchgeführten Experimente wurden anhand des Materialabtrags, der
Prozesskräfte und der spezifischen Energie analysiert. Es wurde ein Finite-Elemente-Modell
entwickelt, um einen Ein-Korn-Ritzprozess zu simulieren. Als Teil der Entwicklung des Finite-
Elemente-Ritzmodells wird ein 2D- und 3D-Modell entwickelt. Ein 2D-Modell wird verwendet,
um die Materialparameter zu testen und verschiedene Ansätze zur Netzdiskretisierung zu
prüfen. Ein 3D-Modell, das die getesteten Materialparameter aus dem 2D-Modell übernimmt,
wird entwickelt und mit experimentellen Ergebnissen für verschiedene Maschendiskretisierungen
getestet. Das Simulationsmodell wird anhand der Prozesskräfte und der Werkstück topografie
aus den Experimenten validiert. Das Modell wird auch weiter skaliert, um die Wechselwirkung
zwischen mehreren Körnern und Werkstücken zu simulieren, die anhand der experimentellen
Ergebnisse validiert werden. In einem letzten Schritt werden Simulationsmodelle entwickelt,
um den Materialabtrag zu simulieren, der durch die Wechselwirkung von Schleifscheibe und
Werkstück entsteht. Eine entwickelte virtuelle Schleifscheibentopographiemodell wird verwendet,
um einen Ansatz zur Hochskalierung eines Schleifprozesses von der Korn-Werkstück-Interaktion
zur Scheibe-Werkstück-Interaktion aufzuzeigen. Abschließend werden auf der Grundlage der
entwickelten Simulationsmodelle praktische Schlussfolgerungen gezogen und Möglichkeiten für
künftige Untersuchungen abgeleitet.
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Chapter 1

Introduction

1.1 Motivation

Grinding is a material removal process that employs abrasive particles as the medium of cutting
[51]. Grinding is applied to obtain highly smooth surfaces with a desired tolerance for metals
and ceramics [18]. It is one of the most critical surface finishing processes that is commonly used
in the industry and it accounts for almost 70% of the precision machining operations performed
[119]. Grinding operation finds its application in a wide variety of industries such as consumer
electronics, healthcare devices, supply chain, automotive and aerospace [95]. To meet the demand
for parts with very high precision (in micrometer level), research on relatively small abrasive tools
is crucial and promising. Grinding is a complex machining process where interaction of multitude
of abrasive grit with the workpiece happens at high speed [118]. The prime reason for research
in this area would be to focus on minimizing energy consumption and costs, including abrasive
tool failure and reduction of labor costs.

Research on understanding the material removal process in grinding has been conducted for
several decades [15]. There are many research articles that focus on the entire grinding wheel-
workpiece interaction with validations from grinding experiments. The models were built using
numerical, kinematic, and analytical approaches. These works are well summarized in [112] and
[15]. It is highly challenging to make experimental observations and build tendencies only by
performing wheel-workpiece grinding experiments, due to the highly complex nature of material
removal that takes place during a grinding process [100, 32]. It is also difficult to observe
and measure certain mechanical characteristics like temperature, stresses, and strains along
the machined surfaces. The cost of experimentation and the validation of the experimental
observation at certain machining conditions make it a undesirable approach to decode the
grinding process [125, 67].

With the advancement and acceleration of computing and technology, it has become possible
to model and perform simulation of the material removal process in grinding, in a digital
environment [68, 121]. Empirical models, regression models and neural network models are being
developed to predict the process responses in terms of known variables [66, 57]. However, these
models are not valid under all machining circumstances. These approaches are unable to provide
detailed process information as observed while performing experiments. Finite element methods
are widely accepted modelling techniques, as they are highly scalable and can be validated based
on multiple experimental observations. Even though there has been a huge improvement with
respect to computational power, there lies a plethora of technical complexities in simulating the
phenomena of material removal during a grinding process.
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To overcome this problem, the grinding process using the single grit approach is applied by
[37, 82]. This approach considers a single grit abrasive action on a workpiece to understand
the material removal mechanism based on cutting forces, ground topography, stress and strain
distribution [53]. Grinding is a very complex material removal process unlike other cutting
processes such as drilling, milling, and cutting [60]. Material removal occurs in three dominant
phases namely rubbing, plowing, and cutting [37]. Simulating a single grit process and validating
the model with experiments would be the first step to understand the material removal
mechanism that take place during a grinding process. Once the single grit scratch model is
tested and validated for various machining conditions, the simulation is extended to a multiple
scratch process, where there is interaction of multiple grits with the workpiece. Finally, the model
is scaled from a grit-workpiece approach to a wheel-workpiece approach. This goal is achieved
by digitally generating a grinding wheel topography first and use this grinding wheel to simulate
the material removal in a complete grinding process. Hence a complete spectrum of simulation
models is developed to understand the material removal mechanisms that occur in grinding and
thereby reducing the experimental effort.

1.2 Aim and objectives

This work aims to develop a numerical grinding process model at micro scale in two phases.
The first phase entails the development of numerical models that represent a grit-workpiece
interaction followed by the development of numerical models that represent a wheel-workpiece
interaction, in the second phase.

To achieve the aim of developing these models, the following objectives are set in place.

• Experimental analysis of single grit and multiple grit scratches by varying the input
machining conditions like speed, depth of cut, tool geometry, tool apex angle to determine
the influence of these parameters on the material removal mechanism.

To perform the first main objective, the following sub-objectives were accomplished.

– Conceptualization and construction of a linear single axis scratch machine center to
perform single and multiple grit scratch tests.

– Development of process monitoring tools to capture process forces during a scratch
process.

– Establishment of metrology techniques to measure the ground scratch surface.

• Validation and testing of a developed FEM grit scratch simulation models under different
input conditions.

To perform the second main objective, the following sub-objectives were accomplished:

– Development of a FEM model to simulate an orthogonal cutting model to test and
determine influential parameters such as meshing parameters and material model
parameters.

– Development of a FEM model to simulate the material removal mechanism during
the interaction between a single grit and workpiece
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– Extension of the developed FEM model to simulate the material removal mechanism
during the interaction between multiple grits and workpiece.

• Integration of a virtual grinding wheel model in a FEM material removal simulation to
simulate the interaction between a grinding wheel and workpiece.

To perform the final main objective, the following sub-objectives were accomplished:

– Development of the virtual grinding wheel topography model considering the process
steps involved in the fabrication of grinding wheels.

– Validation of the numerically generated virtual wheel topography with microscopic
measurements of a grinding wheel.

1.3 Outline of the thesis

This thesis is composed of eight chapters with an introductory chapter at the beginning.
Chapter 2 presents the fundamentals of the grinding process. It contains a description of the
manufacturing process in fabrication of a grinding wheel. Finally, material removal mechanisms
taking place in a grinding process is introduced, based on two approaches namely wheel-workpiece
approach and grit workpiece approach.

Chapter 3 presents modelling and simulation techniques used in the grinding process. A brief
overview of the finite element method, constitutive material model, failure model, meshing
techniques and contact models are presented. A literature review of finite element simulation
of grinding wheels, in terms of the wheel-workpiece approach and grit-workpiece approach is
provided.

Chapter 4 presents the methodology for the experiments performed based on the single grit
approach. It includes establishment of a single grit grinding setup, definition of a workpiece
and abrasive materials, establishment of process monitoring systems to perform experimental
analysis.

Chapter 5 presents the experimental results of single/multiple grit grinding tests. The generated
scratches are analyzed based on various output process parameters measured based on the process
forces and ground surface topography.

Chapter 6 presents the finite element simulation results based on the grit-workpiece approach.
It includes the results of an orthogonal cutting model and results from a 3D scratch simulation
model simulating the material removal interaction between single/multiple grit on a workpiece.

Chapter 7 presents the numerical models based on the wheel-workpiece approach. It presents
the description and results of a virtual grinding wheel topography model. Furthermore, FEM
simulation results, simulating the interaction between a grinding wheel topography and a
workpiece are presented. Finally, a general grinding process simulation is presented, simulating
the interaction between a flat grinding wheel and a workpiece.

Chapter 8 contains the overall observations, discussion, and conclusions on the experimental
and simulation results.
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Chapter 2

Grinding Process Technology

In this chapter, the fundamentals of the grinding process, grinding wheel fabrication process and
grinding process removal mechanisms are discussed.

2.1 Background of the grinding process

Grinding is a material removal process where there is interaction between a grinding wheel
and a workpiece [118]. The grinding wheel is made up of many abrasive particles that are
randomly oriented. In a surface grinding process, the operations can be classified into an up-cut
grinding process and a down-cut grinding process [111]. An up-cut grinding process is where
the grinding wheel rotates in the direction opposite to the movement of the workpiece, on
the other hand, in a down-cut grinding process, the wheel rotation and the movement of the
workpiece are in the same direction. A grinding process is performed at a relatively high speed
and the chip thickness is relatively small [6]. This differentiates grinding from other metal cutting
processes as the chip thickness is small especially in case of fine grinding. Grinding process can
be classified based on the amount of material removed. Stock removal grinding is a process to
remove unwanted material without regard to the surface finish achieved. Whereas finish grinding
is a process where high surface finish tolerances are achieved [18]. To quantify grinding process
performance, a grinding system behavior must be evaluated properly based on the correlation
between the input and output parameters [62]. Grinding system behavior can be assessed based
on kinematics, mechanics, abrasive geometry, energy and material properties according to [82].
Various factors that affect the grinding process performance include grinding force, machining
vibration, temperature at cutting zone and surface roughness of workpiece material [82, 61, 19].
To enhance the grinding process performance, the grinding wheel must be periodically dressed
to keep it in good condition. This could result in a good workpiece surface finish and integrity
by generating lower forces and temperatures during the process [39].

2.2 Grinding wheel fabrication procedure

The performance and surface finish of a grinding process is directly related to the grinding wheel
used during the grinding operation [60, 15]. It is hence important to understand each of the
fabrication steps to manufacture a grinding wheel, to generate the desired 3D morphology and
mechanical features [11]. A grinding wheel is a composite matrix consisting of abrasive particle
and bond material. Figure 2.1 shows a typical structure of a grinding wheel, which consists of
abrasive grits held on by a bond material and in addition void spaces or pores between the grit-
bond matrix [27]. The void spaces or pores in a grinding wheel provides channels for lubrication
and aids in the clearance of chips from the grit-bond matrix [18].
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Figure 2.1: Structure of a silicone carbide grinding wheel with vitreous bond
(60 grit size)

The Fig.2.2 show the general steps involved in the fabrication of a vitrified grinding wheel.
The detailed description of each of these processes are described in the following sections.

Figure 2.2: Steps in the fabrication of a grinding wheel

2.2.1 Raw material weighting and mixing

Abrasive grains and bonding materials are the two important ingredients that make up a grinding
wheel [82, 59]. Although, additives are additionally blended along with the grit-bond mixture
to shape the wheel in a desirable manner [60]. Abrasive grains are a central component that
constitute a grinding wheel [60]. The abrasive grits are chosen carefully based on the application,
and characteristics such as hardness, thermal conductivity and friability [82, 18]. The choice of
bond material can vary from such as silicate, vitrified, resinoid, shellac, rubber, and metal [29].
Vitrified bonds are employed in case of fine grinding operations, while resin bonds are used in
case of stock removal grinding operations. In addition, additives are used to vary the porosity of
a grinding wheel which in turn contributes to the cutting characteristic of a grinding wheel [29].
Pores in a grinding wheel offer void spaces for chips from the material process to be removed from
the grit-bond matrix [9]. The porosity also provides channels for the flow of the cutting liquid
which enables control of heat at the cutting zone. A variety of materials are used as additives to
create proper porosity [23]. For example, in a conventional vitrified wheel, organic glue is used as
an additive material. The ratio of additives used vary based on the application [34]. 1% additives
are used in case of vitrified wheel and 10% in case of organic bonded wheels [60].
Once the raw materials needed to fabricate a grinding wheel are chosen carefully based on the
application, precise quantities of abrasive material, bond material and additives are weighed
based on a special formula [12]. The three ingredients are mixed with the aid of water based
binding agents. The binding agent aids the mixture to retain the shape until the bond solidifies.
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It is important that the mixture blended is free flowing and uniformly distributes the abrasive
grits [51].

2.2.2 Moulding process

The most common type of grinding wheel mould’s shape is an annular disc shape [34]. A definite
quantity of the blended mixture is poured into a mould. A typical mould consists of four parts:
an outer shell with a thickness of about 1 inch (2.5 cm) and a height twice as high as the height of
the desired wheel, a circular pic with diameter like the center hole of the desired wheel, two flat
circular plates one with a diameter of the desired grinding wheel and another with a diameter of
the center hole. Employing a hydraulic press, a pressure between the range of 100 to 500 psi is
applied for 10 to 30 seconds onto the mould. After this, the pressed wheel is removed from the
mould and is transferred to a heatproof carrier. Final shaping of the wheel is done at this stage.
The wheel is now transported to a kiln for the firing (sintering) process. [60, 59]

2.2.3 Firing

The purpose of firing (sintering), a vitrified grinding wheel is to melt the binder material around
the grit-bond matrix. The vitrified grinding wheel is sintered at different temperatures based on
the application on a wide range of furnaces [60]. Vitrified bond wheels are fired at a temperature
range of 927◦C to 1260◦C, while resin bond wheels are fired at a temperature range of 149◦C to
204◦C [61].

2.2.4 Finishing

As a final step, the grinding wheel is moved to the finishing area. The grinding wheels are
dressed with typically a single point dressing tool [27, 82]. The wheel is checked if the center hole
is concentric to the wheel circumference. Steps are taken to correct the thickness and parallelism
of the wheel edges. Finally, the large grinding wheels are balanced to reduce vibration during
operation [60].

2.2.5 Summary

A numerical model is proposed that recreates each of the above-mentioned fabrication steps as
individual numerical algorithms. A virtual grinding wheel model is generated that resembles the
topography of a real grinding wheel. The complete description of the modelling and results of the
virtual grinding wheel model is provided in chapter 6. The generated virtual topography is used
to perform material removal simulation to simulate the interaction between a grinding wheel and
workpiece.

2.3 Material removal mechanism in grinding material

In grinding, the material removal mechanisms can be categorized into two groups:

• Material removal mechanism considering the interaction between single grit and workpiece.
This investigation will be on a micro-scale.

• Material removal mechanism considering the interaction between a grinding wheel and
workpiece. Here, the investigation will be on a macro scale.
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2.3.1 Material removal: grit-workpiece approach

The major factor that dominates material removal and ground surface generation is the
interaction between abrasive grit and workpiece [37]. Material removal takes place in three phases
during single grit-workpiece interaction. The first phase, rubbing begins when the grit slides
within the elastic limit of the material. Following the rubbing phase is the plowing phase where
there is material swelling up across both sides and as well as to the front of the grit. However, there
is no chip formation occurring during the plowing phase. Finally when the plastic deformation
crosses the fracture limit, the ultimate material removal occurs in form of grinding chips, this
phase is called cutting [51, 82]. Finite element simulation of a single grit process is a reliable
method to derive various output process parameters such as specific energy, ground topography
and process forces [15, 82]. Also a well validated FEM model with experiments can be employed
to reveal optimal grain geometry and other process parameters for material removal in a grinding
process [82].

One critical parameter used in this thesis to characterize the grinding process is the specific
cutting energy or force [19]. It is defined as the energy required to remove unit volume of material.
It is observed that specific energy is a function of the cutting conditions like depth of cut, tool
geometry etc. Hence it is attempted in this thesis to study the effects on the specific energy by
varying input process parameters [26].

Although there are many similarities of the single grit grinding process and a micro cutting
process, especially cutting and chip-formation process [35, 44]. A critical phenomenon not
considered in the micro-cutting process is the sideward flow of material during a single grit process
[80]. This is analyzed using the pile-up ratio parameter as part of this thesis. The material in
the pile-up regions is more hardened compared to the workpiece material. The pile-up generated
not only affects the surface roughness, but also affects the force required to remove the hardened
material in the next cut scratch [32]. Therefore, the pile-up ratios reveal critical information of
the material removal and energy consumption [33]. A comprehensive investigation is done as part
of this thesis to understand the effect on the pile-up ratio by varying input process parameters.

2.3.2 Material removal: wheel-workpiece approach

The majority of grinding wheel models consider average grit density or uniform distribution
of grit without considering the random distribution of abrasive grits as observed in a grinding
wheel topography [17, 56]. The random distribution of grits, varying protrusion heights and
pore volume between grit-bond matrix makes the grinding process stochastic in nature. Fig.2.3
shows an illustration of the random nature of material removal during a grinding process [108].
The first abrasive grit in contact with the flat workpiece surface produces a ground topography
like the cross section of the grain, however the further shapes of the grit in contact will have
shapes that intersect with the ground surface topography. This makes the material removal very
complex and unknown. Hence, representation of the material removal process would require a
robust 3D grinding wheel model that is physics based and which includes both topographical and
mechanical properties of a grinding wheel [125]. In this thesis, a virtual grinding wheel model
is developed considering the fabrication steps of a grinding wheel. The virtual grinding wheel
will bear resemblance of a real grinding wheel, and when integrated in a FEM material removal
simulation environment, it can successfully represent a grinding process simulation.
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Figure 2.3: Interaction of multiple grit action on a workpiece during grinding
and Change in workpiece topography due overlap of individual grit interactions,

adapted based on [108]

2.4 Summary of grinding process technology

In this chapter, a brief introduction to the grinding process is provided. This is followed by
a description of the fabrication process of a grinding wheel. Finally, the two approaches to
describe the material removal process are described, namely the grit-workpiece approach and
wheel-workpiece approach.
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Chapter 3

Finite Element Modelling and
Simulation of Grinding Processes

3.1 Introduction and why FEM is suitable to model a grinding
process

To model dynamic machining processes and to predict various process parameters, a real
system is simplified and simulated under certain machining conditions [67, 68]. With increase in
computational power and ability to solve complex problems, simulation of the grinding process
has become possible. A well-designed grinding process model can reduce the effort of experimental
investigation, to determine various output process parameters [121]. Also, a well-developed
physical model can determine many machining characteristics such as cutting mechanisms,
strains, stresses, stress rates within material which are extremely difficult to determine through
experiments [82, 126].

Based on literature, modelling approaches for a grinding process can be divided into physical
models and empirical models [27, 15]. Empirical models are built based on experimental data. A
fully developed model would require numerous grinding experiments performed, with recorded
machining conditions to co-relate input and output parameters. The developed model is finally
validated based on further experimental results and compared to check its accuracy [77, 66]. On
the other hand, a physical model is developed considering physical laws, by using mathematical
equations. The advantage of physical models over empirical models is that by adjustments made
to a physical model, it can be applied to different machining processes. Physical models can
be used to predict a wide variety of output process parameters such as stress-strain variation,
deformation along cutting zones, temperature distribution along cutting zones, tool wear, chip
formation etc., which are difficult to measure from experiments [1, 121]. This would provide key
insight on various manufacturing processes.

It can be observed in Fig.3.1 below that the empirical models are mostly applied at a macroscopic
scale, however physical models are applied both in the macroscopic and microscopic scale [15].
Finite Element Analysis (FEM) is modeled considering the physical laws to simulate the abrasive
grit workpiece interaction. There are many powerful FEM software packages (such as Abaqus,
Ansys, AdvantEdge etc.) that are easily available and applied to various machining processes
[82, 68, 67]. These tools are preferred over other numerical methods. FEM is a very useful
computational tool to predict various metal cutting output parameters like cutting forces,
stresses, temperature, chip geometry taking into account abrasive fracture, abrasive wear, energy
consumed, surface finish etc., Some of the output parameters predicted by FEM are difficult to
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ascertain through experimental methods, making it a very valuable method [15, 27].

Figure 3.1: Simulations methods for abrasive processes [15]

3.2 Finite element method approach for modelling material
removal

With the advent of high-power computers, FEM is a widely used method for solving complex
problems like metal forming and cutting processes [123]. FEM is an assembly of finite elements
where the solution variables are calculated at each node of an element. On each of the elements
in the model, physical laws are applied [21]. The calculated nodal solutions are assembled to
describe the process globally [21]. In the following section, various aspects in the development of
a finite element simulation for abrasive grit-workpiece interaction process is described.

3.2.1 Numerical formulation

Metal cutting is a complex process with a multitude of simultaneously occurring mechanisms.
As the experimental approach to study the machining process would be expensive, numerical
simulations are performed to understand these effects by changing different process parameters
and tool geometries [27]. Despite significant technological developments, it is challenging to
model metal cutting processes to predict the optimal output process parameters. Hence it
is very important to choose the right discretization approach to describe a complex material
removal process like grinding [27, 22]. In continuum mechanics, the finite element motion can
be described using three algorithms namely Eulerian, Lagrangian and Arbitrary Lagrangian
Eulerian methods [22]. In addition, meshless methods like smooth particle hydrodynamics and
particle finite element can be employed to describe the material motion [2, 28, 68].

A literature review of numerical simulations of metal cutting shows that most of the study
was performed using mesh based approaches like Lagrange (LAG) or Arbitrary Lagrangian
Eulerian (ALE) [73, 91, 98]. However, mesh distortion is a common reason for simulation
crashes. Reviewing new modelling techniques [68, 89], meshless or particle based methods, are
an alternative for machining simulations. However, even if the meshless methods show clear
advantages for distortion problems, their accuracy in the calculation of the stresses, forces and
temperature must be evaluated [106].
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As a part of the comparative study, two mesh based methods Lagrangian (LAG) and
Arbitrary Lagrangian Eulerian (ALE) approach, and a particle based methods Smooth Particle
Hydrodynamics (SPH) are used to perform 2D orthogonal cutting and 3D scratch simulation
on A2024 T351 aluminum are discussed in chapter 6. As an outcome of the study, the solution
accuracy of the forces, stresses and temperatures inside the workpiece are compared between
the mesh-based methods and particle-based methods for different cutting conditions thereby
understanding which discretization approach is most suitable in modelling of abrasive grit-
workpiece interaction process.

