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High precision micro-grinding of advanced materials

MOHAMMADALI KADIVAR
Department of Industrial and Materials Science
Chalmers University of Technology

Abstract

The aim of this thesis is to advance a fundamental understanding of process mechanics and
surface integrity in micro-grinding of advanced materials, such as additively and conventionally
manufactured titanium and engineering ceramic. Grinding forces and specific grinding energy
were chosen as the two most important indicators to investigate the process. The surface
integrity was evaluated using X-ray diffraction measurements to quantify residual stresses,
surface roughness measurements, SEM microscopy, and confocal images. At the first stage, the
influence of different micro-grinding and dressing parameters and different tool specifications
was examined. Then, via process modelling, the outcome of the micro-grinding process at
different chip thicknesses and aggressiveness numbers was studied. Additionally, a hybrid
laser-assisted micro-grinding process was developed to improve the process efficiency.

The results show that the flow stress of the material did not change with the changing of cutting
speed and cutting strain rate. Moreover, it was observed that the depth of cut and grinding feed
rate had the same (neutral) effect on the resultant grinding forces. Therefore, the efficiency of
titanium micro-grinding could be highly influenced by changing the topography of the micro-
grinding tool through different dressing parameters. However, using higher chip thicknesses
resulted in a more efficient process in terms of cutting/chip-formation. The lowest specific
energy, obtained in the single grain tests, was 11.5 J/mm? for both-types of titanium materials.
In contrast, a much higher minimum specific energy in real micro-grinding process with several
(bonded) grains was observed — showing a higher amount of ploughing and rubbing/friction in
the micro-grinding process. The build-up direction of additively-manufactured titanium, at low
chip thickness, affected the process efficiency. In larger chip thicknesses, almost the same
specific energy was measured independent of the material manufacturing method. The results
of the XRD analysis showed that contrary to the specific grinding energy, the residual stresses
of the ground surface changed by varying the cutting speed and feed-rate-to-depth-of-cut ratio,
vw/ae. Higher cutting speeds resulted in lower compressive residual stress, and higher feed-rate-
to-depth-of-cut ratios resulted in higher compressive stresses. This can be attributed to higher
temperatures in the chip-formation process compared to the plastic deformation in micro-
grinding at higher cutting speeds and lower v./a. ratios, which was proved via SEM
micrographs. A more efficient micro-grinding process was achieved via the Laser-Assisted
Micro-Grinding (LAMG) process of a Si3Ns workpiece, where the values of the specific
grinding energy, as well as the tool deflection by the LAMG process, were much lower than
the Conventional Micro-Grinding (CMG) process.

Keywords: Micro-grinding; Additive manufacturing; Surface integrity; Process efficiency;
Titanium; Ceramic; Modeling; Laser-assisted micro-grinding
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1. Introduction

The demands on miniaturized/micro-products/systems and components in many areas such as
the automotive, biomedical, robotic, and micro-systems industries are increasing, however
manufacturing micro-products remains challenging [1]. These micro-parts are generally
complex and have strict requirements, such as high dimensional accuracy and surface integrity.
Currently, the mass production of miniaturized components in micro and meso-scale is mainly
dominated by semiconductor technology via lithographic and etching processes [2]. The use of
such processes does not meet the required flexibility with respect to a small or medium series
production of free-form 3D structures [3]. Additionally, the workpiece material is a limitation
factor for micro-manufacturing. For example, only conductive materials can be machined using
Electro Discharge Machining (EDM). Finding a manufacturing process that could provide a
high level of accuracy and guarantee the part quality with complex features is challenging. A
robust manufacturing process to fulfill such stringent requirements is mechanical micro-
machining. Mechanical micro-machining enables the production of highly accurate and
complex 3D micro-parts, made from a variety of engineering materials including titanium and
its alloy, tungsten carbides, nickel alloys, aluminum, glass, as well as ceramics. Additionally,
an acceptable degree of flexibility can be obtained. Therefore, mechanical micro-machining is
becoming increasingly important for future manufacturing technologies, offering a potential
capacity to economically machine miniaturized parts in small batch sizes.

In the fabrication of micro-scale parts (Fig. 1 right) and features, micro-grinding offers several
advantages such as higher flexibility, higher quality, and workpiece material independence over
other mechanical micro-machining processes, such as micro-milling (for example, better
surface quality and higher dimensional accuracy in micro-grinding compared to micro-milling).
Contrary to the conventional (macro) grinding process, which is typically employed for
grinding of simple components, micro-grinding offers a high degree of geometric flexibility to
produce micro-parts with sophisticated features. Some examples are micro-sensors, micro-
actuators, micro-fluidic devices, and micro-machine parts. Although there are some kinematic
similarities between the micro and conventional grinding process, the micro-grinding process
is distinctive because of the size effect, dimensions, and accuracy of micro-parts or features,
tool geometry, tool deflection, as well as the application area associated with very small chip
thicknesses. [4—6]. The ratio of the size of part or the micro-feature to the cutting tool dimension
is smaller in the micro-grinding process and cutting conditions are much finer than the macro-
grinding. Therefore, the outputs of the micro-grinding process, like the surface quality and
micro-grinding forces, are related to the mechanical and thermal interactions between a single
grit and the work material. Simply stated, the size effects can change the whole aspect of the
machining process.