3.2.2 Time integration schemes

In FEM, nonlinear dynamic problems can be either solved using implicit or explicit time
integration methods. Both these methods can be applied to many FEM problems. The iterative
Newton’s method is used to calculate an implicit solution [21]. In the usage of the implicit method,
a set of equations at every time integration point are solved. For a solution to converge, it would
require a large number of iterations, each with a prescribed increment [10, 70]. The implicit
method helps maintain unconditionally stable linear system, which is its main advantage [21].
On the other hand, an explicit time integration scheme does not iteratively solve the equation
making it more efficient.
In scope of metal cutting problems, explicit time integration schemes are mostly used [15]. The
main advantage of the explicit method is that the solution is guaranteed to converge unlike
the implicit method [103, 67, 4]. In this thesis, explicit integration method is used in FEM
simulations.

3.2.3 Material model

To realistically represent the flow strength and subsequently the material removal mechanism,
a robust constitutive material model is required. It is important to ascertain the flow stress
properties of workpiece materials by performing experimental tests under varying stress, strain
rate and temperatures [21]. In literature, various flow stress models are employed to model metal
cutting at high strain rate and temperatures. The Johnson-Cook material model is the most
frequently used material model to describe metal forming and cutting processes [68, 67, 121].
The Johnson-Cook model is a pure empirical model which calculates the flow stresses [46]. The
parameters of the Johnson-Cook model can be estimated using tensile tests and Split-Hopkinson
Pressure Bar (SHPB) tests [92]. In this work, Johnson-cook material model is primarily used
to simulate low-speed single grit scratch processes as part of this thesis. However it is to be
noted, while simulating high speed grinding processes, this model may often calculate lower
strain rates and temperatures. A detailed description of the Johnson-Cook material model and
the parameters used are described in chapter 6.

3.2.4 Chip separation criteria

Setting up a chip separation criteria in a machining simulation is important to cause chip
formation [82]. Most of the chip separation is achieved by setting up a separation criterion,
such as using damage evolution criteria and a damage model [13].
In literature, so far chip separation is achieved by applying the following methods.

• With the aid of material failure models based on fracture which simulates crack initiation
to crack growth to final formation of chip [40].
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• With the aid of Arbitrary-Lagrangian-Eulerian (ALE) adaptive meshing to simulate plastic
flow of material [86].

• With the aid of particle based methods, which does not require chip separation criteria as
the chip formation occurs due to the lack of cohesion between neighboring particles [68,
28, 1]

The use of a progressive damage model is a very important factor in modelling metal cutting
simulations. Choosing the damage evolution criteria is a key factor that influences the results
of the simulation. According to [71], the damage evolution criteria is provided by defining the
equivalent plastic displacement or by defining fracture energy dissipation. The fracture energy
dissipation according to Hillerborg [40] is evaluated as a function of material toughness. In this
thesis, the damage evolution criteria in the LAG and ALE simulation are defined based on the
fracture energy of dissipation.

3.2.5 Friction scheme in FEM simulation

The accuracy of the results predicted from the FEM simulations depends on two aspects. Firstly,
a constitutive material model which describes the material deformation at high strain rates and
temperatures [21] and secondly, a friction model that describes the friction characteristics between
the tool-workpiece interface [85]. The friction condition at the tool-workpiece interface also
strongly influences the heat generation at the cutting zones [42]. Hence, friction characterization
is difficult and complex in machining. The Coulomb friction model is frequently used in
the modelling of machining processes [42]. According to the model, the frictional forces are
proportional to the normal forces with a coefficient of friction. The simulations in this thesis are
performed by employing the Coulomb friction model [82].

3.3 Finite element simulation-grinding process

Grinding is a complex material removal process where the interaction on a workpiece takes place
due to large number of unknown grit geometries that vary over time [15]. A physics based model
that describes the complex relationships in terms of process, machine and workpiece parameters
is invaluable [82, 60]. The developed model will predict various output parameters like workpiece
surface topography, specific energy, grinding forces etc. In this thesis, the FEM modeling of the
grinding process is classified into two approaches. The first approach is the material removal,
considering the interaction between a single abrasive grit and workpiece. The second approach
is the material removal, considering the interaction between a grinding wheel topography and
workpiece.

3.3.1 Grit-workpiece approach

The single grit workpiece interaction approach occurs in three stages to achieve material removal
in terms of grinding chips, according to [37] the three stages are rubbing, plowing, and cutting
[27]. Simulation of a single grit action on a workpiece is complex, which is not the same as
the conventional cutting processes. A single grit scratch process varies from conventional metal
cutting based on the following aspects.

• Geometry of cutting tool: Cutting tools in processes like turning, milling, and drilling have
properly defined tool shapes and chip formed are according to this shape and is continuous
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[67]. However, in grinding the abrasive grits have complex unknown geometries, and the
cutting conditions change instantaneously due to grit wear and breakage thus making the
material removal process more complex [33, 100].

• Size effect: The undeformed chip thickness is relatively small compared to other
conventional cutting processes. This led to generation of serrated chip formation that are
much smaller in size [87].

• Material flow direction effect: In conventional cutting processes, the material flow is mostly
in the direction of the shaped tool. However, in grinding this is sideward along with the
material displacement along the tool direction [114].

• Rake angle of cutting tool: The rake angle of a tool is defined as the angle made between
the tool face and material in front of it. In case of grinding, the abrasive grits mostly have
a negative rake angle as opposed to conventional cutting processes which use shaped tools
with a positive rake angle [76].

Material removal mechanisms vary based on the above mention point in a single grit scratch
process, when compared to a conventional cutting process [27, 82]. There can be some similarities
derived between single grit cutting and shaped tool cutting. Orthogonal cutting simulations can
be performed with large negative tool rake angle as suggested by [80, 124]. In this thesis, the
development of the FEM single grit scratch model is divided into two phases. In phase one,
a 2D orthogonal cutting model is developed to test various mesh formulations, parameterize
material model parameters and test change in tool geometry (high negative rake angles). The
2D orthogonal model is computationally less intensive to test various simulation ensembles. As
part of phase two, a 3D scratch model is developed. Here the optimum simulation parameters
from the 2D orthogonal model are transferred to the 3D model. Using this approach, modelling
and simulation of a single grit process are performed in this thesis.

3.3.2 Wheel-workpiece approach

Wheel-workpiece approach in this work defines a finite element simulation of a grinding process
considering a grinding wheel and workpiece interaction. In literature, most of the FEM models
are used to perform thermal analysis, to calculate the influence of heat and surface pressure on
the ground workpiece topography [16]. In these models, the grinding wheel is represented as a
combined heat source and surface pressure. The grinding wheel is then moved over the workpiece
surface [69]. Various profiles of heat flux distribution like rectangular or parabolic are tested as
input parameters to understand their effects on the surface integrity of the workpiece [54].
Most of the available grinding wheel models do not consider the actual grinding wheel topography
and are modelled as a flat surface. In this thesis, the actual grinding wheel topography is
incorporated to simulate the material removal process due to interaction between wheel-workpiece
[60, 125]. To perform this simulation, a pre-requisite is to develop a virtual grinding wheel
topography model. There exists three different approaches to develop a grinding wheel model -
empirical models, neural network models and physical models [77, 57]. The focus of this work is
to develop a physical model to describe a grinding process, a physics based ’through-the-process’
modelling approach is considered to describe a grinding wheel topography [59]. A ’through-
the-process’ approach means each manufacturing step in the fabrication of a grinding wheel
is described as numerical algorithms [60]. The result of this physical simulation is a realistic
topographical model of a grinding wheel, which can be integrated into a FEM simulation to
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simulate the material removal process during a grinding process. With this implementation, the
FEM model is up-scaled from a grit-workpiece approach to a wheel-workpiece approach.

3.4 Summary of finite element modelling of grinding processes

In this chapter, the simulation framework of a finite element model to simulate a grinding process
is described. The chapter provides the motivation of why FEM is most suited to simulate material
removal. The various elements that need to be considered while developing a material removal
FEM model are summarized. Finally, the FEM models that are developed based the on the
grit-workpiece approach and wheel-workpiece approach are described.
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Chapter 4

Experimental Framework: Single and
Multiple Grit Grinding

The multiple irregularly shaped and sized abrasive grits that are adhered to the grinding wheel
create an extraordinarily complicated mechanism for material removal, as schematically shown in
Fig.4.1. The single grit contact with the workpiece is crucial because grinding can be modeled as a
cumulative process that results from multiple single grit actions over the workpiece. The material
removal phenomenon could be extrapolated to the full grinding wheel-workpiece interaction with
a thorough understanding of the various grit-workpiece interaction mechanisms.
In this chapter, a methodological approach is presented with respect to the single grit test. setup
and workpiece sample preparation. In addition, methods of single grit grinding including single
grit and multiple pass scratching are presented. Furthermore, force measurement technique and
scratch surface measurement technique are described. Finally, the strategy to analyze scratches
produced by single and multiple grit actions in terms of material removal mechanism is presented.

Figure 4.1: Schematic of grinding process (N: Wheel rotational speed, rpm; Vc:
Work table speed (or feed) mm/min) [82]



18 Chapter 4. Experimental Framework: Single and Multiple Grit Grinding

4.1 Single grit grinding approach

To understand the complexity of the grinding material removal process, the single grit grinding
process can be considered as an elementary part of the grinding process of the grinding wheel,
and the grinding process as the integration of numerous actions performed by individual grits.
Thus, understanding of single grit action performed on a workpiece is important to model the
overall grinding phenomena. Single grit action on the workpiece comprises of rubbing, plowing,
and cutting (chip formation) phases. The schematic representation of single grit action with the
three material removal phases is given in Fig.4.2.

Figure 4.2: Schematic of single grit grinding action (Fn: passive force; Ft: cutting
force; N: rotational cutting speed, rpm; Vc: work table speed or feed, mm/min;

ap: undeformed chip thickness) [82]

The contribution of each phase to material removal varies depending on the size, geometry
and sharpness of the grit, the hardness of workpiece and grinding kinematic conditions, such
as depth of cut and scratching speed, etc. For instance, with smaller depth of cut, rubbing
and plowing processes are more prominent while with greater depth of cut, chip formation
would be prominent. In this investigation, single grit grinding tests were performed on A2024
T351 aluminum workpiece. Scratch grooves were cut by single grit action performed at different
speeds and with gradually increasing depth. A force sensor was used during the single grit
grinding process to record the force exerted during scratching. Single grit grinding tests have been
performed with different operational conditions and compared with numerical FEM simulation.
A schematic of the investigation work flow is illustrated in Fig.4.3
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Figure 4.3: Simple schematic of research method

4.2 Establishment of single grit grinding test setup

In this section, the experimental platform, cutting indenters used and the workpiece material
used to perform the scratch tests are explained in detail.

4.2.1 Description of machining center used for scratch tests

The scratch experiments are performed with a custom built 1-axis linear belt drive machine.
Fig.4.4 A shows the schematic diagram and Fig.4.4B shows the actual platform of the single
grit grinding test setup. The experimental setup for single grit scratching comprises of several
components as listed below:

• A single axis linear belt drive motion device (stroke length=850 mm)

• A vertical z-axis height adjustable table to set the depth of cut (in order of 1 µm)

• An x-axis table, which can move horizontally demarcating the scratches from each other
(in order of 0.1 mm)

• A Kistler 3-axis force sensor (Type: 9119AA1), placed under the workpiece for measuring
the process forces

• A high pressure vacuum chuck to hold the workpiece in place while performing the scratch
tests

• Aluminum alloy (A2024 T351) specimens with the dimensions 75 mm × 20 mm × 2 mm

• An indenter holder affixed along a vertical gantry to hold the diamond tip
conical/pyramidal indenters (tool angle= 105◦, 120◦ and 135◦)
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Figure 4.4: A: Schematic representation of the linear scratch setup, B: Machine
center: single axis linear scratch setup

4.2.2 Abrasive grit material and Indenters

Synthetic diamonds having a mesh size of 40/50 as shown in Fig.4.5 were used to perform the
single grit grinding experiments. Diamond abrasive was chosen as it has a significant higher
toughness, endurance, abrasive ability, thermal conductivity and chemical stability compared
to standard abrasive materials such as Al2O3 and SiC. Diamond has a significantly higher
modulus of elasticity (700 - 1200 GPa) than conventional abrasives (296-365 GPa). The specific
heat capacity of diamond (507.9 J/kg°C) is lower than Al2O3. The important characteristics of
commonly used abrasives are explained in detail in chapter 2.

Figure 4.5: Diamond abrasive grits [82]

The diamond grits are soldered onto a steel holder as shown in Fig.4.6A. Initially, a hole is
drilled on the steel holder to place the diamond grit, after which the soldering process is carried
out to firmly fix diamond grits onto the steel holder. In Fig.4.6B three types of diamond tip
indenters are shown, conical diamond tip geometries, pyramidal diamond tip geometries and
unshaped diamond tip geometries. It can observed in Fig.4.6B that the conical and pyramidal
indenter geometries have a defined tool angle, the tool angle "X" in case of conical indenter and
the tool angle "Y" in case of pyramidal indenter.
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Figure 4.6: A: Schematic representation of single grit indenter, B: Types of single
grit indenters based on tool tip geometry [117]

Fig.4.7 shows a closer view of the pyramidal and conical indenters. Three tool angles 105◦,
120◦ and 135◦ are used to perform the scratch experiments for both the conical and pyramidal
indent geometries as shown in Fig.4.8. Scratch experiments were performed to understand the
effect of grit shape and tool angle on the process forces and scratched surface topography.

Figure 4.7: Pyramidal and conical indenter
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Figure 4.8: Microscopic images of conical and pyramidal indenters

4.2.3 Workpiece material and properties

Aluminum (A2024-T351) was used as the workpiece material to perform scratch experiments. The
specimens are rectangular in size (75 mm × 20 mm × 2 mm) which are the length, breadth, and
thickness respectively. To avoid the initial impact between the indenter and the specimen, both
ends of the specimen are chamfered by 45◦. Table 4.1 shows the typical properties of aluminum
A2024-T351. Similar properties are used in the FEM simulations performed for validation of
the simulation results. The Fig.4.9 shows the scratches performed on an aluminum A2024-T351
sample with the zoomed in microscopic scratch profile.

Table 4.1: Workpiece material properties of aluminum A2024-T351

Material properties Aluminum A2024-T351
Density 2780 kg/m3

Tensile strength 395 MPa
Yield strength 400 MPa

Elastic modulus 73.1 GPa
Poisson’s ratio 0.33
Melting point 502 ◦C

4.2.4 Scratch test operation and data acquisition software

LabVIEW 2018 platform is used to program the servomotor that drives the single axis linear
motion unit. Using Labview software, the rotational motion of the servo motor is converted into
translatory motion. The user provides the stroke length, which is the length by which the linear
slide moves along the linear motion unit. The linear slide is programmed to perform a trapezoidal
motion, where the linear slide initially accelerates to reach the set linear speed, after which the
speed remains constant for a period and finally the linear slide decelerates to come to a halt.
Fig.4.10 shows the user interface of the scratch test operating software. The user can perform
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Figure 4.9: Macroscopic and microscopic image of scratched workpiece performed
with 105◦ conical indenter

three basic motions using the linear motion unit, namely a forward move, a reverse move, or
a home move. Forward motion, as the name suggests, is a forward motion of the linear slide
and the reverse move moves the slide in the backward direction. For both these moves, the user
can provide various inputs such as the target position (in mm), velocity (in mm/s), acceleration
(in mm/s2) and acceleration jerk (mm/s2). Home move is used to re-position the linear slide at
the preset zeroth position. The start and stop button are used to initiate or cancel a scratch
test. On the left-hand side of the user interface real time data acquired during a scratch test are
interactively plotted.
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Figure 4.10: User interface of the scratch test operating software

4.2.5 Experimental protocol

To measure the experimental data more accurately, the force sensor is warmed up for one hour
before the experiment. During this time, the samples are prepared for the experiment. The
samples are immersed in acetone and the surface is cleaned in an ultrasonic bath unit. The air
pressure of the vacuum pump is set to minus 0.8 bar. The sample is then held in the sample
holder with the vacuum pump and the experiment platform is moved under the height measuring
laser. The starting point of the scratch is determined by adjusting the threads in the y-direction
of the x-stage. The indenter is lightly placed on the specimen and held, then the distance gauge
is nullified. Then the whole specimen is checked to see if the flatness deviation of the specimen
is less than 7 µm with a help of a height measuring laser as shown in Fig.4.11. The experimental
platform is pulled away from the indenter and the infeed is determined by adjusting in the z
direction with help of a z-axis table. Finally, the cutting speed is set, and the force gauge is
switched on. The platform is moved to the initial position and the scratch test is performed. The
test is repeated three times for each scratch test and the data from the three tests are averaged
in the subsequent data analysis.
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Figure 4.11: Zoomed in view: experimental platform

4.3 Scratch tests methods: Single Scratch Tests (SST) and
Multiple Pass Scratch Tests (MPST)

To analyze the material removal mechanism in grinding using the single grit approach, two
experimental schemes are used as part of this thesis, Single Scratch Test (SST) and Multiple
Pass Scratch Tests (MPST).
Single Scratch Tests (SST) are performed to understand the material removal employing an
individual grinding grit. To reduce measurement errors, the scratch test is repeated 3 times and
the meaning of the data acquired is used for the analysis. All scratches performed on the same
aluminum sample for various linear speeds for a particular indenter geometry (shape and tool
angle) and depth of cut. The distance between the scratches is set to about 1.5 mm such that
there is no interaction between individual scratches performed, which could influence the material
removal. Fig.4.12 A shows a microscopic image of a SST.
MPST are performed to understand the influence of interaction between the individual scratches
on the material removal. The SST experiment examined only the grinding condition of a
single abrasive grain on the surface of the specimen. In practice, several abrasive grains act
on the surface of the workpiece simultaneously during the grinding process. Therefore, MPST
experiments are needed to study the scratching of multiple abrasive grains on the specimen
surface. The mutual interaction and force between multiple scratches are observed in MPST
experiment. The key difference between MPST and SST experiments is the distance between
adjacent scratches. When the distance between the scratches is reduced to a certain level,
interactions between scratches occur, making the MPST experiment different from the SST
experiment. In the MPST experiment, a single abrasive grain will produce three abrasive cuts
on the surface of the sample under the same experimental conditions, and these three cuts will
produce a fixed spacing between the scratches. In the actual grinding process, the distances
between scratches are random and not consistent. To evaluate the experiment and the study
uniformly, the distance between the scratches is controlled and set to 0.2 mm. After the first and
second scratch pass performed, 0.2 mm and 0.4 mm spacers are used to move the specimen in
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the horizontal direction, hence maintaining a constant distance of 0.2 mm between the individual
scratches. Fig.4.12 B shows a microscopic image of an MPST.

Figure 4.12: A: Microscopic image of single scratch test, B: Microscopic image
of multiple scratch test

4.4 Process Monitoring

Process monitoring in machining processes is crucial to assess process performance [93]. During
machining, real-time process monitoring systems can give relevant information, which is essential
for the effectiveness of the process. Real-time and in-process monitoring systems can also be used
to protect the machine from unexpected events such as high-speed grinding wheel failure that
would cause significant damage to high-speed systems [43]. However, selection of sensors, where
to place them, and how to process the data and extract information are issues that need to
be evaluated by the researchers. In machining, power sensors, force sensors, accelerometers, and
distance lasers are all used for process monitoring. In this section, the methodology of data
acquisition and how the data is processed is explained in detail. This section is sub-categorized
based on the two main measurements made, which are the process force measurements and the
scratch profile topography measurement.

4.4.1 Process Forces Measurement

Force measurement is one of the most important process monitoring methods in machining
applications because machining performance and machined surface quality are directly related
to the forces exerted during machining. Machining forces play a key role in determining tool life,
tool or workpiece damage, surface quality parameters, residual stresses, surface hardness and
elastic-plastic deformation of the workpiece material [93]. Machining forces for grit grinding are
of interest for this research. Single grit grinding is the elementary action of grinding process;
the machining force measured during single grit action could provide a better understanding of
grinding mechanics and can be compared to finite element simulation results. A Kistler 3-axis
force sensor (Type: 9119AA1) in combination with a charge amplifier (Type: 5080A) is used in
the experiments as shown in Fig.4.13. A force data acquisition system has three measurement
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ranges, low, medium, and high.

High range with low sensitivity is between ±4 kN for Fx, Fy and Fz components. Medium
range with higher sensitivity is between ±0.4 kN for Fx, Fy and Fz components. Low range with
highest sensitivity is between ±0.04 kN for Fx, Fy and Fz components. In this research, the
sensor was set for the medium range, since forces exerted while performing scratch experiments
lie in this range. For accurate measurement the sensor needed to be calibrated in situ after
installation. Calibration was performed by applying masses (50 g, 100 g, 200 g, 500 g, 1000 g,
2000 g and 5000 g) to the X, Y and Z directions. LabVIEW software package is used to monitor
and to record the force sensor measurement. Forces exerted due to the grinding process contain
important information on surface integrity and overall grinding process performance. Normal and
cutting forces were recorded during single grit scratching to obtain possible relations between the
material removal mechanism and other parameters such as cutting speed and depth of cut. The
sampling rate for the force measurement acquisition is set to 10,000 samples/s. An example of
the forces measured with conical indenter (tool angle =120◦) for ap,exp=50 µm and linear speed
vc= 200 mm/s is shown in Fig.4.13. It can be observed that the normal forces exerted are higher
in comparison to the tangential forces exerted. Both the normal and tangential forces show a
symmetric distribution at steady state condition, where the linear speed remains constant. As
seen in Fig.4.14 statistical averages of the process forces are extracted at steady state condition,
these are used for further data analysis.

Figure 4.13: Process force acquisition instruments; A: Kistler force sensor, B:
Kistler charge amplifier [90]
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Figure 4.14: Sample process forces measurement

4.4.2 Scratch profile topography measurement

As explained in the previous chapters, material removal behavior in grinding can be classified
into rubbing, plowing, and cutting. Rubbing action occurs due to elastic deformation, plowing
action occurs due to a combination of elastic and plastic deformation and cutting occurs due
to plastic deformation with material separation. In practical cases, it is difficult to distinguish
these three material removal mechanisms. With the help of single grit scratch tests these effects
can be better understood than investigating an actual grinding process where several grits
simultaneously engage onto the workpiece. Hence the pile-up area and groove area measured
with the Nanofocus-µsurf Explorer confocal microscope provides deeper insight of the material
removal mechanism undergoing in grinding. The material removal phases seem to be difficult to
distinguish exactly but can be expressed as an influence on the contribution of material removal.
If we assume that the cross-section profile of the scratch is kept constant along the scratch length
(see schematic cross-sectional view of a scratch profile in 4.16). In ideal rubbing action, there
should be no scratches on the surface (P1+P2=0, GA=0). In ideal plowing action, pile-up unit
volume must be equal to the groove unit volume (GA=P1+P2), thus no material removal takes
place with this action. In case of ideal cutting, the groove unit volume must equal to the removed
material volume (P1+P2=0, GA>0), there should not exist pile-up material in the side of ground
groove. Using this approach, the material removal mechanism is analyzed based on various input
machine parameters such as tool geometry, depth of cut and linear speed in the next chapter.

The ground surface created by the single grit scratches is measured by a confocal
microscope (Nanofocus-µsurf Explorer). To obtain more precise scratched topography, an optical
measurement method is chosen and to avoid possible damage caused by a stylus (in case of
tactile measurements). Confocal microscopy is chosen over conventional microscopy as it is a
powerful tool that provide sharp images of a specimen that would be otherwise blurred. Also
conventional microscopy does not provide 3D data, which is quite essential in determining the
scratch topography. The goal of measuring the ground workpieces is to obtain a precise estimation
of the pile up and groove areas. An image obtained from a confocal microscope has less haze and
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better contrast. The basic principle of a confocal microscope is to reconstruct a 3D topography
of a specimen after capturing multiple 2D images at different depths (also known as optical
sectioning). Due to the non-contact measurement technique, a confocal microscope can give
better feature information and extraction for scratches and pile-up than that obtained from
stylus type instruments.

Fig.4.15 shows a measurement performed on a single grit scratched aluminum (A2024-T351)
specimen. The main objective is to obtain the pile-up area (P1+P2), groove area (GA) and
the undeformed chip thickness (ap) as shown in Fig.4.16. The topographical measurements are
performed at the middle region along the x direction of the scratched workpiece. This is because
the scratching process is at a steady state and the depth of cut remain constant in this region.
The measurement area is chosen to be 1600 × 1600 µm2. The X, Y and Z co-ordinates of the
measured scratched workpiece are extracted in an excel format along with microscopic images
using the µsoft metrology software. The data is further processed with MATLAB to obtain an
averaged 2D scratch profile and thereby calculate the pile-up and groove areas.

Figure 4.15: Optical measurement of ground surface topography
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Figure 4.16: Schematic view of a scratch cross-section profile [82]

Fig.4.17A shows a 3D scratch topography of a single grit scratch test. From the figure, it can
be observed that the variation of the height profile (z-axis) is along the scratch direction. So, the
x coordinates need to be averaged along the scratch direction to obtain an averaged 2D scratch
profile.

Figure 4.17: SST scratch profile; A: 3D SST scratch profile B: Averaged SST
scratch profile

As shown in Fig.4.17B, the averaged z coordinates are plotted as a red scatter plot. A black
line is fit along the scatter plot depicting the averaged values. Finally, in Fig.4.18, the zero line
is plotted on the 2D scratch profile. The area measured over the zeroth line is the pile-up area
and the area measured below is the groove area. Furthermore, the undeformed chip thickness is
calculated for each scratch performed, by calculating the straight line distance between deepest
point along the groove and the plotted zero line (ref Fig.4.18).
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Figure 4.18: Post processing: SST

Fig.4.19A shows a 3D scratch topography of MPST. A similar method is used to extract the
pile-up and groove areas as the SST. Fig.4.19 B shows the averaged 2D scratch profile for an
MPST. Similarly, a zero line is plotted to calculate the groove and pile-up areas. The area above
the zeroth line (P1+P2+P3+P4+P5) is calculated as the pile-up area and the area below the
zeroth line is the groove area (GA1+GA2+GA3).

Figure 4.19: MPST scratch profile; A: 3D MPST scratch profile B: Averaged
MPST scratch profile
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4.5 Summary of single grit scratch experimental framework

In this chapter, the measurement framework and methodology followed in this research has been
introduced. The grit grinding procedure has been described in terms of Single Scratch Tests (SST)
and Multiple Pass Scratch Tests (MPST). The force sensors used for monitoring and recording a
scratch process are described for single/multiple grit grinding. Finally, the topographical scratch
surface measurement methods to analyze material removal mechanisms in single and multiple
grit grinding are described.



33

Chapter 5

Experimental Results: Single and
Multiple Grit Grinding

5.1 Introduction

To understand the fundamentals of the grinding process mechanisms at micro scale, single grit
grinding experiments were performed. A grinding process could be thought of as the multiple
interactions of several single grit operations on the workpiece [82, 127].Thereby, performing single
grit experiments provides crucial insights of the micro-mechanical material removal occurring
in a grinding process. All the information regarding the experimental setup, methodology and
conditions has been described in the previous chapter 4.

In this chapter, single grit experiments were performed on A2024-T351 aluminum workpiece. The
single grit experiments were analyzed based on five output parameters namely, pile-up ratio, chip
removal strength, effective grit engaging radius, process forces and specific energy exerted during
scratching. The scratch experiments were analyzed by varying machine specific and tool specific
factors. Looking at the machine specific factors, the influence of the different depth of cuts and
cutting speeds on the scratches obtained were analyzed. The depth of cut is varied between 10
µm to 50 µm. The linear cutting speeds varied between 200 mm/s and 1000 mm/s. In terms of
tool specific factors, the influence of the tool shape and the tool angles on scratches obtained were
analyzed. Conical, pyramidal, and unshaped geometries were the tool shapes chosen to perform
scratch experiments. For known tool shape geometries (conical and pyramidal indenters), grit
angles of 105◦, 120◦ and 135◦ were tested.

5.2 Material removal mechanisms in terms of pile-up ratio and
chip removal strength

To describe the behavior of the material removal under different grit cutting edge geometries
(conical, pyramidal and unshaped geometries), the output parameters pile-up ratio and chip
removal strength are used as indicators. The pile up ratio is defined as the ratio of the pile-up
area to groove area. Considering an average cross-section profile of a scratch along the scratched
surface, as shown in Fig.4.16., the pile-up ratio can be calculated as

Pile− up ratio =
Total pile− up area

Total groove area
=

P1 + P2

GA
(5.1)

The pile-up ratio indicates the most prominent material removal mechanism that takes place
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during a single grit grinding. In case of a higher pile-up ratio, the material undergoes more
prominent rubbing and plowing mechanisms. In case of a lower pile-up ratio, the material
undergoes a prominent cutting mechanism. In theory, a lower pile-up ratio is preferred as it
requires lower energy to remove a large volume of material.

The chip removal strength is a measure of material removal rate over the scratch cross-
sectional area, similar to the calculation made by [82]. This is obtained by subtracting the total
pile-up area from the total groove area.

Chip Removal strength = Total groove area− Total pile− up area (5.2)

The experimental results are categorized into three sections based on grit edge geometries:
conical geometries, pyramidal geometries, and unshaped geometries.

5.2.1 Pile-up ratio and chip removal strength for single scratches

This section explains the behavior of material removal under different grit cutting conditions.
The experiments are performed with conical, pyramidal, and unshaped geometries - the output
parameters pile-up ratio and chip removal strength are used as indicators.

Fig.5.1 shows that the variation of the pile-up ratio with respect to the depth of cut for
conical, pyramidal and unshaped indent geometries. The scratches were performed at varying
depth of cut (10 µm to 50 µm) at a constant linear speed of 200 mm/s. A similar tendency
is observed for all grit geometries, where the pile-up ratio decreases with increasing depth of
cut. With increasing depth of cut, there is an increase in the material removed and a prominent
cutting mechanism. The material removal mechanism, if it is predominately rubbing, plowing,
or cutting is influenced by the set depth of cut. This explains a lower pile-up ratio at a higher
depth of cut and an inverse behavior at a lower depth of cut. The similar behavior is as also
observed in the experiments performed by [82, 83].

In Fig.5.1 A and B, for the same depth of cut, cone angle 135◦ measures a lower pile-up ratio
in comparison to cone angle 105◦. This is due to the fact that the wider 135◦ indenter induces
a higher compressive action producing smaller pile-up regions. The narrower 105◦ indenter at
a higher depth of cut, produces a larger pile-up ratio as there is more sidewards and forward
material accumulation. Hence a cutting mechanism in the 135◦ indenter is more pronounced
than the 105◦ indenter. This behavior is also confirmed by [83]. It can also be observed that pile-
up ratios measured from the scratches performed with pyramidal indenters (Fig.5.1 B) is lower
in comparison to the scratches performed with a conical indenters (Fig.5.1 A). As pyramidal
indenter geometries have a wider cutting grit than conical indenter geometries, a lower pile-up
ratio is measured. So, It can be concluded that material removal with wider pyramidal geometries
offer a predominant cutting mechanism, especially at higher depths of cut. While comparing
the measured pile-up ratio among all grit shapes and geometries, the 135◦ pyramidal indenter
measures the least pile-up ratio. Confirming the grit shape and grit geometry have an influence on
the material removal mechanism, this is also confirmed by [80, 84, 74]. From optical measurements
performed on unshaped indenter grits, it is observed that grit angles measured lie between the
range of 125◦-140◦. When comparing pile-up ratios of unshaped grit indenters (Fig.5.1 C) and
pile-up ratios of 135◦ conical grit indenters (Fig.5.1 A), it can be observed that the pile-up ratios
measured are in a similar range. Hence it can be inferred that the material removal mechanism
behavior of unshaped geometry is similar to conical grits rather than pyramidal grits.
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Figure 5.1: SST: Variation of the pile-up ratio with respect to depth of cut with
A: conical grit; B: pyramidal grit; C: unshaped grit indenters for Vc=200 mm/s

In this section the change in pile-up ratio is studied with the scratch groove area measured.
This investigation is performed to confirm that the above observed tendency of the pile-up ratio
with change in the set depth of cut, is also observed here. On observing Fig.5.2, the pile up ratio
decreases with increase in groove area for all grit geometries. Showing a similar trend as the
change in pile up ratio with respect to depth of cut. The conical indenters as well as pyramidal
indenters, with cone angle (105◦ and 135◦) show a similar tendency. It is observed that, for
the same groove area produced, the pile-up ratio is lower for the 135◦ indenter than the 105◦

indenter. It is also observed here that the wider 135◦ pyramidal indenter (Fig.5.2 B) produces a
lower pile up ratio in comparison to the other tool shapes and geometries (Fig.5.2 A,C).

Figure 5.2: SST: Variation of the pile-up ratio with respect to groove area with
A: conical grit; B: pyramidal grit; C: unshaped grit indenters for Vc=200 mm/s

Fig.5.3 in general shows that the chip removal strength increases with the increase in depth
of cut for all grit shapes and geometries. Similar results are also reported by [82]. However, it can
also be observed that the chip removal strength is dependent on the grit shape and geometry. In
Fig.5.3 A, for the same depth of cut, wider 135◦ conical indenters measure a greater chip removal
strength than the narrower 105◦ conical indenters. The reason is, as a wider conical indenter
exerts a higher compressive action onto the workpiece, it produces a larger groove area and lower
pile-up area. It can also be consequently inferred that the forces measured while scratching with
a wider conical indenter are higher than a narrower indenter.
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In Fig.5.3 B, depths of cut reached by the wider pyramidal 135◦ indenters are much lesser in
comparison 105◦ indenters. It can be also inferred, that a wider indenter tool induces a larger force
onto the workpiece. Also the blunt nature of a wider tool produces a lower depth of cut compared
to narrower indenter tool. This is due to the low width to depth ratio of 135◦ pyramidal indenters.
However from the results it can be extrapolated that for the same depth of cut, a wider pyramidal
135◦ indenter would measure a larger chip removal strength in comparison to a narrower 105◦

indenter. It can be also observed that the chip removal strength measured with the pyramidal
indenters is higher than the conical indenters. This is attributed to the fact that the pyramidal
geometry having a wider grit geometry produce a larger groove area in comparison to the conical
geometries. Hence the chip removal strength is dependent on the grit apex angle as well as the
grit shape.

Figure 5.3: SST: Variation of the chip removal strength with respect to depth
of cut with A: conical grit; B: pyramidal grit; C: unshaped grit indenters for

Vc=200 mm/s

5.2.2 Pile-up ratio and chip removal strength for multiple scratches

As an extension to Single Scratch Tests (SST), another set of experiments were performed
to produce multiple edge scratches. The multiple edge scratches are single scratches that are
separated by a constant distance of 0.2 mm. Three scratch passes are performed with a constant
separation distance to complete a Multiple Pass Scratch Test (MPST). The results were obtained
by performing the scratch tests with 135◦ conical and pyramidal indenters. The scratches were
performed at varying depth of cut (15 µm to 35 µm) at a constant linear speed of 200 mm/s.

Fig.5.4 shows the comparison of Single Edge Scratches (SST) in comparison to Multiple Pass
Scratches (MPST) in terms of pile-up ratio for various depths of cut. The pile-up ratio of MPST
is calculated as an average pile-up ratio calculated for each individual scratch performed as part
of a MPST test. Like the SST, the pile-up ratio of MPST decreases with increase in depth of
cut. This is attributed to an increased cutting mechanism occurring at higher depths of cut.

For all grit geometries, it is observed that for MPST, the pile-up ratio is higher than that of
SST. The high pile-up ratio can be attributed to large pile-up of material at the middle region
of the scratch as shown in Fig.5.5. This occurs due to the small separation distance between the
scratches. Therefore, it is observed that for a same depth of cut, the MPST has a higher pile-up
ratio than SST. This behavior is also confirmed by the experiments performed by [20, 82]

While comparing MPST pile-up ratios for pyramidal geometries (Fig.5.4B) with conical
geometries (Fig.5.4A), it can be observed that pile-up ratios of pyramidal geometries are lesser in
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comparison to conical geometries. This can be attributed to the wider cutting edge of pyramidal
geometries, which induce a higher compressing action onto the work material. Hence there is
a more significant cutting action, leading to production of higher grooves and lower pileups.
This can be also clearly noticed at the overlap regions in Fig.5.5. This behavior also supports the
argument placed before for SST, that pyramidal geometries are more efficient in material removal
than conical geometry. Finally observing Fig.5.4C, the pile-up ratios measured for unshaped grit
geometries are in the similar range as conical geometries, it can be inferred that the material
removal behavior of unshaped grit geometry is similar to conical indenters.

Figure 5.4: MPST: Variation of the pile-up ratio with respect to depth of cut with
A: conical grit; B: pyramidal grit; C: unshaped grit indenters for Vc=200 mm/s

Figure 5.5: MPST scratch profile comparing scratches performed with pyramidal
and conical indenters

In Fig.5.6 a similar tendency is observed, where the multiple pass scratches have a higher
pile-up ratio than the single scratches with respect to the groove area for all grit geometries.
It can also be observed that for grit geometries, the overall groove area produced by MPST is
higher than that of SST, this obvious as material removed in MPST is higher than SST.
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This investigation is performed to check if there are anomalies in tendencies of the pile-up
ratio with respect to the output parameter-groove area. However the behavior is similar to the
tendency as observed in Fig.5.4

Figure 5.6: MPST: Variation of the pile-up ratio with respect to groove area with
A: conical grit; B: pyramidal grit; C: unshaped grit indenters for Vc=200 mm/s

Subsequently, Fig.5.7 shows that for all grit geometries, chip removal strength is higher
for SST compared to MPST. This behavior can be attributed because of high pileup ratios
measured during MPST. This behavior is also confirmed by the experiments performed by [82,
20]. When comparing the chip removal strength in MPST between pyramidal (Fig.5.7A) and
conical geometries (Fig.5.7A), it can be observed that the chip removal strength measured for
pyramidal geometries is much higher in comparison to conical geometries. This can be attributed
to the fact that a pyramidal indenter produces a more effective cutting action, generating larger
grooves and smaller pileups.

Figure 5.7: MPST: Variation of the chip removal strength with respect to depth
of cut with A: conical grit; B: pyramidal grit; C: unshaped grit indenters for

Vc=200 mm/s

5.3 Effective grit engaging radius

To understand the grinding mechanics in terms of contact variation, the Effective Grit Engaging
Radius (EGER) is used, based on the calculations made by [82]. This assumes that the measured
cross-sectional profile of a scratch can be represented as an arc of a circle, see Fig.5.8C, and the
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radius of that arc is the EGER. The grit is assumed to have a spherical shape, defined by the
nominal grit engaging radius with the workpiece at the time of contact. To calculate the width for
individual scratch profiles, the points where the scratch depth is zero are selected. As observed
in the Fig.5.8A and 5.8B arcs are drawn along the width of the groove profile, the radius of the
drawn arc provides the EGER. In case of MPST (Fig.5.8B), three arcs are drawn along each of
the groove profiles, the final EGER computed as the arithmetic mean of the individual EGERs,
which deviates from the assumption made by [82], where a single arc along all three groove
profiles is calculated as the EGER. The EGER predicts closely the contact radius between the
grit and workpiece, for the scratch profiles produced by different grit shapes at varying depth of
cuts. It should be noted that the EGER calculation approximates the contact condition between
tool and workpiece to be spherical nature irrespective of the tool geometry (cone or pyramid),
therefore certain deviations can be observed between the actual tool-workpiece condition and
approximated EGER. Based on this approximation, the various tendencies of variation of contact
condition with change in the scratch input parameters are captured. In future, the calculation
can be adjusted to better approximate contact conditions based on individual tool geometries.

The tendencies are built from the experimental analysis in the further sections, which provides
important insights on the material removal based on contact variation between the grit and
workpiece.

Figure 5.8: A: Measurement of EGER for single grit scratches, B: Measurment
of EGER for multiple grit scratches C: Illustration of EGER calculation

5.3.1 Effective grit engaging radius for single scratches

In this section, the effective grit engaging radius is used as an indicator to understand the contact
variation, while performing single edge scratch tests with conical edge geometries and pyramidal
edge geometries (105◦, 120◦ and 135◦).

In Fig.5.9, the variation of EGER with the depth of cut is shown for conical and pyramidal
indenters with cone angles 105◦ and 135◦. It is observed that the EGER increases with the
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increase in depth of cut, indicating that the grit is more in contact with the workpiece at a
higher depth of cut. It is also observed that a wider 135◦ indenter has a higher EGER compared
to a narrower 105◦ indenter, as the total surface area of a wider indenter is larger in comparison
to a narrower indenter. Due to the increased tool-workpiece contact with a wider 135◦ indenter,
a prevalent cutting mechanism takes place while scratching.

Figure 5.9: SST: Variation of the EGER with respect to depth of cut with A:
conical grit; B: pyramidal grit for Vc=200 mm/s

Fig.5.10 presents the EGER relation with groove area and shows a similar trend with the
depth of cut variation as shown in Fig.5.9. The above explanation holds true to the tendency of
the measured EGER with respect to the groove area.

Figure 5.10: SST: Variation of the EGER with respect to groove area with A:
conical grit; B: pyramidal grit for Vc=200 mm/s

In Fig.5.11 it can be observed that for both conical and pyramidal geometries, the pile-up
ratio reduces with increase in EGER. This is a direct consequence of tendencies observed in
Fig.5.10. A prevailing cutting mechanism occurs while scratching with a higher EGER, leading
to a lower measure of pile-up ratio. It can also be observed that a wider indenter (135◦) geometry
measures a lower pile-up ratio at higher EGER. This behavior can be observed for both conical
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and pyramidal indenters. This supports the observation done in the previous section that a
wider indenter geometry produces a lower pile-up by inducing a higher compressive force onto
the workpiece. Finally in Fig.5.11 B, pyramidal indenters, especially a wider 135◦ pyramidal
indenter produces the least pile-up ratio at high EGER. Pyramidal geometry makes a larger
tool-workpiece contact, this considerably increases its cutting efficiency.

Figure 5.11: SST: Variation of the pile-up ratio with respect to EGER with A:
conical grit; B: pyramidal grit for Vc=200 mm/s

5.3.2 Effective grit engaging radius for multiple scratches

The calculated value of the EGER is higher for similar depths of cut in the case of single edge
scratches compared to multiple pass scratches, as shown in Fig.5.12. While performing multiple
pass scratch tests, although there is more material removal than single edge scratch tests, there
is also an increase in the pile up regions produced Fig.5.6. This reduces the effective contact
between the grit and the workpiece and hence the MPST tests measure a lower EGER. This
can be clearly observed in Fig.5.12, where the pile-up ratios of MPST is higher in comparison to
SST.
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Figure 5.12: MPST: Variation of the EGER with respect to depth of cut with
A: conical grit; B: pyramidal grit; C: unshaped grit indenters for Vc=200 mm/s

Pile-up ratio decreases with increasing EGER for both single edge scratches and multiple pass
scratch tests as shown in Fig.5.13. This is because the cutting mechanism is more prominent with
increasing EGER. It is observed that the pile-up ratio is higher for the multiple pass scratch test,
and this is because of the small separation between the scratches leading to the accumulation of
pile-up during overlap of the individual scratches. When comparing the pile-up ratio with respect
to EGER, for MPST experiments of pyramidal and conical, geometries it can be observed that
pyramidal geometries measure a lower pile-up ratio at high EGER, this shows that at increased
tool-workpiece contact pyramidal geometries produces larger grooves and smaller pile-ups, in
comparison to conical indenters.

Figure 5.13: MPST: Variation of the pile-up ratio with respect to EGER with
A: conical grit; B: pyramidal grit indenters for Vc=200 mm/s



5.4. Process forces during single grit grinding 43

5.4 Process forces during single grit grinding

In this section, the process forces (cutting forces Fc and passive forces Fn) are used as an indicator
to analyze the scratch experiments performed at various depths of cut and linear speeds. The
process force variation is also analyzed based on the change in indenter geometry (conical,
pyramidal, and unshaped). The process forces are also analyzed based on two experimental
methods, Single Scratch Tests (SST) and Multiple Pass Scratch Test (MPST).

5.4.1 Process forces vs linear speed

In this section, the variation of the process forces with the change in linear speed is described.
Fig.5.14 and Fig.5.15 illustrate the change in passive forces and cutting forces generated when
single grit scratch experiments were performed with a depth of cut of 35 µm at cutting speeds
of 200 mm/s, 400 mm/s, 600 mm/s, 800 mm/s and 1000 mm/s for the 105◦ and 120◦ conical
indenters.

As shown in Fig.5.14 and Fig.5.15, both the passive force and the cutting force decrease
with increasing cutting speed for different shapes and different tool angles of the conical abrasive
grain. The reason for this is that at high cutting speeds, the cutting action is enhanced. This
is due to an increased thermal softening effect that occurs at higher cutting speeds, that leads
to pronounced cutting mechanism. Thus the process forces measured are lower at higher cutting
speeds, similar observations are also made by [122, 31]. This trend can also be seen in tests with
other indenters (pyramidal and unshaped grit indenters).

Figure 5.14: Process forces vs linear cutting speed with 105◦ conical indenter
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Figure 5.15: Process force vs linear cutting speed with 120◦ conical indenter

5.4.2 Process forces for single scratches

Under this section, the process forces are analyzed based on the scratch experiments performed
with conical and pyramidal grit indenters with tool apex angles 105◦ and 135◦, as shown in
Fig.5.16 A and B. It is observed that the process forces increase with the increase in depth of
cut. With the increase in the depth of cut, more material is removed from the workpiece. Hence,
the process forces increase as well. It is observed that the cutting forces measured are smaller in
comparison to the passive forces.

This tendency is commonly observed in material removal processes using cutting tools with a
negative rake angle (for example, grinding). The single grit indenter exerts a higher compressive
force onto the workpiece, explaining a larger measurement of passive forces. This behavior is also
confirmed by the experiments performed by [84, 7, 35].

On comparing the process forces between the indenter (105◦ and 135◦), it is observed that
the indenter 135◦ measures a higher force. This is due to the fact that the resistance to material
removal is higher when cutting with a tool with a higher rake angle. The wider 135◦ angle induces
a higher compressive force in comparison to 105◦, shown by the substantial increase in passive
forces. It can be observed forces measured for both pyramidal and conical geometries lie in the
same range.
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Figure 5.16: SST: Variation of the process forces with respect to depth of cut
with A: conical grit; B: pyramidal grit for Vc=200 mm/s

Fig.5.17 shows a similar tendency as above. For both the conical and pyramidal indenters,
the process forces increase with the increase in the groove area produced. It is observed for
both conical and pyramidal geometries, for the same groove area produced the process forces
measured with a wider indenter is higher. This is attributed to the fact that a wider geometry
of 135◦ induces a higher compressive force onto the workpiece. Although 135◦ measures a lower
pile-up ratio, it requires a higher force or higher energy to remove material in comparison to
105◦.

When comparing Fig.5.17 A and Fig.5.17 B, it can be observed that the groove area produced
by the pyramidal indenters are slightly larger in comparison to conical indenters for a same depth
of cut, indicating that the pyramidal indenters are more efficient in removing material.

Figure 5.17: SST: Variation of the process forces with respect to groove area
with A: conical grit; B: pyramidal grit for Vc=200 mm/s

The force ratio (Fc/Fn) is calculated as the ratio of cutting forces to passive forces, based on
the calculation made by [96]. This value is also like the friction coefficient [96]. The calculated
force ratio is associated with the efficiency of grinding/scratching. The higher the ratio the more
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efficient is the material removal. In Fig.5.18, it is observed that the force ratio decreases with the
increase in groove area for both conical and pyramidal indenters. As observed, the force ratio
measured for pyramidal geometries are slightly larger in comparison to conical geometries. This is
because the sharper pyramidal indenters measure a slightly higher tangential force in comparison
to conical geometries. While considering the experiments performed at lower groove areas, the
135◦ pyramidal indenters measure the highest force ratio and thereby is more efficient in material
removal in comparison to the other indenter geometries. It can be also inferred that the wider
indenter geometries measure a lower force ratio/friction co-efficient at higher comparable groove
areas.

Figure 5.18: SST: Variation of the force ratio with respect to groove area with
A: conical grit; B: pyramidal grit for Vc=200 mm/s

5.4.3 Process forces for multiple pass scratches

Process forces obtained from single pass scratches and multiple pass scratches for conical,
pyramidal and unshaped geometries are shown in Fig.5.19 for different depths of cut. For MPST
experiments, the forces are averaged for the three scratches performed. It is observed that,
irrespective of the tool geometry, for both SST and MPST, the process forces increase with
increase in the depth of cut. The process forces calculated for MPST is the average of the
forces measured while performing the three individual scratches. The process forces measured
for the MPST is slightly larger than the process forces measured for SST. This is because the
plowing mechanism is more prominent while performing MPST, leading to a larger measure of
the process forces. plowing is an undesired action in grinding since it consumes extra energy
during the material removal process. The above observations is also seen in the experiments
performed by [84, 20].

Observing Fig.5.19 A and C, it can be seen that the force measured is in the similar range for
various depths of cut. This shows that geometry and the material removal mechanism is similar
for conical and unshaped geometries. When observing Fig.5.19 B it can be observed that the
forces measured using the pyramidal shaped indenter is smaller in comparison to conical and
unshaped geometries for MPSTs. This again reaffirms previous observations, that the pyramidal
indenter has better cutting performance.
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Figure 5.19: MPST: Variation of the process forces with respect to depth
of cut with A: conical grit; B: pyramidal grit; C: unshaped grit indenters for

Vc=200 mm/s

Fig.5.20 shows the variation of process forces with respect to the groove area for SST and
MPST for conical, pyramidal and unshaped geometries. It is observed that, irrespective of the
tool geometry, the groove area produced by MPST is larger than SST, while measuring higher
process forces in comparison to SST. Although MPSTs obviously produce a larger groove area,
there are also higher forces measured. This is due to the increase plowing and production of
overlap pile-up areas as seen in Fig.5.5.

Figure 5.20: MPST: Variation of the process forces with respect to groove
area with A: conical grit; B: pyramidal grit; C: unshaped grit indenters for

Vc=200 mm/s

5.5 Specific energy in single grit grinding

Specific energy can be defined as the energy required to remove one unit volume of material [38,
18]. To study the change in energy lost when scratching the material, specific energy calculation
is helpful. The specific energy (u) for the single grit grinding process can be expressed as

u =
Fc

GA
(5.3)

This equation is a concise form of specific energy used in this thesis derived from Grinding
Power (P ) and Material Removal Rate (MRR). The amount of material removed from the
workpiece per unit of time is known as the material removal rate [38]. Where Fc is the cutting



48 Chapter 5. Experimental Results: Single and Multiple Grit Grinding

force, GA is the groove cross sectional area and Vc is the cutting speed.

u =
P

MRR
=

Fc · Vc

GA · Vc
(5.4)

In earlier studies, the ratio of the cutting force to the cross-section area of the groove was used
to calculate the specific energy in single grit grinding [15, 33].

In case of calculation of specific energy for MPST experiments, the following formulae is
employed:

u =

∑
Fc∑
GA

(5.5)

where the groove area and the respective cutting forces for three consecutive scratches are
summed to extract the specific energy. Under this section, specific energy is used as an indicator
to analyze the variation based on the depth of cut and groove area for different cutting grit
geometries (conical, pyramidal, and unshaped).

5.5.1 Specific energy for single scratches

Under this section, specific energy is analyzed based on the single scratch experiments performed
for conical and pyramidal indenters.

Fig.5.21 shows the variation of the specific energy with respect to different depths of cut.
It is observed that the specific energy reduces with increase in depth of cut for both 105◦ and
135◦ indenters. Even though the cutting forces increase with the increase in the depth of cut,
the increase in the groove area is larger. This causes the specific energy of cutting to drop with
the increase in depth of cut. Similar behavior is confirmed by the experiments performed by [82,
26, 102].

On comparing the specific energies between the 105◦ and 135◦ indenters, the specific energy
measured for the blunter (wider) 135◦ is higher. While scratching with the blunter 135◦ conical
angle, the cutting forces generated are higher even-though amount of material removed is
less. This affirms the statement from [5], that the specific energy decreases with reduction in
undeformed chip thickness.
While observing Fig.5.21 A, for the same depth of cut, a wider tool measures a lower specific
energy in comparison to a narrower tool. This is because the pile-up ratio measured for wider
indenters is lesser than narrower indenters. The frictional coefficient at a higher depth of cut is
less in comparison to narrower indenters. This affirms that wider indenters are more efficient in
material removal in comparison to narrower indenter geometries. While observing Fig.5.21 B, for
105◦ pyramidal indenter specific energy is lower in comparison to 105◦ conical indenter Fig.5.21
A. This reaffirms that the pyramidal indenter has a better cutting performance as it removes a
same amount of material using lower energy.
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Figure 5.21: SST: Variation of the specific energy with respect to depth of cut
with A: conical grit; B: pyramidal grit indenters for Vc=200 mm/s

Fig.5.22 shows the variation of specific energy with respect to the groove area. A similar
tendency is observed as seen Fig.5.21. The specific energy decreases with the increase in the
groove area. This is because the specific energy is inversely proportional to the groove area.
It can be also observed that the 135◦ indenter is more efficient as predominantly less energy
consuming cutting mechanism takes place while scratching, as lower pile-up areas are measured
with wider indenter geometries while scratching at higher groove areas. Also while observing
Fig.5.21 B, it is quite evident that especially 105◦ pyramidal indenter produces a much larger
groove area in comparison to a 105◦ conical indenter consuming lower energy.

Figure 5.22: SST: Variation of the specific energy with respect to groove area
with A: conical grit; B: pyramidal grit indenters for Vc=200 mm/s

5.5.2 Specific energy for multiple pass scratches

The specific energy calculated for a MPST experiment is the average of the specific energies of
the three individual scratches performed. Fig.5.23 compares the specific energy between SST and
MPST with respect to the depth of cut, a similar tendency as shown in Fig.5.21 is observed,
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where the specific energy decreases with the increase in the depth of cut. It is also observed that
MPST measures a higher specific energy in comparison to SST. This behavior is confirmed by
[82].

Although there is more amount of material removed in MPST, the multiple edge scratches
have more plowing action than cutting compared to single edge scratches. Also due to the
interaction between the individual scratches as seen in Fig.5.5, overlapped pile-up regions are
produced adding to the plowing effect. This leads to a higher measurement of specific energy in
MSPTs compared to SSTs.

Figure 5.23: MPST: Variation of the specific energy with respect to depth
of cut with A: conical grit; B: pyramidal grit; C: unshaped grit indenters for

Vc=200 mm/s

In Fig.5.24, a clearer tendency is observed where the specific energy required for MPST is
higher than SST. It is observed that even though the groove area measured for MPST is higher,
the specific energy is higher than that of SST. This is because of the increased plowing action in
MPST, and the measured cutting force is higher in comparison to SST. In Fig.5.23 B the MPST
specific energy measured for pyramid indenters is much lesser than the conical and unshaped
indenters. This confirms that the overall energy consumption to remove material is lesser in
pyramidal geometries.

Figure 5.24: MPST: Variation of the specific energy with respect to groove
area with A: conical grit; B: pyramidal grit; C: unshaped grit indenters for

Vc=200 mm/s
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5.5.3 Summary of single grit scratch experimental investigations

In this chapter, single and multiple pass scratch experiments were performed on A2024-T351. The
experimental results show how the output parameters such as process forces, specific energy, pile-
up ratio, chip removal strength and EGER are influenced during the process. The first quarter
of the experimental results chapter investigates the material removal mechanism in terms of
pile-up ratio, chip removal strength and EGER at the micro scale, followed by investigation of
process forces and specific energy during scratching at various depths of cut, linear speeds and
grit cutting geometries. All these factors show how a single grit grinding process has a highly
complex material removal mechanism in comparison to orthogonal cutting operations.

According to the experimental results, pile-up ratio decreases with increase in the depth cut for
all single grit cutting shapes (conical, pyramidal and unshaped geometries) as confirmed by [100,
84, 20]. On comparing the results based on the tool angles, a wider cutting edge leads to a lower
pile-up ratio while a narrower cutting edge leads to a higher pile-up ratio. This is because of the
small width of cross-section that makes the cutting edge behave as though it were sharp compared
to cutting edges having a larger width. A wider tool thereby induces a higher compressive force
and produces a lower pile-up. It is also observed that in general a wider tool geometry removes
lesser material in comparison to narrower geometries, this also causes production of lower pileups.
Pile-up ratio is found to be always higher with multiple grit scratches compared to single grit
scratches. At lower depth of cut, a high pile-up ratio means the material removal is dominated
by rubbing/plowing mechanism. It is also observed that the pyramidal indenters measure a lower
pile-up ration in comparison to other geometrical grit indenters.
Chip removal strength increases with the increase in depth of cut as confirmed by [84, 20, 82].
Chip removal strength with respect to the depth of cut also represents a situation where plowing
and cutting are prominent at high depth of cuts. A smaller slope in the chip removal trend can
be interpreted as a plowing prominent region while a steep increase in the chip removal trend
could be interpreted as a cutting prominent region. From the experimental results it is quite clear
that the pyramidal indenters display a steeper slope of the chip removal strength in comparison
to the other indenters.

Passive forces (Fn) exerted during single grit scratching were found to be always higher than
cutting forces (Fc) as confirmed by [84, 7, 35]. Both forces are also found to be highly dependent
on cutting speed, with higher cutting speed leading to lower process forces measured, refer
Fig.5.14 and Fig.5.15. This behavior is also confirmed in the experiments performed by [84, 102,
101]. Both the process forces increase with increasing depth of cut and the cross sectional groove
area measured for all grit cutting geometries (conical, pyramidal and unshaped) as confirmed
by [84, 20, 3]. The force ratio (Fn/Fc) is generally found in the range of 4 to 16, but the ratio
increases slightly with increasing groove area due to a faster rate of increase of the passive force
with the depth of cut (see Fig.5.18) [82, 50].
Specific energy decreases with increase in the depth of cut (or groove area) for all cutting
grit geometries (conical, pyramidal and unshaped) as observed by [82, 26, 50]. Specific energy
requirement is found to be lower while performing the Single Scratch Test (SST), cutting action
is efficient. However, the specific energy requirement increases while performing Multiple Pass
Scratch Test (MPST), where cutting is less efficient. High pile-up areas are generated due to the
interaction between the individual scratches (refer Fig.5.23 and Fig.5.24). It can be also inferred
that a pyramidal indenter measures a lower specific energy compared to the other indenter
geometries.
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Chapter 6

Simulations: Grit-Workpiece Approach

6.1 Introduction

Simulating dynamic machining processes by simplifying the real system is quite commonly used
to predict machine behavior and to understand the influence of machining parameters on both,
tool and workpiece [15, 67, 68, 82]. With increasing computational power, it has become easier to
solve complex problems such as abrasive grit-workpiece interactions [82, 94, 106]. A well-designed
simulation model of the grinding wheel could largely reduce the cost of experimentation and help
successfully determine the grinding process behavior based on the surface finish of the machined
part, workpiece characteristics, material removal mechanisms, and tool wear [82, 62, 121]. In
addition, simulations are able to provide some extra information like stresses, strains, strain rates,
and temperature gradients, which are otherwise extremely difficult to determine by experimental
investigations [82, 121, 109]. As grinding is one of the most complex machining processes, there is
no universal model to comprehensively predict the machining behavior in terms of the grinding
forces, material removal, and surface finish [36, 59].

Finite element simulation of machining processes in this thesis refers to simulation of single
grit grinding at the micro-scale, where the depth of cut is in the order of 20 µm [82, 121, 109].
This is not a straight-forward simulation and is dissimilar to conventional machining simulation,
which has a deeper cut. During the grinding process, numerous abrasive grits, which are bonded
onto the grinding wheel with an arbitrary orientation, interact with the workpiece material. So,
the interactions of workpiece and grit during grinding can be considered as having a different
geometry of interaction at every grit-workpiece engagement. Single grit simulations are valuable
not only to validate the single grit scratch experiments, but also to provide valuable insights
of the material removal mechanisms that are unable to find out with experiments. Single grit
grinding simulation should represent rubbing, plowing, and cutting phenomena, because three
material removal phases occur at every grit-workpiece interaction in grinding.

In this thesis, the FEM single grit simulation model is developed in four phases as shown in
Fig. 6.1. In the first phase, a 2D orthogonal cutting model is used to understand the cutting
mechanisms and the effect of the rake angle, especially high negative tool rake angles as
observed in grinding processes. The 2D orthogonal cutting model is employed to initially test the
various mesh discretization methods. Two mesh-based methods Lagrangian (LAG) and Arbitrary
Lagrangian Eulerian (ALE), and a particle based methods Smooth Particle Hydrodynamics
(SPH) are used to perform 2D orthogonal cutting model. The 2D model is used as a foundation
to develop the 3D scratch model.

In the second phase, a 3D model is developed to incorporate the rubbing and plowing mechanisms



54 Chapter 6. Simulations: Grit-Workpiece Approach

in the FEM model. The 3D scratch model also tests three discretization methods LAG, ALE and
SPH to find out which discretizational approach is most suitable to model a scratch process. The
model is validated based on the process forces and topographical measurements obtained from
experiments. The 3D model is tested to understand the effect of tool geometries. The 3D model
is further extended and scaled up to simulate multiple pass scratch tests and are validated with
the experiments performed as described in the previous chapter. The simulation frameworks and
results of the 2D and 3D simulations are explained in detail in this chapter. The first and second
phases are developed based on the grit-workpiece approach.

In the third phase, a virtual wheel model is developed using a through the process approach.
A precise simulation of the steps involved in making a grinding wheel, from modeling the raw
material through compression, sintering, and dressing to produce the finished grinding surface.
The sample virtual grinding wheel model that was obtained is utilized as a digital twin to simulate
the removal of material from a grinding process using FEM.

In the fourth and final phase, a simulation model is developed to simulate an up-cut surface
grinding operation with a flat grinding wheel surface. This concludes the development cycle of
the simulation models, scaling up from grit-workpiece models to wheel workpiece models. The
description and results of third and fourth phase simulation models are described in the next
chapter.

Figure 6.1: Simulation model development phases

6.2 Discretizational approaches

An overview of the mesh-based discretizational approaches (LAG and ALE) and particle-based
discretizational approaches (SPH) is given before the simulation frameworks for the 2D, and 3D
scratch models are discussed.

6.2.1 Mesh based discretizational approaches

Numerous solid mechanics issues have been solved using the Lagrangian (LAG) method. In
the simulation, the displacement vector tracks each individual material point. The method is
unable to follow significant deformations in simulations of metal cutting, which could result in
simulation failures. However, several workable solutions, such as element elimination and adaptive
re-meshing, were implemented in [110, 75, 25, 82]. The loss of material mass is a disadvantage
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of the element elimination process, though. When adaptive re-meshing is used, there may be
inconsistencies in the numerical outcomes of the simulation due to the mapping of internal
variables from an old mesh to a new mesh.

The Arbitrary Lagrange Eulerian (ALE) approach does not consider the mesh to be
constrained to a fixed domain (Eulerian) or that it moves along with material points (LAG). This
approach aims at maintaining the mesh topology and prevents the division of mesh elements.
Relocation of nodal positions of the mesh is performed by means of a mesh smoothening algorithm
[81, 104]. This algorithm prevents mesh distortion and hour glassing. Despite the fact that ALE
method is computationally efficient, its accuracy is dependent on the underlying mesh and the
chosen smoothening algorithm [13, 110].

6.2.2 Particle based method

The meshless Smooth Particle Hydrodynamics (SPH) [65, 63] method significantly varies from
the aforementioned mesh-based methodologies in terms of its underlying theory. In this method,
spheres are used to represent the material domain. Strong particle-particle connections in solids
and weak particle-particle connections in liquids are caused by this material domain. The SPH
approach uses a weighted function to calculate a particle’s physical quantity depending on the
physical quantities of the surrounding particle and of the particle itself. The smoothing lengths
and particle radius are taken into consideration by the weighted function [79]. A failure criterion
is no longer required due to the particles’ breakable bonds. Material separation results from the
breakdown of cohesiveness between particles.

6.3 Simulation Workflow

Under this section a brief overview of the FEM models developed (2D orthogonal cutting model
and 3D scratch model) is described. The sections 6.3.2 and 6.3.3 also provide information of the
choice of the plasticity material model, the damage model and the friction contact model.

6.3.1 Simulation models

A 2D orthogonal cutting model and a 3D scratch model employed as part of this study were
developed using Abaqus/Explicit. The simulation workflow and results of aforementioned 2D
and 3D simulation models are based on a previously published scientific journal [107].

The main description of the cutting mechanism is given by a 2D orthogonal cutting model. The
two mesh-based approaches ALE and LAG, as well as a particle-based approach SPH, are used
to discretize this model. Section 6.4 provides a detailed explanation of the simulation settings
for the workpiece, cutting tool, and boundary conditions [107].

The rubbing, plowing, and cutting mechanisms commonly present in a grinding/single grit
scratching process are described using a 3D scratch model. The discretizational methods LAG,
ALE, and SPH are employed to create a 3D scratch model. Section 6.5 provides a detailed
explanation of the simulation settings for the workpiece, cutting tool, and boundary conditions
[107].
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6.3.2 Material model

Large plastic stresses and high deformation rates occur in the workpiece material during material
removal in ductile materials. Complicated material removal processes like rubbing, plowing, and
cutting manifest during grinding and scratching. A material model describing such material
behavior is the Johnson-Cook material model [46, 45], with its mathematical description of the
effective von Mises stress σ̄

σ̄ = [A+B(ε)n]︸ ︷︷ ︸
f1

·
[
1 + C ln

(
ε̇

ε̇0

)]
︸ ︷︷ ︸

f2

·
[
1−

(
T − Troom

Tmelt − Troom

)m]
︸ ︷︷ ︸

f3

. (6.1)

The effective von Mises stress is the product of components describing strain hardening (f1)
as a function of strain ε, strain rate sensitivity (f2) as a function of strain rate ε̇, and thermal
softening (f3) as a function of temperature T . The parameters A, B, C, n, m, Tmelt and the room
temperature Troom are to be specified. In the previous equation, ε̇0 represents the reference strain
rate. In this work, the material parameters for A2024 T351 are based on the parameters used in
[110], as shown in Tab. 6.1. A2024 T351 is chosen as the workpiece material as the Johnson-Cook
parameters are well defined in literature [68, 67, 120, 47, 49]. The 2D orthogonal cutting model
and the 3D scratch model both employ the Johnson-Cook material model in conjunction with
the Johnson-Cook damage model [45] to compute damage evolution. The plastic strain at failure
ε̄f

ε̄f =
(
H1 +H2 exp

(
H3

σm
σ̄

))
︸ ︷︷ ︸

g1

·
(
1 +H4 ln

ε̇

ε̇0

)
︸ ︷︷ ︸

g2

·
[
1−H5

(
T − Troom

Tmelt − Troom

)m]
︸ ︷︷ ︸

g3

(6.2)

is the product of the relationship between hydrostatic stress and von Mises stress (g1), the
relationship between strain rate and material ductility (g2), and the effect of thermal softening
on material ductility (g3). In Eq.6.2, H1-H5 are damage parameters. In this work, a simplified
Johnson-Cook damage model is used with neglected temperature-dependent effects and with the
parameters fitted by [110], see Tab.6.1. The thermal softening effect on the material ductility
(H5) is neglected because it is quite difficult to determine this temperature dependent parameter
at high temperatures and high strain rates. Therefore, it is set to zero to simplify the comparison
of the different discretization approaches. Furthermore, since the work of Johnson and Holmquist
in 1989, in which the properties were measured for 23 different materials, H5 has always been
given as 0, which has also been adopted in [68, 67, 120, 47, 49].

In this study, the damage evolution Ḋ is determined by the Hillerborg fracture energy model
with linear softening [40]. Once the damage is initiated, the damage evolution Ḋ varies according
to

Ḋ =
Lε̇

uf
=

u̇·
uf

, (6.3)

where L is a characteristic length of the finite element and uf is the plastic displacement at
failure, defined as

uf =
2Gf

σy0
(6.4)
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Table 6.1: Johnson-Cook material parameters, damage coefficients and fracture
toughness properties of A2024-T351, taken from [110]

Johnson-Cook material parameters

Initial yield strength A MPa 369
Strain hardening constant B MPa 684
Strengthening coefficient of strain rate C - 0.0083
Strain hardening coefficient n - 0.73
Thermal softening coefficient m - 1.7

Johnson-Cook damage parameters

Initial stress triaxiality dependent
parameter

H1 - 0.13

Stress triaxiality dependent constant H2 - 0.13
Stress triaxiality dependent coefficient H3 - 1.5
Strain rate dependent parameter H4 - 0.011
Temperature dependent parameter H5 - 0

Fracture toughness – mode I KIC MPa
√

m 37
Fracture toughness – mode II KIIC MPa

√
m 26

Poisson ratio ν - 0.3
Young’s modulus E GPa 73

where σy0 is the value of the field stress when the failure criterion is met and Gf is the
fracture energy.

After damage initiation for D > 0, the new yield strength value σ and new Young’s modulus
Ẽ can be computed using σ = (1−D)σ̃ and Ẽ = (1−D)E. The fracture energy Gf , a material
parameter that shows the required energy to open a unit area of crack [71], can be determined
by

Gf =
1− ν2

E
Ki

2 (6.5)

for fracture mode i. In literature there are two types of crack development, an opening
mode, and a sliding mode. The fracture energy is determined by the corresponding fracture
toughness (KIC and KIIC) [67]. The fracture toughness of A2024 T351 aluminum for these two
modes are provided in Tab. 6.1. It is to be noted that the SPH model do employ the Hillerborg
fracture energy model as material separation occurs due to the lack of cohesion between the
particle-particle connection. Hence, an additional chip separation criterion is not required in
these methods.

Fig. 6.2 illustrates the Johnson-Cook material model and the Johnson-Cook damage model of
an elasto-plastic behavior with linear elasticity (a-b), strain hardening and thermal softening (b-
c), damage initiation at (c), damage evolution (c-d) and eventually fracture (d). The stress-strain
response in the absence of a damage model (c-e) is illustrated additionally.
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Figure 6.2: Uniaxial stress-strain response of an elasto-plastic material as per
[67]

6.3.3 Contact model

Orthogonal cutting and scratching involve continual contact between the workpiece and the
tool. When both components move in relation to one another, friction develops at the contact
interface. The interface between the tool and the workpiece is defined by a penalty-based contact
algorithm. Here, the tool is referred to as the master surface and the workpiece as the slave
surface. The mesh of the workpiece must be kept fine enough to prevent tool penetration when
in contact.

The classic Coulomb friction law is the simplest of the friction models and is applied in the
contact model. In the Coulomb friction model, the frictional stress τf is related to the passive
stress σn times a constant coefficient of friction µ

τf = µσn. (6.6)

Both the 2D orthogonal cutting model and the 3D scratch model employ the Coulomb friction
model, where the coefficient of friction is set to µ = 0.23 according to the investigation of [2].
Even though different coefficients of friction can be varied based on the force ratio measured
from experiments, a constant value is chosen to facilitate the comparison between the different
discretizational models.

6.4 2D Orthogonal Cutting Model

In this section, the simulation framework, benchmark simulation and study on the effect of change
of tool rake angle γ are described for the 2D orthogonal cutting model.

6.4.1 Simulation Framework

An orthogonal cutting with a positive rake angle γ is selected to benchmark the 2D models
(equivalent to a turning process). The orthogonal cutting model is developed to test various mesh
discretizational approaches and validate the workpiece material parameters with experimental
values [110]. A positive rake angle tool is initially chosen as a baseline to benchmark the model
and test selected material parameters, after validation negative tool rake angles are modelled,
that represent a grinding process. The model’s parameters, which are presented in Table 6.2,
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were transferred from [110]. These turning experiments [110] also serve to validate the outcomes
of the simulation.

Table 6.2: Parameters of the 2D orthogonal cutting models with A2024 T351
aluminum, as per [110]

Parameters of workpiece (A2024 T351 aluminum)

Young’s Modulus Ewp GPa 73
Poisson ratio νwp - 0.3
density ρwp kg/m3 2780

Parameters of tool (high speed steel (HSS))

Young’s Modulus Etool GPa 210
Poisson ratio νtool - 0.33
density ρtool kg/m3 7830
orthogonal rake angle γ degree 20
clearance angle α degree 5
cutting edge radius r µm 4
feed per revolution f µm 50
depth of cut ap µm 1
cutting speed vc m/min 180

The LAG, ALE and SPH consist of a tool (meshed body) and a workpiece (FEM / SPH
elements). The tool is given an imposed motion with constant cutting velocity vc in negative
x-direction and the workpiece is fixed along its left and bottom nodes. The tool is positioned
with a feed f = 50 µm along the y-axis and a depth of cut ap = 1 µm along the z-axis. Earlier
studies and selections of element sizes for the simulation models were made using suggestions
from [13, 67, 68, 110] to lessen the effect of the size and spacing of the elements or of the particles
on the computed reaction forces. The element discretization de for LAG and ALE models and
the particle discretization dp for the SPH model is set to de = dp = 3 µm. The workpiece
are separated into three layers in the LAG and ALE simulations: L1, L2, and L3 as shown in
Fig. 6.3a. To distinguish the chip region (L1) from the components of the workpiece, the region
L2 comprises of a thin line of sacrificial elements (L3). The Hillerborg fracture energy model
with linear softening states that an element in the sacrificial layer (L2) fails when it reaches the
preset critical damage value [40]. When the critical damage value is reached, element deletion
is activated, and the element is removed to prevent mesh distortion. Based on the opening and
sliding fracture modes, the failure criterion is computed. The failure criterion for regions L1 is
calculated based on KIIC and for L2 elements is calculated based on KIC (see Eq. 6.5). For
the study’s mesh-based models, these values have been maintained constant. The chip region
L1 in the ALE model is designated as the ALE domain with adaptive re-meshing, in contrast
to the LAG model. In order to lessen element distortion, a new, smoother mesh is constructed
in each adaptive mesh increment, and the nodes in the domain are moved [71]. The intensity
of the adaptive meshing increases with the number of mesh sweeps for each increment. In this
investigation, there were five mesh sweeps. The quality of the mesh and the effectiveness of the
calculation are both impacted by the amount of adaptive meshing increments. This number is
set to 50000 because mesh quality must be of the utmost importance to accomplish steady state
cutting conditions [13, 71]. In case of the LAG model, the chip region L1 is simply modeled with



60 Chapter 6. Simulations: Grit-Workpiece Approach

Figure 6.3: 2D Simulation framework of the LAG/ALE models a) and SPH
models b) [107]

Lagrangian elements without activating element deletion. No sacrificial layer is designated in the
case of the particle-based techniques SPH since the chip and workpiece separate because of the
weak particle-particle interactions.

6.4.2 Benchmark simulation

Benchmark simulations are used to validate the considered discretization approaches LAG, ALE
and SPH. The results are compared to the dry-turning process on aluminum alloy (A2024 T351)
from [110]. The process forces calculated from the simulation and the forces measured from
[110] are illustrated in Fig.6.4. In the steady state of the experiment, the measured average
cutting force in x-direction is 50 N. The LAG, ALE and SPH methods predict the cutting force
with a minor error of 1 %. It is interesting to note that for all discretization techniques, the
passive force drastically understates and disagrees with experimental findings. The high error
for this computation is 40 %. This inaccuracy can be attributable to the removal of elements
during material separation for mesh-based approaches. When a threshold value is achieved, the
distorted parts are removed, which results in less contact between the tool and the workpiece and
a reduction in passive forces. The meshless methods use a weighted function rather than a mesh
to calculate the cohesive relationships between the particles. The cohesive forces between the
particles drop in a bell-shaped pattern inside a region of effect, which may cause the particles to
separate too soon. In addition to material separation parameters, choosing a friction coefficient
and friction model could aid in lowering the error in the estimation of the passive forces [13, 82,
1]. All discretization methods, however, produce comparable findings for the cutting and passive
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Figure 6.4: Comparison of the cutting/passive forces of the discretizational
approaches with the experimental results from [110] for the 2D orthogonal cutting

model γ = 20◦

forces and are accordingly regarded as equivalent modeling possibilities that require additional
investigation.

6.4.3 Effect of negative tool rake angle

To determine whether the three proposed orthogonal 2D cutting models are capable of simulating
scratching with a high negative rake angle, similar to the contact circumstances that occur during
grinding, the rake angle is changed from γ = 20◦ (orthogonal cutting) to γ = −60◦ (grinding)
and compared to the process forces. At the same time an evaluation is also made, whether a two-
dimensional description is sufficient for scratching with negative rake angle. The investigated
rake angles in the range 20◦ > γ > −60◦ are typical in grinding. For stability reasons of the
LAG and ALE simulations the threshold value of the failure model had to be decreased for
γ ≥ −52.5◦, which explains why the cutting forces do not increase further for these angles, cf.
Fig. 6.5. It is clear from comparing the findings of all discretization techniques for all rake angles
Fig. 6.5, that cutting forces and passive forces both rise as the absolute value of the angle rises.
Because increasing negative rake angles provide greater compressive stresses on the workpiece,
this tendency can be attributed to the increased tool-workpiece interaction. In an experimental
research conducted by, a similar trend to increase process forces is discovered [99, 35, 7]. Particle-
based methods and mesh-based methods perform identically in each scenario, according to a
comparison of discretization methodologies, although the forces calculated by the particle-based
methods are noticeably higher. The primary cause of this might be the failure model present in
mesh-based approaches, for which the threshold values must be manually specified.

The verification of the process forces with scratch experiments performed at our laboratory
with rake angles of γ = −52.5◦ and γ = −60◦ and various speeds (cf. Fig. 6.6) shows that all



62 Chapter 6. Simulations: Grit-Workpiece Approach

Figure 6.5: Cutting forces a) and passive forces b) of orthogonal cutting with
discretization approaches LAG, ALE and SPH for tool rake angles 20◦ > γ >

−60◦. Experimenatal obtained values from literature [110]

Figure 6.6: Measured process forces during single grit scratching with cutting
speeds 200 mm/s<Vc<1000 mm/s and depth of cut ap = 50 µm with a) conical
indenter of cone angle 105◦ (γ = −52.5◦) b) conical indenter of cone angle 120◦

(γ = −60◦)

2D orthogonal cutting models significantly overestimate the process forces. It is evident from
witnessing a real single scratch experiment that several interaction mechanisms are dominant
and have an impact on the process forces. In contrast to the 2D cutting paradigm, where a single
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surface interacts with the workpiece, the interaction between the cutting tool and the workpiece
occurs in all directions. The force components are altered by spatial interaction with plowing and
lateral material flow, which are not depicted in the 2D model. Cutting must therefore be described
in 3D if not only trends but also absolute force levels are to be evaluated. Consequently, a 3D
model for single grit scratching is detailed in the following part, and the outcomes of the LAG,
ALE, and SPH techniques are contrasted. The objective is to determine whether the disparities
between the 2D model and the trials are caused by the fact that the problem cannot be reduced
to 2D or by the need for better material or friction models.

6.5 3D single grit scratch model

To examine the material flow principles and compare geometrically more complicated models
with experimental research on the grit geometry and speed of cut, a 3D single grit scratch model
is developed. The models are validated using a benchmark simulation, and to assess the models’
performance regarding expected forces, a sensitivity analysis on the indenter cone angle and
the cutting speeds is performed. An appropriate discretization to describe a scratch process is
selected based on the results. The analysis is further extended to validate the scratch topography
from experiments.

6.5.1 Simulation framework of 3D scratch model

The 3D scratch model is also developed in Abaqus/Explicit 2019 for the discretization techniques
LAG, ALE, and SPH. In contrast to the 2D model, the tool is now modeled as a rigid cone with
a 35 µm tool tip radius and cone angles of 105◦ and 120◦, respectively, which were estimated
from microscopic photographs as shown in Fig.6.7.

Figure 6.7: Microscope images of diamond indenters with cone angle and
filleting [107]

To speed up computation, the conical tool is represented as a rigid body and is meshed as
coarsely as possible with an element size of approximately 10 µm at the apex. It is appropriate
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to simplify the model because the experimental tool, a diamond indenter, is substantially harder
than the aluminum workpiece (A2024 T351).

The tool’s nodes, to which the velocity boundary conditions were applied, are connected by
a stiff point.

The cuboid workpiece is represented as a deformable body using the same A2024 T351
aluminum material parameters as in the 2D model, as shown in Table 6.2. The dimensions of
the workpiece are shown in Fig. 6.8 as 1 mm × 0.5 mm × 0.2 mm. In contrast to the 2D model,
the LAG and ALE models do not contain a sacrificial layer. The Johnson-Cook material and
damage model is applied to all workpiece elements, as detailed in section 6.3.2, and the energy
based failure criterion (derived based on KIIC) as well. The SPH methods do not use a failure
criterion because the removal of material is dependent on the lack of cohesiveness between the
particles.

Figure 6.8: Model dimensions of rigid tool a) and deformable workpiece b) of
the 3D scratch model [107]

The discretized workpiece is shown in Fig.6.9 with element spacing de for the LAG/ALE
models and particle spacing dp for the SPH model that is comparable to the 2D model with
de = dp = 3 µm. The element size is small enough to capture how the workpiece’s topography
changes throughout simulation.

Figure 6.9: Discretized workpiece with element spacing de in the center part for
the LAG/ALE models and particle spacing dp for the SPH model [107]
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6.5.2 Model adaptation based on experimental findings

According to experimental protocol as explained in 4.2.5, the workpiece is positioned for the
scratch test using a vertical z-axis table. By modifying the z-axis table, a zero location is first
established, and the required cutting depth is then set. To ensure that the necessary depth of
cut is correctly attained, a distance measuring laser is used. The linear device is relocated to
its reference point after the cutting depth has been determined. The linear device is initially
accelerated to the final cutting speed with the indenter in its fixed position, then moves at a
constant speed during scratching, and is eventually decelerated again. The single-grit scratch
experiments are repeated five times, and force measurements are taken for each parameter
combination (cutting speed and depth of cut). After the testing, the workpiece’s surface was
scanned to compare the topography with the simulations. Due to elastic deformation of the
test setup, it was discovered that the observed groove depth was lower than the previously
set depth of cut. After considerable investigation, it is discovered that the deviation is caused
by the combined effect of the elastic deformation (an integral part of chip formation) at t.
Consequently, the simulations were performed with a reduced depth of cut with ap,sim = 35 µm,
which corresponds to the predefined depth of cut ap,exp = 50 µm during experiments. In the
following section, the 3D scratch models with LAG, ALE, and SPH discretization procedures are
validated and analyzed using the findings from these experimental investigations.

6.5.3 Benchmark simulation

The three discretization methods (LAG, ALE, and SPH) were used to perform 3D simulations
of a single grit scratch. Fig. 6.10 depicts a typical stress distribution from the ALE and SPH
simulations. The LAG model and the ALE model have comparable scratch profiles. The von
Mises stresses are higher for elements along the scratch’s path and more evenly distributed for
the ALE model than for the SPH model. When compared to the SPH model, the ALE model
better describes the scratch topography and provides a clear distinction of the groove and pile-up
zones.

Figure 6.10: Distribution of the von Mises stress in the ALE and SPH model [107]

Comparing the experimental measurement of the process forces to the three discretizational
approaches for a cutting speed of 200 mm/s, a depth of cut of ap,exp=50 µm (corresponding
to ap,sim=35 µm), and an indenter with a cone angle of 105◦ is shown in Fig. 6.11. At steady
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state, the average cutting force recorded in the x-direction is 12.12±0.8 N. The cutting force is
overestimated by the ALE model with 13.57 N, while it is underestimated by the LAG and SPH
models with 10.92 N and 5.09 N, respectively.

Figure 6.11: Process forces of measurement and discretization approaches for a
3D single grit scratch (cutting speed vc=200 mm/s, depth of cut ap,exp=50 µm

that corresponding to ap,sim=30 µm, cone angle of 105◦) [107]

In a similar manner, the ALE model outperforms other discretization techniques in its ability
to forecast passive forces. At steady state, the average passive forces recorded along the y-
direction are 22.68±0.28 N, which the ALE model can accurately duplicate with a value of 23N.
With 18.19 N (LAG) and 12.41 N(SPH), the other approaches once again underestimate the
passive forces.

When comparing the LAG and ALE techniques, both models have their built-in element
deletion mechanisms turned on. The LAG model’s components do not, however, use a
smoothening technique, whereas the ALE approach does by default. As a result, the LAG
model’s elements are removed too soon, which lowers the process forces. The SPH model, in
contrast, underestimates the process forces despite not using any failure theory or element
deletion techniques.

The cohesion model used to connect the particles may be the cause for the inaccuracy. The
size effect (low depth of cuts), which is evident in a micro-cutting process like scratching ([97,
113]), is not taken into account by the SPH model. The material model may need to be expanded
further, and using a complicated contact model can assist to solve the issue.

It may infer from the benchmark analysis that the ALE approach is the most effective at
simulating a scratch and the forces that cause it. In the following part, demonstrates how well
the three discretization techniques can map trends and dependencies on cutting speed and tool
geometries.
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6.5.4 Sensitivity analysis of discretizational approaches

Figure 6.12: Process forces of measurement and discretization approaches for
a 3D single grit scratch for a depth of cut ap=50 µm that corresponding to
ap,sim=30 µm with a cone angle of 105◦ (a) and with a cone angle of 120◦ (b) [107]

In this section, parameter analyses are carried out to compare the discretization methods’
capacity to capture observed trends in forces and topographic changes in the workpiece. The
process forces are examined for two indent geometries (cone angle= 105◦ and 120◦) and
five different cutting speeds (vc= 200-1000 mm/s). A reduced depth of cut ap,sim= 35 µm
was used in the simulation to represent the groove depth when scratching with a depth of
cut ap,exp= 50 µm during experiments. Additionally, for both indent geometries the resultant
workpiece topography are compared to measurements. Additionally, measurements are made
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of the resulting workpiece topography for both indent geometries. The averaged process forces
from simulations and observations are contrasted in Fig. 6.12. It is clear that the ALE method
optimally captures the process forces. The trend for process forces to decrease with increasing
cutting speed is appropriately predicted by all models. Compared to rubbing and plowing, cutting
predominates at high speeds, which results in lower process forces. Additionally, thermal softening
is more significant than strain hardening when scratching at high cutting speeds, which results
in an additional reduction in process forces. Further evidence of this propensity comes from
experimental examinations of [84]. Comparison of the results for the two cone angles (105◦ and
120◦) shows that the process forces increase with larger angle, compare Fig. 6.12a) and b). As
previously described in [99, 35, 82], this effect is particularly noticeable at low cutting speeds of
200 mm/s and can be explained by a longer contact length between the tool and workpiece, which
results in higher compressive stresses. This trend is shared by all three discretization techniques,
albeit the ALE model comes closest to the experimentally measured process forces. The Johnson-
Cook model’s strain rate sensitivity and thermal softening parameters should be optimized
to further enhance the outcomes. Nevertheless, by comparing the process forces between the
discretization approaches and the experiments, it can be concluded that the ALE approach is
the most accurate with an average error of 5.4 % for cutting forces and 5.2 % for passives forces,
for the other numerical methods the errors are greater than 30 %.

In the further section, extensive testing of the ALE model by varying the tool geometries
and varying machine parameters is performed. The simulations will be verified with scratch
experiments performed at the laboratory. The model will also be further developed to describe
a multiple grit scratch test which will be verified with experiments. This will take us one more
step closer towards understanding complex material removal mechanisms that happen during a
grinding process.

6.6 Parameter study of 3D single scratch ALE model based on
process forces and scratch topography

The 3D scratch model is tested by varying the tool geometries, similar to the experiments
performed with conical and pyramidal indenter with tool apex angles 105◦, 120◦ and 135◦

as shown in Fig. 6.13. The flat workpiece is defined as a deformable body with dimensions
1 mm × 1 mm × 0.1 mm as shown in Fig.6.14. The model dimensions are optimized compared
to the previous simulation model Fig. 6.8 in order to reduce the computational time. However,
some benchmark simulative tests were performed with the optimized model to ensure its validity
by comparing the results with the previously built models. Fig. 6.15 and Fig. 6.16 shows the
FEM single grit scratch model using the conical and pyramidal indenter geometries. It can be
observed that the workpiece mesh is partitioned into two regions, a coarse region, and a fine
region. The fine region is meshed with an element size of de = 3 µm and the coarse region with
an element size of de = 40 µm. This is done to reduce the computational time of the explicit finite
element simulation. In the following section, 3D conical and pyramidal scratch simulations are
performed by varying the depth of cut like the scratch experiments performed at the laboratory.
The simulations are validated based on the process forces and surface topography. Practical
conclusions are drawn based on the various single grit scratch simulations performed.
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Figure 6.13: Tool dimensions of ALE conical and pyramidal 3D scratch models

Figure 6.14: Workpiece dimensions of ALE conical and pyramidal 3D scratch
models
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Figure 6.15: Simulation framework of ALE conical 3D scratch model

Figure 6.16: Simulation framework of ALE pyramidal 3D scratch model

This section is divided into two subsections, the first part presents the results of the 3D single
scratch simulations performed using conical indenters, followed by the simulations performed
using pyramidal indenters.

6.6.1 Results: 3D conical single scratch model

The single scratch simulations were performed with conical indenters with tool apex angles of
105◦ (C-105), 120◦ (C-120) and 135◦ (C-135). The depth of cut is varied from 15 µm to 35 µm
at a constant cutting speed of 200 mm/s.
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Fig. 6.17 shows the displacement contour plots of the simulation models in the negative y
direction. It can be observed that, with the increase in the tool apex angle, the scratch width
appears to be wider.

Figure 6.17: Displacement contour: conical indenters with tool apex angles of
105◦ (C-105), 120◦ (C-105) and 135◦ (C-105).

Fig. 6.18 shows the 2D cross section of a scratch obtained from the various simulations
performed with conical indent geometries. It is observed that the simulated groove is resembles
well with the experimental groove measured, although there are some deviations observed. It
can also be observed that the simulations capture the effect of a wider groove produced while
performing a scratch with a wider indent geometry, similar to what is observed during the
experiments. The simulations also predict that the pile-up ratio reduces with increase in tool apex
angle. With increase in tool angle, a wider tool geometry induces more compressive forces onto
the workpiece, which produces a larger groove and smaller pile-up areas. Although the simulated
2D scratch topographies have a good resemblance with the experimental scratch topographies, it
can be observed that there are some deviations from experimental results. The deviations can be
specially observed in the pile-up areas. This can be attributed to multiple reasons. In the scratch
experiment, there is change in the contact conditions of tool and workpiece, due to workpiece
asperities. However, this is not replicated in the simulations performed, where the workpiece is
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a perfectly flat surface. In the simulation the aspect of tool wear is not considered, due to which
the dynamic changes of tool-workpiece contact are not accurately reproduced. The adoption of
more robust contact models and inclusion tool wear can definitely help reduce the deviation from
experimental results.

Figure 6.18: Experimental vs simulation results of 2D cross scratch topography
for various conical tool geometries and depths of cut (with the individual sub
figures named as C (conical) followed by the apex angle (in ◦) followed by the
undeformed chip thickness (ap in µm), for example C105-25 denotes a conical

indenter 105◦ measured with ap =25 µm )

The simulation results are verified with the experimental results based on the process forces
and the undeformed chip thickness (ap) measured.
Fig. 6.19 compares the process forces calculated with simulations performed against the
experimental measurements. The results are in good agreement with the experimental
measurements. It can be observed that the simulation is also able to build the tendencies observed
in the experiments, while varying the depth of cut or the tool apex angle.

The passive forces are observed to be higher than the cutting forces measured. This is
generally observed while performing material removal with tools with high rake angles. It can be
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also observed that the process forces increase with the increase in the tool apex angle. This can
be attributed that the wider tool angle exerts a larger force onto the workpiece. The simulation
results show that the process forces are highly dependent on the tool geometry. It can be observed
in Fig. 6.19 that the conical indenter 135◦ at ap = 20 µm, measures a much higher process force
in comparison to conical indenters 105◦ and 120◦ (refer Fig.6.19). This captures the size effect
in single grit scratching with an increase in rake angle, the force required to remove material
increases with decrease in undeformed chip thickness (ap). The simulations also predict the
tendency of increase in the process forces with increase in the depth of cut, as higher process
forces are required to remove more material.

Figure 6.19: Experimental vs simulation results of the process forces for conical
indenters

6.6.2 Results: 3D pyramidal single scratch model

Under this section, the results from single scratch simulations performed using pyramidal
indenters are presented. Similar to the conical single grit simulations, the sensitivity of the
simulations was tested by varying the depth of cut and the tool apex angle (105◦, 120◦ and
135◦). The depth of cut is varied from 25 µm to 40 µm at a constant cutting speed of 200mm/s
The Fig.6.20 shows the contour plot of the simulation performed with pyramidal indenters
with tool apex angles 105◦ (P-105), 120◦ (P-120) and 135◦ (P-135). Like the conical single grit
simulation, it is also observed that the wider tool indenter produces a larger groove in comparison
to the narrower tool indenter.
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Figure 6.20: Displacement contour: pyramidal indenters with tool apex angles
of 105◦ (P-105), 120◦ (P-120) and 135◦ (P-135).

Fig. 6.21 shows the 2D cross sectional scratch profile obtained from the various simulations
performed. It is observed that the simulated grooves are identical to experimental measurements.
The groove area as well as the pile-up areas are predicted quite well by the simulation models.
The simulation model shows that the material removal increases with increase in depth of cut.
Although it can be observed that there are deviations in 2D simulated scratch profiles from
experimental results. It can be specifically observed that the pile-up areas are over-predicted by
simulations. It can be because the simulation models are unable to capture the dynamic tool-
workpiece contact that occurs during scratching. This can also be, due to strain-hardening effects
that make the pile-ups more brittle, an effect that is not quite well captured in the simulation,
leading to over prediction of the pile-up areas. This reason is comparable to the one provided
for conical indenters. A more robust tool-workpiece contact model, optimisation of material
parameters and consideration of tool wear can help improve the results.
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Figure 6.21: Experimental vs simulation results of 2D cross scratch topography
for various pyramidal tool geometries and depths of cut with the individual sub
figures named as P (pyramidal) followed by the apex angle (in ◦) followed by the
undeformed chip thickness (ap in µm), for example P105-25 denotes a pyramidal

105◦ indenter measured with ap =25 µm

The simulation results are verified with the experimental results based on the process forces
and the undeformed chip thickness (ap) measured.
Fig. 6.22 compares the process forces calculated from the simulation with the experimental
measurements. The modeling results and the experimental data agree rather well. The simulations
can successfully develop the tendencies that are seen in the tests. It has been noted that when
depth of cut increases, process forces also increase. Due to the increased compressive pressures
placed on the workpiece while scratching with a wider tool indent, the process forces also increase.
The simulation also predicts the process forces calculated with the pyramidal indenters, is lower
in comparison to the conical indenters (refer Fig. 6.19). This indicates that the pyramidal
indenters produce a more prominent cutting action in comparison to the conical indenters.
Thereby producing a larger groove area while measuring lower process forces.
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Figure 6.22: Experimental vs simulation results of the process forces for
pyramidal indenters

6.7 Parameter study of 3D multiple scratch ALE model based on
process forces and scratch topography

The multi-pass simulation was performed by shifting the grit in the traverse direction (or -z
direction in Figure 6.23). Similar to the multiple pass experiments performed at the laboratory,
the separation distance between the indenters were set to 0.2 mm as shown in Fig. 6.23.

Figure 6.23: Separation distance between the conical indenters

Similar to the conical model the pyramidal grit are also shifted in the traverse direction (-z
direction) with a separation distance of 0.2 mm as shown in Fig.6.24.

Both the conical and pyramidal multiple pass models are tested at a constant depth of cut
(30 µm) and at a constant linear speed (200 mm/s). The simualtions are performed in a similar
way the MPST experiments are performed as described in section 4.3.
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Figure 6.24: Separation distance between the pyramidal indenters

In the following sections, the multiple pass scratch simulations performed with the 3D ALE
model are presented for conical and pyramidal geometries. The simulations are performed by
varying the tool geometry (conical and pyramidal geometry). The 3D model is validated with
the scratch experiments performed at the laboratory, based on the process forces (passive forces
and cutting forces) measured and the undeformed chip thickness (ap) measured.

6.7.1 Results: 3D conical multiple pass scratch model

In this section, the results from multiple pass scratch simulations performed using conical
indenters are presented.

Fig. 6.25 shows the displacement contour plot in the negative y direction. The interaction
between the individual scratches leads to overlap of the pile-up regions, which is quite distinctly
observed from the contour plot.

Figure 6.25: Displacement contour: Multiple pass simulation using a conical
indenter

Fig.6.26 shows the 2D scratch profile of the multiple pass scratch simulation performed
with the 105◦ and 120◦ conical indenters. On comparing the 2D topography with experiments,
the simulation groove resembles the experimental groove. There is good agreement of the
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groove depth and groove areas between experiment and simulation. However, there are some
discrepancies between the experimental and simulation scratch profile. This can be attributed
to the reasons that during performing multiple pass scratch test, the cutting condition changes
more dynamically as the contact changes, due to asperity in workpiece and the interaction of the
tool with previously scratched surfaces. The MPST simulations underpredict the pile-up ratio
in comparison to the experiments, this could be due to higher distortion of mesh elements along
the overlapping regions that cause lower accumulation of pile-up areas.

In essence, the material removal mechanism that undergoes in MPST is more complicated
than in SST. The current simulation model developed does not incorporate a complex contact
model or tool wear, which may be the reason for the discrepancies between the experimental and
simulation scratch profiles.

Figure 6.26: Experiment vs simulation of the 2D cross section topography of
multiple pass simulation using conical indenters

The multiple pass scratch model is further verified based on the process forces measured
during each scratch pass and the groove depth measured at each scratch pass.
Fig. 6.27 compares the process forces calculated at each scratch pass from the simulations with
experimental measurements. The simulation results are in good agreement with the experimental
measures. It is also observed that the simulations are also able to successfully build up tendencies
that are observed during the experiments. It can be observed that the process forces remain
constant for all the scratch passes. The process forces calculated for the simulation with a wider
tool (120◦) is higher in comparison to the process forces for the simulation with a narrower tool
(105◦). This is due to fact that the wider indenter induces larger compressive stresses onto the
workpiece. It can also be observed that the process forces measured during pass 2 and pass 3
is higher than the process forces measured during pass 1. While performing pass 2 and pass 3
the tool interacts with the pre-existing scratches and due to interaction with the pile-up regions
of the previous scratch. This interaction makes it harder to remove material, leading to higher
process forces measured.
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Figure 6.27: Experimental vs simulation results of the process forces for multiple
pass simulation using conical indenters

Fig.6.28 shows undeformed chip thickness with respect to the set depth of cut for simulations
performed for all three scratch passes with the 105◦ and 120◦ conical indenters. The simulation
results are in good agreement with the experimental measurements. It is observed that the groove
depth measured for the second pass and third pass is lesser in comparison to the first passes.
This is because, there is interaction of the tool with the overlap pile-up regions from the previous
scratch. Owing to the increased plowing, the groove area produced is smaller leading to a lower
measure in the groove depth. This behavior is supported by the increased measurements in the
process forces during scratch pass 2 and pass 3.

Figure 6.28: Experimental vs simulation results of the undeformed chip thickness
for multiple pass simulation using conical indenters

Therefore, it can be concluded that the results from the conical multiple pass scratch model
verify with the experimental measurements. Based on the sensitivity study performed by varying
tool apex angle, the simulations can build the tendencies that were typically observed while
performing multiple pass scratch tests (MPST). So, the multiple pass scratch model can capture
the complex material removal due interaction between the individual scratches. This provides
valuable insights to understand a much more complicated material removal that occurs during
grinding.

6.7.2 Results: 3D pyramidal multiple pass scratch model

In this section, the results from multiple pass scratch simulations performed using pyramidal
indenters are presented.
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Fig. 6.29 shows the 2D scratch profile of the multiple pass scratch simulation performed with
the 105◦ and 120◦ pyramidal indenters. Comparing the 2D topography with experiments, the
simulation groove area resembles the experimental groove area. There is good agreement of the
groove depth and groove areas between experiment and simulation. It can also be observed that
overlap between the pile-up regions is less prominent for the pyramidal indenters in comparison
to the conical indenters (refer Fig. 6.26). Also it can be observed from Fig. 6.29 B, that the pile-
up ratio decreases with increase in tool apex angle. MPST pyramidal simulations successfully
reproduce a similar tendency as observed in experiments. A wider tool indenter induces a larger
compressive force onto the workpiece causing a larger groove and a smaller pile-up. However,
like MPST results of conical indenter, there are some discrepancies observed between simulation
and experimental results. In pyramidal MPST simulations also an under-predication of pile-up
areas are observed, this underestimation may be caused by more mesh element distortion along
the overlap zones, which results in less pile-up area accumulation.

Figure 6.29: Experiment vs simulation of the 2D cross section topography-
multiple pass simulation using pyramidal indenters

Fig. 6.30 compares the process forces calculated at each scratch pass from the simulations with
experimental measurements. The simulation results are in good agreement with the experimental
measures. It is also observed that the simulations can successfully build up tendencies that are
observed during the experiments. It can be observed that the process forces remain constant for
all the scratch passes. Showing that the pyramidal indenter is more efficient in removing material
with a lower force variation between the individual scratch passes.
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Figure 6.30: Experimental vs simulation results of the process forces for multiple
pass simulation using pyramidal indenters

Fig. 6.31 shows undeformed chip thickness with respect to the set depth of cut for simulations
performed for all three scratch passes with the 105◦ and 120◦ conical indenters. The simulation
results are in good agreement with the experimental measurements. It is observed that the groove
depth is unvarying for all the three scratch passes. This indicates that there is lesser interaction
between the individual scratches leading to lower overlap of the pile-up regions. This is also
confirmed based on the experimental analysis (Fig. 5.5), that the pile-up areas measured by the
pyramidal indenters during MPST is lower than the conical indenters. This leads to producing
a more or less constant groove depth for all three scratch passes. With lower variation in the
measured grooves, a pyramidal indenter provides a better surface finish. It can be concluded
that a pyramidal is much more efficient in removing material, by producing an even surface after
machining.

Figure 6.31: Experimental vs simulation results of the undeformed chip thickness
for multiple pass simulation using pyramidal indenters

Therefore, it can be concluded that the results from the pyramidal multiple pass scratch
model verify with the experimental measurements. Based on the sensitivity study performed
by varying the tool apex angle, the simulations are also able to build the tendencies that were
typically observed while performing multiple pass scratch tests (MPST).
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6.8 Analysis of the simulation models based on pile-up ratio and
specific energy

Under this section, the 3D scratch models are analyzed based on the pile-up ratio and specific
energy.
Fig. 6.32 shows the variation of pile-up ratio with respect to the depth of cut, tool apex angle
and indenter geometry. It is observed that the pile-up ratio for both the conical and pyramidal
indenters reduces with the increase in the depth of cut and tool apex angle. With increase in
the depth of cut, more material is removed, this increases the groove area produced, thereby
reducing the pile-up ratio. Similarly, the groove area produced increases while scratching with
a wider tool angle, the contact area projected by the tool onto the workpiece increases. Hence
the pile-up ratio reduces with the increase in the tool apex angle. It can also be observed that
the pile-up ratio is lesser in the case of the pyramidal indenters than the conical indenters. This
indicates that the pyramidal indenters are sharper and more stable during material removal,
thereby producing lower pile-up areas. The above explained tendencies are also confirmed from
experimental investigations performed at the laboratory, refer Fig. 5.1.

Figure 6.32: Variation of pile-up ratio with respect to the depth of cut, tool apex
angle and indenter geometry

Fig. 6.33 shows the variation of the specific energy with respect to the depth of cut, tool apex
angle and indent geometry. It can be observed that the specific energy reduces with the increase
in the depth of cut. This because while prroducing larger groove areas, the cutting becomes more
efficient with less energy lost. It is also observed that with an increase in the tool apex angle the
specific energy increases, this is because a wider tool angle produces a larger groove, the cutting
forces also increase with the increase in the tool angle. Due to a higher cutting force measured,
the specific energy increases with the increase in the tool apex angle. It can also be observed that
the specific energy required by the pyramidal indenters are lower in comparison to the conical
indenters. This indicates that the pyramidal indenters are sharper and more stable than the
conical indenters. Hence the pyramidal indenters prove to be much more efficient in material
removal. The above explained tendencies are also confirmed from experimental investigations
performed at the laboratory, refer Fig. 5.21.
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Figure 6.33: Variation of the specific energy with respect to the depth of cut,
tool apex angle and indenter geometry

Fig. 6.34 shows the variation of the pile-up ratio with respect to single grit and multiple grit
scratches. The sensitivity was tested by varying the tool apex angle and indenter geometry. It
is observed that the pile-up ratio measured is higher for MPST than SST for both conical and
pyramidal indenters. In Fig. 5.4, the similar tendency is observed hence validating the simulations.
Due to interaction and overlap of the pile-up areas there is a higher pile-up measured in MPST.
When comparing the simulated pile-up areas of pyramidal indenters in comparison to conical
indenters, pyramidal indenters measure a lower pile-up ratio. This validates that the pyramidal
geometry is more efficient in material removal in comparison to conical indenters. Also, the pile-
up ratio measured by pyramidal MPST simulations is lower in comparison to conical MPST
simulation, as there is lower interaction between the individual scratches. This is confirmed by
experiments performed in the laboratory Fig. 5.5.

Figure 6.34: Variation of the pile-up ratio with respect to SST and MPST

Fig. 6.35 shows the variation of the specific energy with respect to single grit and multiple
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grit scratches. The sensitivity was tested by varying the tool apex angle and indenter geometry.
It is observed that the specific energy calculated is larger for MPST than SST. Although the
groove area measured for the MPST is higher, the specific energy is higher than SST. This is
because a wider tool geometry requires a larger cutting force to remove material. The following
results are also validated with experimental analysis performed in the laboratory. Fig. 5.23

Figure 6.35: Variation of the specific energy with respect to single grit and
multiple grit scratches

6.9 Summary of grit-workpiece approach simulations

Initially, a 2D orthogonal cutting model is developed to understand the cutting mechanisms and
the effect of the rake angle, especially high negative tool rake angles are observed in a grinding
process. Two mesh-based methods Lagrangian (LAG) and Arbitrary Lagrangian Eulerian (ALE),
and a particle-based methods Smooth Particle Hydrodynamics (SPH) are used to perform 2D
orthogonal cutting model. The 2D model is used as a foundation to develop the 3D scratch model.
The models are initially benchmarked with a turning experiment for a positive orthogonal rake
angle of γ = 20◦. All the discretizational approaches show good agreement with the experimental
results in predicting the cutting forces but have a high margin of error in predicting the passive
forces. The 2D models are further extended to higher negative rake angles of γ = 0◦ to γ = −60◦

to represent grinding. Although the models qualitatively show an increase in the process forces
with increase in negative rake angle, the simulation results do not match the experimental results
of the scratch tests performed at the laboratory.

To better capture the complex material removal mechanisms of rubbing, plowing, and cutting
that occur during grinding/single grit scratching, a 3D scratch model is developed with the three
discretizational approaches LAG, ALE and SPH. Comparing the simulation results, all the three
approaches are in reasonable agreement with the experimental results. However, on a closer look,
the ALE model predicts the process forces much closer to the experimental results than the LAG
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and SPH models. On performing a parameter study with two indenters of cone angles 105◦ and
120◦ for the linear speeds vc= 200-1000 mm/s, it is observed that the ALE model’s prediction of
the process forces comply with the experimental results confirming the results of the benchmark
simulation. Hence, the ALE model is found to be the best discretizational approach to model
a single scratch process as it not only predicts the process forces closely to the experimentally
measured values, but also builds tendencies observed while performing the single scratch process.

The ALE model is then extensively tested by varying the depth of cut, tool rake angle and
indenter geometries (conical and pyramidal). The model is thoroughly validated based on the
experimental investigation of the scratch tests performed at the laboratory. The models are
validated based on the process forces and scratch topography. The 3D simulation model is in
good agreement with the experimental results. The ALE model is then extended to simulate the
multiple pass scratch tests (MPST), the models are also validated based on the experimental
results. The MPST model is also in good agreement with the experimental results.

Finally, the 3D grit-workpiece simulation models are analyzed based on the pile-up ratio
and specific energy. It is confirmed that the simulation results are in good agreement with the
experimental results and are also able to successfully build up tendencies, typically observed while
performing experiments. Hence, the 3D scratch model is verified and can be used to predict and
draw practical conclusions. The predictions of the grit-workpiece model can be extrapolated and
used to optimize the grinding process.
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Chapter 7

Simulations: Wheel-Workpiece
Approach

7.1 Introduction

To further expand the simulation of material removal using FEM from scratching with a single
grit to material removal occurring within a full grinding wheel. A precise simulation of the steps
involved in making a grinding wheel, from modeling the raw material through compression,
sintering, and dressing to produce the finished grinding surface. It is possible to enhance and
optimize the individual processes to produce a grinding wheel with the appropriate properties by
considering the individual manufacturing phases in the production of the grinding wheel in the
simulation. The sample virtual grinding wheel model that was obtained is utilized as a digital
twin to simulate the removal of material from a grinding process using FEM.

For FEM material removal simulations of a grinding process, a sample virtual grinding wheel
model is constructed. Thus, the FEM simulation was successfully scaled up from a grit-workpiece
contact to a wheel-workpiece interaction.

7.2 Mathematical Description of Virtual Wheel Modeling and
simulation framework

A through-the-process modeling approach is suggested to deliver a virtual grinding wheel 3D
morphology that is comparable to a genuine product in terms of topography and mechanical
properties. With modeling of the raw material, compression, sintering, and treatment to produce
the final grinding surface, this work seeks to provide a realistic simulation of the manufacturing
process of a grinding wheel. It is possible to enhance and optimize the individual processes to
produce a grinding wheel with the appropriate properties by taking into account the individual
manufacturing phases in the production of the grinding wheel in the simulation. The virtual
grinding wheel model that was created can also be used as a digital twin and in future FEM-
based simulations of the grinding process. The up-scaling from a grit-workpiece model to wheel-
workpiece model is effectively realized by incorporating the virtual grinding wheel model to
simulate the material removal process in a grinding operation. The description and results of
virtual grinding wheel model as discussed in section 7.2 and 7.3 are based on my previous
publication [105].

The objective of this research is to realistically simulate the manufacturing of a grinding
wheel. A cut-out of an actual grinding wheel is all that is simulated to provide a realistic model
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that is also computationally practical. A surface side of the cut-out, which represents the grinding
surface of a grinding wheel, is shown in Fig. 7.1.

Figure 7.1: Grinding wheel cut-out used for simulation [105]

As seen in Figure 7.2, the simulation method largely adheres to the generalized fabrication
process [60]. Weighing the raw material, or the quantity of bond substance and abrasive particles,
is the initial stage in production. The materials are then combined. The natural packing between
the two components, which occurs during this process, determines the distribution of the pores
[9]. The final process involves pouring the liquid into a steel mould that has been hydraulically
pressed into the required shape of a grinding wheel. The discrete element (DEM) simulation
program LIGGGHTS 3.8 is used to simulate the first three fabrication stages. Following this,
particles are burned (sintered) and dressed to create the grinding wheel’s final surface. MATLAB
2018b is used to replicate those two phases utilizing the particle output from the DEM simulation.

Figure 7.2: Simulations process in comparison to manufacturing process; adapted
based on [60]

Following the simulation, all the simulation’s parameters are defined and shown in Fig.7.3.
The DEM simulation makes use of input parameters including material attributes and
distribution properties. The corresponding properties are computed in MATLAB for the firing
and dressing processes. All relevant quantities, including bonding strength, static grain count,
protrusion height, pore volume, and a particle export for the surface topography, are included in
the simulation properties acquired.
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Figure 7.3: Input parameters and output properties of simulation; partly adapted
based on [59]

Particle mixing and packing

In the simulation, the material mixing is done by creating particles where the bonding material
is already surrounding the grain, in comparison to the real fabrication, where this step happens
while mixing the grit and the bonding material. The creation of particles in the DEM simulation
is done by a step-wise creation of new particles in the time range from T=0 to T=3, see Fig.7.4.
The particles start falling immediately after their creation and the whole system settles down
after the creation of particles is stopped at timestep T=5. Additional particles outside the desired
shape are removed, resulting in randomly distributed particles at timestep T=6. The timestep
is represented in seconds.

Figure 7.4: Visualization of particle mixing and packing in LIGGGHTS [105]

The particles created are a composite of the abrasive grain with radius Rgi and the
correspondent amount of bond material, resulting in the total particle diameter Rpi, as displayed
in Fig.7.5. The total particle diameter Rpi is dependent on the distribution of bond material
and abrasive grain fb

fg
, as well as the grain diameter Rgi [[60] p.59]
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Rpi = Rgi · (1 + fb/fg)
(1/3). (7.1)

Figure 7.5: Visualization of bond layer and abrasive grain; adapted from [60]

Concentric spheres are the particles considered for the simulation since the additional firing
and dressing procedures can be executed more quickly and with less computer effort. The study’s
objective is to create a straightforward and computationally less demanding grinding wheel model
to illustrate the fundamental dependencies and tendencies.

Particle compression

In the simulation, the particle compression is realized by moving a plane vertically onto the
particles and thereby changing the volume. In this study, the simulation is run by changing
the end volume percentage of the modelled simulation box as shown in Fig.7.1. A horizontal
plane that represents the actual fabrication process in the DEM simulation is shifted towards
the bottom for a specific distance per unit of time [52]. Fig. 7.6 shows a graphic illustration of
the compression process. At time step T3, a compression level of 25% is reached by reducing
simulation box’s volume to 75% its original volume. When more than 0.5 percent of the particle
radius is less than the original grain radius Rgi, the maximum possible compression is said to
have occurred. As abrasive grain is less compressible than bond material, the simulation thus
depicts the different material properties of the outside bond material and interior abrasive grain.
A vitreous bond medium has a Young’s modulus of 6.2 GPA according to [88], but abrasive
grains, such as silicon carbide, have a Young’s modulus of 400 GPA. Various grit sizes (20-80)
are employed for the simulation, and the grain size distribution are described in detail in Table.7.1

Figure 7.6: Compression of particles [105]
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Firing

The firing (sintering) of the packed particles is simulated in MATLAB by using the exported
particle data from LIGGGHTS, containing the position and radius of every particle in contact
and the surface contact area of the connection. The first step in the firing algorithm is the
calculation of the new neck radius a, as displayed in Fig.7.7. The characteristic time for the
grain-boundary diffusion τg is used as a material property [128] and the sintering (firing) time
for the grain-boundary diffusion [128] needs to be set. With the use of the initial neck radius a0
[128], the formula for the new neck radius [60, 128, 14] is derived as shown in equation 7.2.

The exported particle data from LIGGGHTS, which includes the position, radius, and surface
contact area of each particle in touch as well as the connection, is used to simulate the firing
(sintering) of the packed particles in MATLAB. The new neck radius a is calculated as the first
step in the firing method, as shown in Fig. 7.7. The grain-boundary diffusion’s characteristic
time, τg, is used as a material attribute in the simulation [128], and the simulation’s sintering
(firing) time needs to be adjusted. The formula for the new neck radius is developed using the
initial neck radius a0 as follows [60, 128, 14]

a = a0 ·

(
192t

τg

)(1/6)

(7.2)

Figure 7.7: Development of particle connections and neck radius for compression
and firing; adapted from [60]

In Fig.7.7 the formation of multiple particles before and after firing is displayed. Each particle
i in the set of n particles has a radius Rpi before firing and a radius R′

pi after firing. Every
connection of a particle (bond) j in the set of m connections has a neck radius a0j before firing
and a neck radius aj after firing. The calculation of the particle radius Rni (see Fig.7.7), which
connects the particle center with the respective middle point of the neck, is calculated using
Pythagoras’ theorem.

Rni =
√

(R2
pi − a0j2) (7.3)

The distance of the particle centre towards the cutting edge of Rni and the new neck boundary
is defined as R′

ni (see Fig.7.7) and calculated as hi = Rni − R′
ni. The calculation of the new

particle radius, as shown in Fig.7.8, is based on the law of conservation of mass. The equation
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and its graphical representation are

(
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(7.4)

Figure 7.8: Visualization of new radius calculation; adapted from [60]

Dressing

To reduce thickness, correct balance or parallelism, and generate unique features (such as sharp
edges), dressing of particles is typically done with a single-grit diamond [60]. The grinding wheel
rotates at a specific speed while the dresser stays in place during the dressing operation. The
dresser traverses the entire surface area of the grinding wheel as it moves horizontally at a set
travel speed. The dresser should ideally be set up so that it travels at a specific speed and hits
each section of the surface exactly once (also knows as the overlap-ratio), without cutting off
any other areas of the surface [111]. The dresser’s cutting angle is fixed to 90° for the sake of
simplicity during simulation in this investigation. Although it is its own research field (see, for
example [111, 48, 115]), the impact of various dressing angles and procedures on the surface
topography largely relies on the methodologies used in this work. As seen in Fig.7.9 there are
three different outcomes when the dresser collides with a particle. The first scenario is that the
particle is struck by the dresser on its entire surface, removing the grain regardless of the dressing
force or bonding force. The second possibility is that the particle is partially struck by the dresser,
but that the force of the dresser is greater than the bonding force of the particle, causing the
removal of the grain. The third possibility is that the particle is partially struck by the dresser,
but the bonding force is greater than the force of the dresser, causing a grain to be cut (broken).

Complex grain crack propagation at the abrasive grit can be simulated with the finite element
method [8, 24]. Although grain crack propagation can provide some realistic insights in the
dressing process, it is highly computationally intensive. Also the effect of temperature plays a
important effect in the dressing of vitrified grinding wheel investigated by [64]. However, in this
research a simple dressing algorithm based on [60] is chosen considering the high number of grits
to be dressed, which would be less computationally intensive.

The finite element method may simulate complex grain crack propagation at the abrasive
grit [8, 24]. Grain crack propagation is a highly computationally costly method even if it can
offer some actual insights on the dressing process. Given the large number of grits to be dressed
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in this study, a straightforward dressing approach based on [60] was selected as it would need
minimal computing power.

Figure 7.9: Visualization of dressing process [105]

For the calculation of the dressing force Ft, an empirical formula is used [58]

Ft = 9.631adp
−0.1992 · fd−0.1774 (7.5)

It is based on the dressing depth adp (in mm) and the dresser travel speed fd (in mm
min) The

bonding force Fb is dependent on material-specific properties of the bonding material [72]. In
this study, a specific bonding force for the material of Fbsp = 800 N/mm2 is used, depending on
the surface area of each bonding aj of a particle. Thus, the bonding force of a particle i is

Fbi = Fbsp ·
m∑
j=1

aj (7.6)

Calculation of output variables

Two major output variables allow the evaluation of the results of the simulation: the static grain
count and the protrusion height.

The static grain count is the number of grains on the wheel surface in a certain area see
Fig.7.10a [60, 56], though it differs from the kinematic grain count which considers only the
grains interacting with the workpiece material. The static grain count value is not always reliable
as it depends on an arbitrary surface depth [56], though it is commonly used in research [27,
116, 61, 56, 62]. To solve this issue, this study introduces an alternative static grain count, where
the surface depth depends on the average diameter of particles. Thus, the different grain sizes
can be compared more reliably, as the surface depth adapts towards their properties and to the
changing height of the bond surface.
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Figure 7.10: Visualization of a) static grain count and b) protrusion height;
Partly adapted from [56]

The protrusion height is calculated as described in [56] and is visualized in Fig.7.10 b). The
protrusion height is defined as the height difference of a grain tip from the bond surface [56]. The
bond surface is set to an arbitrary height making it difficult to compare the obtained results with
other studies [56]. In this study, all the particles that are a part of the static grain count along
a specific depth are considered for the measurement of the surface depth. For the alternative
protrusion height, this surface depth definition is applied, making the measurement accurate
irrespective of grinding wheel grit size.

Surface calculation and modelling

Using the program ParaView 5.7, the topography of the grinding wheel is shown. The output
coordinates are defined in a MATLAB simulation in order to represent the surface correctly. The
creation of the coordinates for various particles and the visualization of the surface using these
points are shown in Fig.7.11. The first phase involves identifying the particles that may be seen
on the surface (top view). The second stage involves determining the particle’s tip height. To
depict the shape of the abrasive particles accurately and realistically, a third phase involves the
creation of up to 16 additional data points. These extra data points are then examined for spacing
before being eventually eliminated to smooth the output surface and eliminate unexpected spikes.
The exported data points are joined in the visualization’s last stage to create a virtual wheel
topography.

Figure 7.11: Visualization of simulated grinding wheel surface [105]
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To improve comprehension and verify the accuracy of the calculations and hypotheses, all
steps taken throughout the simulation are shown. A sample visualization of all steps with grit
size 30 and a 5% particle compression is shown in Fig.7.12.

Figure 7.12: Visualization of the simulation steps.

7.3 Results of the virtual grinding wheel model

To attain equivalent findings, the simulation properties for the particles, firing, and dressing in
this study were chosen similarly to those in [60] and can be found in Table 7.1. Based on the
selected grit size, the size of the metal cast model is changed so that the number of particles
at the cube’s edges stays constant at around 25. The simulation can be expanded upon and
is independent of the cast’s size or shape. Since box geometry requires less processing, it is
originally picked. Surface depth is set to 0.1 mm for the output variables’ calculation. The
material properties of the vitreous bond material, as described in [72] and empirically studied in
[88], are used for particle compression. The dressing wheel speed is set so that the dresser lead
only makes one contact with each section of the grinding wheel. There are nine different grit
sizes used (grid numbers 20, 24, 30, 36, 46, 54, 60, 70, and 80), as specified in Table 7.2, with a
size distribution and average grit size, as per [41]. The grain diameter values fall within the 95%
confidence interval for the maximum and minimum diameters because the standard deviation for
the normal distribution is calculated for a 95% confidence interval. According to equation 7.1,
the particle radius (grain + bonding) was determined. Pores made up the remaining percentage,
with a grain fraction of 49% and a bond fraction of 10%.

The following simulation results are divided into three subsections as follows. The impact
of the output variables for a 10% percentual dressing is discussed in the first section. The
second portion uses topographical measurements from trials conducted in the laboratory and
measurements found in the literature [60] to validate the virtual grinding wheel model. The
practical considerations of choosing a grinding wheel for a specific application are covered in the
final section utilizing the grinding wheel model.
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Table 7.1: Simulation properties and settings [105]

Particle properties

Grain fraction 49%
Bond fraction 10%

Young’s modulus of grain 400 GPa
Young’s modulus of bond 6.2 GPa

Poisson’s ratio 0.3
Maximum particle compression force 35 N

mm2 ≈ 5000 PSI

Firing properties

Firing time 20 hours
Grain-boundary diffusion property 290 hours

Dressing settings

Wheel diameter 250 mm
Wheel speed 20 mm/s

Dresser travel speed 300 mm/min
Dressing depth 10%
Dressing lead 0.19 mm

Table 7.2: Grain sizes and distribution used for simulation [105]

Grit size dmean dmax dmin 95% Confidence interval
20 0.850 mm 0.938 mm 0.762 mm 0.0440 mm
24 0.676 mm 0.762 mm 0.589 mm 0.0432 mm
30 0.532 mm 0.589 mm 0.476 mm 0.0282 mm
36 0.415 mm 0.476 mm 0.354 mm 0.0305 mm
46 0.323 mm 0.354 mm 0.291 mm 0.0157 mm
54 0.273 mm 0.291 mm 0.255 mm 0.0090 mm
60 0.233 mm 0.255 mm 0.211 mm 0.0110 mm
70 0.194 mm 0.211 mm 0.178 mm 0.0082 mm
80 0.165 mm 0.178 mm 0.152 mm 0.0065 mm

7.3.1 Analysis of output parameters based on dressing 10%

This section analyzes the output variables of alternative static grain count and alternative grain
protrusion height. For the virtual wheel simulation, grit sizes 20–80 will receive a 10% percentual
dressing.

Alternative static grain count

The alternate static grain count per cm2 in comparison to the absolute percentage of compression
is shown in Fig. 7.13. According to the theory, empirical findings [56], and simulation of [60],
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the alternative static grain count is highest for grit 80 and decreases with grit size, with grit
24 having the lowest static grain count. Surprisingly, all the plots for the various grits display
the same distinctive slope: at first, there is a very modest, but continuous increase, followed by
an exponential increase. The slope eventually flattens out at increasing compression levels. As
a result, before the maximum compression, a value close to the maximum static grain count is
obtained. The larger grit sizes are where this trend is seen to be more prevalent.

Figure 7.13: Alternative static grain count dependent on different percentages
of compression [105]

Alternative average grain protrusion height

The height of the grain tip from the bond surface, also known as the protrusion height, is a critical
parameter that greatly affects both the wear of the wheel and the roughness of the generated
work surface. According to [24], the protrusion height should be measured at 35% of the particle
diameter. It is challenging to compare the grit sizes when using the standard protrusion height
measure at a constant height of 0.1 mm, as in [60]. Some grit sizes, such as 20, 24, and 30, cannot
be used because of the determined surface depth since compression causes the particles below
the top row to also be taken into account, this result is not desired. In order to compare the grits
and accurately depict the bond surface, an alternate definition of the surface depth is employed,
this is called as the the alternative average protrusion height. This value calculated is reliable,
while comparing the protrusion height between various grit sizes.

Fig.7.14 compares the average alternative protrusion height of particles considered in the static
grain count with the percentage of absolute compression. For all grits, the average protrusion
height starts off lower, grows significantly until 3% compression, and then stays constant for



98 Chapter 7. Simulations: Wheel-Workpiece Approach

greater compression levels. Grit 70 and 80 are anomalies, where the maximum is obtained at 7%.
With increasing grit size (decreasing particle size), a distinct trend toward a decreasing protrusion
height can be seen. This trend is consistent with simulation data from [60] and empirical results
from [56]. The numbers are comparable when comparing the computed protrusion height values
to the simulation findings of [60], however for finer grits, the values in this study are marginally
higher. This could be the result of different compression levels. According to another study [24],
the average protrusion height of a particle is around 35% of the grit diameter, or 0.0955 mm for
grit 54, hence the study’s values fall within an acceptable range.

Figure 7.14: Alternative average protrusion height dependent on different
percentages of compression [105].

7.3.2 Grinding Wheel Measurement and Model Verification

This part uses a white light microscope to test two silicon carbide grinding wheels to evaluate a
simulation model that is based on static grain count and protrusion height.

Grinding wheel measurement platform

Two silicon carbide wheels with grit sizes of 60 and 80 were measured under the Keyence VHX-
7000 microscope to look at the 2D and 3D grinding wheel surface topography in order to validate
the model in terms of the static grain count and protrusion height (see Fig. 7.15). The static
grain count is determined by analyzing the 2D grinding wheel topography, as shown in Fig. 7.16.
The number of grains counted per square centimeter on the surface of the wheel is known as the
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static grain count. In this investigation, the static grain count was calculated in three regions on
the grinding wheel surface for both grit sizes, and the protrusion height was determined as the
distance between the grain tip and the bond surface. Therefore, as illustrated in Fig. 7.17, the
3D wheel surface is created from the three randomly selected locations on the wheel surface.

Figure 7.15: Grinding wheel topography detection platform

Figure 7.16: Detected 2D surface topography [105]
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Figure 7.17: Detected 3D surface topography [105]

Model Validation

First, the simulations with a 10% dressing are compared to measurements of the wheel topography
obtained from experiments conducted in the lab and from published works on modeling [62].
Two output parameters, the static grain count, and the protrusion height, which are extracted
at maximum compression, are used to evaluate the simulation model.

Figure 7.18 describes the static grain count as a function of the grit size. It can be observed
that the simulations can predict the static grain count per cm2 in good accuracy with the
measured grinding wheel topography data (experimentally obtained and literature [62]). Over
the compared grit sizes the simulated static grain count values do not deviate more than 5%. It
is also observed that the static grain count increases with increase in the grit size (decreasing
particle size), this tendency is also observed from the simulation results. The static grain count
is shown as a function of grit size in Fig. 7.18. With the measured grinding wheel topography
data (obtained by experimentation and literature [62]), simulations can accurately forecast the
static grain count per cm2. The simulated static grain count values do not vary by more than
5% across the compared grit sizes. Additionally, it is noted that the static grain count rises as
the grit size (or particle size) decreases; this trend is also noted in the simulation findings.
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Figure 7.18: Comparison of simulated static grain count values with measured
values from experiments and literature [62]

The protrusion height is shown in Fig. 7.19 as a function of grit size. As it can be seen, using
the measured grinding wheel topography data (obtained from experimentation and literature
[62]), simulations are able to forecast protrusion heights within an acceptable variation range.
The simulated values do not deviate from the measured protrusion height by more than 5%
when compared to various grit sizes. It is obvious that as grit size increases (particle size
decreases), the protrusion height lowers. Thus, the topographical measurements from laboratory
trials and measurements by [62] are in good agreement with the results of the virtual grinding
wheel simulation model. However, there is some deviation between the simulation results and
experimental finding, this can be due to the fact that real grinding wheels are fabricated with
a mixture of various grit shapes and sizes, enhancing these effects in the simulation can help
bridge the gap between experiments and simulations.

Figure 7.19: Comparison of simulated protrusion height values with measured
values from experiments and literature [62]
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7.3.3 Grinding wheel surface

This section analyzes the simulated dressing-generated grinding wheel topography using a few
input/output factors. The MATLAB computations for the virtual wheel surface are then shown in
ParaView. In order to represent the computed data’s realistic wheel topography, an appropriate
elevation grid filter is used.

Alternative protrusion height

Fig. 7.20 and Fig. 7.21 show the surface topography of grits 20 and 80 with a range of
compression values from 0% to 100% of the maximum compression. The surface produced is
unstructured for small percentages of compression (such as 0%), and more evenly organized for
larger degrees of compression. Over 50% of maximal compression, a highly flat and homogeneous
surface is typically attained. Additionally apparent is the fact that when compression increases,
sporadic surface caves begin to vanish, hence diminishing the surface’s pore volume. The surface
topography seems to be consistent with the surface simulations [60]. Below 50% of maximal
compression, the protrusion height increases, and the particle distribution is uniform. When
comparing the contour plots for grit 20 and grit 80, it can be seen that at maximum compression,
the grit size 80 particles are more uniformly distributed and have less apparent pores.

Figure 7.20: Grit 20 (dmean = 0.85mm) surface topography with alternative
protrusion height at 0%, 50% and 100% maximum compression [105]
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Figure 7.21: Grit 80 (dmean = 0.165mm) surface topography with alternative
protrusion height at 0%, 50% and 100% maximum compression [105]

Protrusion height vs. alternative protrusion height

In this study, a new surface depth metric is developed to analyze the functional variations more
accurately between the grit sizes. Fig.7.22 compares the contour plots’ protrusion height and
alternative protrusion height for easier comprehension and interpretation. One can see that,
especially for tiny grit sizes (large particle sizes), the alternate protrusion height in Fig. 7.22
b) differs from the standard protrusion height in that figure. The region surrounding the grit’s
center is considered in addition to the particles at the top surface. Given that this metric adapts
to the corresponding particle diameter, this representation more closely represents the actual
surface for each grit size.

Figure 7.22: Grit 20 surface topography comparison for a) protrusion height and
b) alternative protrusion height

7.3.4 Practical applications

The performance of grinding is greatly influenced by four variables: bonding strength, static
grain count, protrusion height, and pore volume. This selection of grit size and compression level
is essential. Protrusion height and total pore volume fluctuate non-linearly, although bonding
strength and static grain count largely depend linearly on each other. Thus, it is important to be
clear about the needs before choosing the grit size and compression level. See Fig. 7.23 for a radar
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chart that aids in many useful practical conclusions based on the requirements. For instance, if
coarse grinding is necessary, it may be suggested to utilize a tiny grit size (larger particle size)
at maximum compression. The bonding strength is high, resulting in greater endurance, the
protrusion height is high, allowing for deeper penetration, and the pore volume is high, allowing
for the fitting of more abrasive material into the pores. The static grain count, however, continues
to be low. The use of a large grit size (smaller particle size) at maximum compression can be
suggested if the necessity is for fine grinding, on the other hand. When this happens, a high
static grain count produces a smooth surface. However, the bonding strength, protrusion height,
and pore volume are low. In light of the requirements, the radar charts can help manufacturers
reach useful conclusions.

Figure 7.23: Radar chart optimized for maximum bonding strength and
alternative static grain count at maximum compression; Values in % of the

maximum possible value [105]

7.4 Up-scaling from grit-workpiece to wheel-workpiece simulation

To simulate the material removal at a macroscopic scale, the up-scaling from grit-workpiece
approach to wheel-workpiece approach is necessary. Under this section, two simulations are
performed that enable the up-scaling from grit-workpiece approach to wheel-workpiece approach.
The first simulation employs the developed virtual wheel model (refer section 7.4.1) as a digital
twin of a sample grinding wheel specimen to simulate using FEM the material removal that
occurs during a grinding process.

The second simulation employs a perfectly flat grinding wheel surface without considering
the grinding wheel topography, to perform the material removal simulations that occur during
grinding (refer section 7.4.2).
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7.4.1 Simulation with sample wheel specimen (virtual grinding wheel model)

Under this section, the FEM simulation setup is explained using the virtual grinding wheel
topography model. As shown in Fig.7.24 A, the developed sample grinding wheel model is initially
exported from ParaView 5.7 as a .stl file. The .stl file is pre-processed and repaired such that
the model can be successfully imported as geometry in ABAQUS as shown in Fig.7.24B. The
imported sample grinding wheel cut out is modelled as a rigid shell and the workpiece as a
deformable body.

Figure 7.24: Translation of the virtual wheel model from .stl file (A) to ABAQUS
geometry model (B)

The Fig.7.25 shows the assembly of the virtual wheel specimen and the workpiece. The
simulation is performed in a similar manner to that of the 3D single grit scratch simulation. The
simulation consists of two steps: in the initial step, the desired depth of cut is assigned in the
negative y direction and then the virtual wheel is assigned with a linear cutting velocity. Due to
the interaction between the wheel and workpiece, material removal takes place.

Fig.7.26 shows the displacement (negative y-direction) contour plot of the wheel-workpiece
simulation. From the contour plot, the ground surface topography can be distinguished from the
un-ground surface topography. It is to be noted that the virtual wheel model is not initiated
with a round trajectory, similar to what is observed in a grinding process. Hence typical grinding
grooves are not observed, as typically observed in a grinding process.
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Figure 7.25: Assembly of the virtual wheel specimen and the workpiece

Figure 7.26: Displacement contour showing ground surface topography
performed using the virtual wheel specimen
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Fig. 7.27 shows an exemplary 2D cross sectional profile of the ground workpiece. It can be
observed during material removal that multiple groove and pile-up regions are produced. Similar
to analysis of the results of single grit simulations, from the virtual wheel material removal
simulations the process forces, pile-up ratio and specific energy can be calculated. However, in
this thesis, a quantitative analysis of the results is not performed as there were some technical
difficulties encountered while performing the simulations. While converting the 3D .stl surface to
a FEM mesh, some important geometrical features present in the .stl geometry are permanently
lost. As a result, a simplified geometry of a virtual grinding wheel surface is only obtained.
This problem needs to be addressed by finding out an appropriate method to better capture
complicated tool geometries into a FEM mesh. Also, while performing the material removal
simulation, there is high element distortion that occurs due to premature failure of FE mesh
elements. Some alternate discretizational approaches are required to be applied to solve this
specific problem. Considering the above points, a validation of the virtual wheel material removal
simulations with experiments could not be established. The present version of the model is
developed to qualitatively display an FEM based approach of up-scaling from a grit-workpiece
model to a wheel-workpiece model. Further developments to this model can help to better
understand complicated material removal mechanisms that occur in grinding. The model can
also help isolate optimized process parameters by reducing the effort of experimentation.

Figure 7.27: 2D cross sectional ground profile of the workpiece using the sample
virtual wheel model

7.4.2 Simulation with complete grinding wheel

Under this section, the simulation framework of an up-cut surface grinding employing a flat
grinding wheel surface is discussed. Figure 7.28 shows the grinding wheel and the workpiece. The
grinding wheel is modeled as a rigid body and the workpiece as a deformable body.
Fig.7.28 shows the simulation setup of a grinding process simulation. In this simulation, the
grinding wheel does not consider a virtual topography of an actual grinding wheel and is modeled
as a flat surface. In this method, the surface of the workpiece is moved in the opposite direction of
the rotating grinding wheel at periodic intervals. This will significantly remove material from the
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surface of the workpiece. Repeating this process by moving the workpiece at significant intervals
and removing the unwanted part of the workpiece surface, a smooth surface is obtained.

Figure 7.28: simulation setup of a grinding process simulation

Fig. 7.29 shows the distribution of displacement along the negative y-direction in µm. It can
be observed that the ground surface shows some variations in the material removal, however
the variation lies in minute scale of 0.1 µm, thereby producing a flat ground workpiece. This
simulation successfully produces grinding grooves, as it incorporates a round trajectory of a
grinding process. However, in reality, the ground surface (grinding grooves) could have more
intricate asperities due to variations in material removal mechanisms (rubbing-plowing-cutting).
As this model does not consider the grinding wheel topography, some important effects of material
removal in grinding are not successfully captured. If the previously developed virtual wheel
model is integrated to this simulation, the simulation could more realistically describe material
removal in grinding. This enables a lot of flexibility to continuously optimize and draw practical
conclusions of the grinding process.
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Figure 7.29: Distribution of displacement during the grinding process

7.5 Summary of wheel-workpiece approach simulations

In this chapter, simulations were developed considering the wheel-workpiece approach. To develop
a realistic material removal simulation considering the interaction of a grinding wheel and
workpiece, a realistic grinding wheel must be generated. A realistic virtual wheel model is
generated based on a through-the-process approach. i.e., considering each manufacturing step
during the production of a grinding wheel. The advantage of this approach over generating
a virtual wheel topography from topographical scan would be the ability to generate realistic
topographies of grinding wheel with different mesh sizes and thereby reducing experimental effort.
The virtual wheel model is validated based on grinding wheel measurement performed at the
laboratory. Finally, different output variables are analyzed, i.e., alternative static grain count and
alternative protrusion height as a function of manufacturing and dressing parameters. Practical
conclusions are also drawn based on the radar charts generated.

After the generation of the virtual wheel topography, it is integrated into the FEM material
model. Thereby, the FEM model developed is based on the wheel-workpiece approach. In an
initial simulation, a sample grinding wheel topography is used to simulate the material removal
process. The model needs to be further developed and validated in the future. The current model
provides a basic methodology to upscale an FEM simulation from grit-workpiece approach to
wheel-workpiece approach

Finally, a simulation of an up-grinding process is developed. However, in this simulation, the
actual topography of the grinding wheel is not considered. The grinding wheel is modeled as a
flat surface. The results are presented in the form of stress and displacement contour plots. In
the future, it is recommended that the actual grinding wheel topography is integrated to this
simple grinding simulation model to better analyze the material removal process that occurs
during grinding.
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Chapter 8

Conclusions and suggestions for future
work

8.1 Conclusions

As part of this study, material removal mechanisms have been investigated using single grit
abrasive action on the workpiece. The fundamental mechanisms of rubbing, plowing, and cutting
occur during single grit abrasive action. Of these three mechanisms, the cutting mechanism
during chip formation by conventional cutting processes such as turning and milling are often
simulated with FEM models in macro-scale. The grinding mechanism is different in comparison
to the conventional cutting processes in terms of the number of cutting edges and cutting tool
geometry. In grinding, numerous abrasive grits collectively perform material removal process at
much smaller depth of cut in comparison to conventional cutting processes.

In this thesis, single grit removal mechanisms have been investigated both experimentally and
numerically. Single grit and multiple grit experimental studies were performed by varying the
shape of the cutting tool, depth of cut and linear cutting speed. The experimental results
were assessed based on process forces and topographical characteristics. The experiments were
analyzed based on five output variables namely pile-up ratio, chip removal strength, effective grit
engaging radius, process forces and specific energy.

The pile-up ratio is a good indicator of the material removal mechanism that occurs during
a single grit scratch process. A lower pile-up ratio is measured when the cutting mechanism
is prominent. During the material removal process, as the grit cutting geometry continuously
changes, it is difficult to separate the plowing mechanism and cutting mechanisms from each
other. However, based on the topographical measurements it could be predicted when the plowing
mechanism is more prominent than cutting mechanism or vice versa. For example, the cutting
mechanism is prominent with increasing depth of cut. The shape of the abrasive grit also plays
a substantial role to ascertain if the prominent mechanism is plowing or cutting. A sharper
pyramidal grit gives a greater cutting action with increasing depth of cut in contrast to a flat
conical grit. Rubbing action is the most difficult one to capture where only elastic deformation
takes place without any material removal. On comparing the pile up ratio between the SST’s
and MPST’s, it is observed that the pile-up ratio increases for MPST, showing that the plowing
action is much more prominent while performing MPST.

The measurement of process forces is very important to analyze the single grit grinding process
and in the calculation of the specific energy. With accurate force measurements, the force
measured along the scratch can be correlated to the topographical measurements. For example,
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it can be observed that with increasing process forces the groove area increases. In general, the
process forces increase with the increase in the depth of cut and the MPST measures higher
process forces in comparison to SST.

The specific energy is the amount of energy required to remove a unit volume of material. The
lower the specific energy, the more effective is the material removal. Hence, specific energy is a key
performance indicator of the grinding process. In general, it can be observed that specific energy
reduces with increase in depth of cut, indicating prominent cutting mechanism. The shape of
the grit has an important effect on the specific energy. Sharper pyramidal grits measure a lower
specific energy, in comparison to conical grits. On comparing MPST and SST, specific energy
measured for MPST is higher in comparison to SST, due to interaction of individual scratches.

The simulation model is developed under two approaches, grit-workpiece approach, and wheel-
workpiece approach. In the context of development of the grit-workpiece approach, the aim
was to develop a FEM model to capture the single grit grinding process and material removal
process. A 2D orthogonal cutting model discussed in Section 6.4, is developed to simulate the
cutting mechanism. A computationally less intensive model is employed to test various mesh
discretizations and optimal element sizes. However, when the model is tested with high negative
rake angles the process forces did not match with the SST experimental results performed at
the laboratory. A 3D scratch model discussed in Section 6.5 is developed inheriting the tested
optimized simulation parameters (mesh size, material and contact parameters) from the 2D
orthogonal cutting model. The 3D model is initially tested with various mesh discretizations
(LAG, ALE and SPH) and the calculated forces are bench-marked with process forces measured
from experiments. It is observed that the ALE method predicts the forces in closest congruence
with the experimental results. The ALE 3D scratch model is further tested by varying the tool
geometry and depth of cut. The conical and pyramidal single scratch models were validated with
the SST experiments. The calculated process forces and the scratch topographies were in good
agreement with the experimental measurements.

After successfully validating the ALE 3D scratch model, it is extended to simulate a Multiple
Pass Scratch Test (MPST). The results from the model were also validated with experimental
measurements. The calculated process forces and the scratch topographies were in good
agreement with the experimental measurements. Finally, the pile-up ratio and specific energy
calculated from SST and MPST simulation models are presented. The models are tested to
see if they are capable of building tendencies as observed from the single/multiple grit scratch
experiments. It is observed that the simulation models successfully build these tendencies. As
the grit-workpiece model is successfully validated with experimental measurements and can build
the tendencies as observed in the experiments, it could be used to save enormous experimental
effort and can be employed to continuously optimize grinding process parameters.

In the context of development of the wheel-workpiece approach, the aim was to develop an
up-scale model from grit-workpiece interaction to wheel-workpiece interaction and thereby
simulating an actual grinding process. As in a grinding process there is simultaneous interaction
of multiple grits on the workpiece, an employment of realistic grinding wheel topography on
simulating the material removal process in grinding will produce reliable results. A virtual
grinding wheel topographical model is modeled using a through-the-process approach, following
all manufacturing steps during the fabrication of a grinding wheel. Section 7.2 describes the
simulation framework of developing a virtual grinding wheel topography. The grinding wheel
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topographical model is evaluated based on static grain count and protrusion height. The
topographical model is also validated by comparing static grain count and protrusion heights
with measurements obtained from silicon carbide grinding wheels using optical microscopy. Based
on various sensitivity studies performed, radar charts are created that help in choosing the right
grinding wheel based on the application.

The virtual wheel model developed can be extracted as a .stl file to be further incorporated
in the FEM material removal model. In Section 7.4.1, a material removal process is simulated
with a sample grinding wheel topography. The process forces and ground surface topography
are analyzed from the simulation results. Although the simulation is successful in upscaling the
FEM simulation from grit-workpiece to wheel-workpiece approach, there are some drawbacks
encountered with this model. These need to be addresses and validated with grinding experiments
to make the quantitative results more reliable.

Finally, a simulation model is developed to simulate an up-cut surface grinding operation
with a flat grinding wheel surface. The von-Mises stresses and displacements measured on
the ground surface are presented. However, this simulation does not incorporate the grinding
wheel topography due to technology constraints. This model also serves to provide a possible
approach of scaling from grit-workpiece interaction to wheel workpiece interaction. In future, it
is recommended that the actual grinding wheel topography is integrated into the simple grinding
simulation model to better analyze the material removal process that occurs during grinding.

8.2 Possible future work

There are lot of possibilities at various crucial work points to improve on the experimentation
and simulations.

Single grit experiments in future can be performed with a rotatory disk with a single grit affixed
to its circumference [82]. This experimental methodology can better represent the grit trajectory
that takes place during an up-grinding process. This can foster the ability to perform experiments
at higher cutting speeds. However, it would be difficult to maintain a set depth of cut while
performing experiments with a rotating wheel, unlike the currently used single axis linear scratch
device. The experimentation could also be focused in employing various other complicated grit
shapes such as diamonds, hexagons, or more complicated polygons at different orientations. The
plowing effect, chip removal and process forces can be analyzed using different shaped grits.
The bond fracture between grits increases wear in the grinding wheel and thereby increases the
dressing frequency. This would increase manufacturing costs as well as production time. Hence,
focused experiments to understand bond-grit kinematics and bond fracture from single grit tests
can determine the bond strength of a grinding wheel. Also, extending the experiments to depths
of cut of less than 10µm would provide information of the material removal mechanisms at sub-
micrometer level. With respect to topographical measurements, surface roughness could be used
as an important output variable to access the grinding performance. Experiments also need to
be performed with cooling fluids to understand the effect on temperature, process forces and
ground topography. Generation of a large amount of experimental data provides scope to use
the data to train recurrent neural networks to estimate dynamic evolution of grinding process
variables such as wheel wear or specific grinding energy [57].
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FEM simulations are widely used in conventional machining processes where the material removal
occurs at a macro scale. However, single grit simulations were performed at depths of cut at
micro-scale. The simulation can be extended to a depth of cut as little as 1µm or less. This
would be highly difficult while using methods like LAG or ALE as this would cause high element
deletion. This is because very small elements would be needed at the cutting area to simulate chip
removal at sub-micron levels. Incorporating highly efficient and dynamic re-meshing techniques
can help but this would drastically increase the computational effort. To reduce the drawback
of mesh distortion, the focus for this application can be turned towards using meshless particle-
based approaches like SPH and PFEM. Although, a lot of the particle based approached are
currently in development phase and require increased computational effort. Methods like an
implicit SPH, implicit PFEM or implicit Element Free Galerkin (EFG) approach can solve the
distortion problem that occurs at sub-micro level and at the same time reduce computational
effort. The simulation needs to be extended incorporating the effect of the cooling fluid on the
output process variables. The simulation would be complicated as fluid structure interaction
problem is to be solved.

With respect to the wheel-workpiece simulations, certain improvements can be suggested. In the
virtual grinding wheel simulation, a digital twin of grinding wheel is generated using a through-
the-process approach. However, the simulation has certain limitations that can be improved in
future. The DEM simulation in this study does not separate particles into bond material and
abrasive grits. Due to this simplification, some of the compression results might be affected. By
using a different DEM software for the simulation of particle mixing and compression stages,
this potential source of errors could be avoided. Also, DEM simulation assumes that the particle
along with the bond layer are perfect spheres, which is not the case. One approach of modeling
particles as clumped multi-spheres [30] is using Monte Carlo method to generate granular particle
geometries. Alternatively, modelling of particles as fractal geometries [78] can be employed to
obtain granular particle shapes. It is also observed that the simulation is not feasible to obtain
realistic grinding wheel topographies of particle sizes smaller than grit 80, requiring further
development towards this direction. It is to be also noted that the overlap ratio = 1, is considered
in the simulations performed.This is initially considered to reduce the computational intensity
of the simulations. However, in reality the overlap ratio is chosen between 2-6 [55], this need to
be adjusted in future simulations studies.
Finally, the up-scaled grinding simulation considers a small section of grinding wheel to simulate
material removal process. There are some limitations with this simulation. There are some
simplifications done on the grinding wheel topographical geometry to successfully apply a FE
mesh. This could lead to the loss of some of the crucial information related to the complex
wheel topography. Also, to efficiently capture intricate grinding wheel topography, a FE mesh
with very small elements needs to be applied. This would drastically increase the computational
effort. Employing a very fine FE mesh also leads to uncontrollable distortion problems which
are quite complicated to solve. Use of the above-mentioned particle-based approaches can help
alleviate this problem. In the case of complete grinding wheel simulation, a flat rotating wheel
is used which does not consider the actual grinding wheel topography. In future, a rotational
grinding wheel incorporating the actual wheel topography can better represent the material
removal process that occurs during grinding.
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