Micro-grinding, which uses abrasive tools with geometrically undefined cutting-edges, is a
promising procedure (in some cases the only possibility) to machine hard and brittle
materials [7]. However, the machining of miniaturized hard-to-cut materials using abrasive
tools is difficult due to their complex and non-deterministic nature [8—10]. Accordingly, despite
the advantages of hard-to-cut materials, the use of these materials is limited by the high
processing and finishing costs. For instance, the machining of ceramic materials is subjected to
high grinding forces and very high tool wear — limiting the achievable tolerances. The micro-
tool is also subjected to high deflections and rapid tool wear because of high grinding forces
acting upon small tool diameters (0.2 to 2 mm), which directly affects part accuracy [4].

The number of research publications in the field of micro-grinding has increased during
previous decades (as shown in Fig. 1 left) — showing academic interest in the subject area. It is
projecting also the potential of more specific analysis in the near future for different kind of
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materials — where new process conditions according to different chipping mechanism for
different materials are needed to be established. Currently, the research on the micro-grinding
process is still in its early stages and mostly related to the effect of main process parameters.
Micro-grinding is an effective process in which high dimensional accuracy (Fig. 1 right) and
superior surface finish are achievable. Moreover, unlike other micro-machining processes,
micro-grinding is applicable to a wide range of materials (from soft to brittle and hard-to-cut
materials). Therefore, the micro-grinding process has potential to be broadly adopted by
industries for a wide range of applications. However, further fundamental studies in this field
seem essential in order to understand the process.
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Fig. 1. Left: Yearly research publication trend in micro-grinding (Google scholar); right: dimensional size for the
micro-mechanical machining (Reprinted with permission from [11]).

1.1. Objective and research questions

The main objective of this thesis is to advance an understanding of the fundamental mechanisms
in micro-grinding of advanced materials to achieve an efficient process with desirable accuracy
and minimum surface and subsurface damages.

Using the Research Questions (RQ) below the specific objectives of the thesis translate to:

e RQI1: What is the main material removal mechanism in the micro-grinding process
related to the workpiece material and how can the surface accuracy and quality be
affected?

e RQ2: What are the dominant grinding and dressing parameters affecting the efficiency
of the micro-grinding process?

e RQ3: What methods should be used for modelling the micro-grinding forces and
resulting surface roughness? And what are the most influential parameters?

e RQ4: What are the differences in grindability of Additive Manufactured (AM) and
conventionally-fabricated parts, considering the process efficiency?

1.2. Research approach

One of the criteria for evaluating the efficiency of the process, and at the same time a key
indicator of grindability is the specific grinding energy. The specific grinding energy, defined
as the energy expended to remove a unit volume of material, is a critical parameter that indicates
the efficiency of the grinding process [12]. In micro-grinding, high specific energy is generally
required for the material removal because of high elastic and plastic deformations in the chip
formation process as well as the friction between the grains and the ground material [6].
Therefore, using this fundamental parameter/indicator, the dependency of the process
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efficiency on the material properties, manufacturing method, process parameters, and tool
specifications can be characterized.

To cover the RQs, two kinds of materials are addressed; titanium alloy (Ti6Al4V) as a ductile
material (additively and conventionally manufactured) and Si3Ns as a brittle material. Such
distinct material selection enables us to address the (characteristic) influence of the workpiece
material on process efficiency. To improve the efficiency of the micro-grinding process,
detailed knowledge regarding (controllable/input) process parameters, such as the topography
of the grinding tool and the bond material, is needed. Moreover, to achieve a highly-efficient
grinding process, it is particularly important to know the effects of these inputs on the process
outputs, such as grinding forces and surface quality. Thus, the effect of bonding materials,
microtopography of the grinding tool, and the process parameters are also investigated by
choosing four types of bond materials (vitrified (V), metal (M), hybrid (H), and
electroplated (E)).

A novel (hybrid) method was also proposed to achieve an optimal micro-grinding process with
high material removal rates and desired part accuracy, combining micro-grinding and ultra-
short pulsed laser ablation. The laser beam was used to remove material and create micro-
structures on the surface of either the workpiece or grinding tool prior to the micro-grinding.
The structured areas reduce the workpiece-tool contact area. The resulting reduction of specific
grinding energy by laser assistance leads to a more efficient and accurate micro-grinding
process. Furthermore, an attempt is made to develop a model to predict grinding forces,
considering the effects of dressing parameters and tool deflection. In this approach, the chip
thickness was modeled by a probabilistic function, based on the kinematics of the process, a
topography of the tool, and properties of titanium.

The flowchart in Fig. 2 provides an overview of the research approach and how the formulated
RQs in section 1.1 are systematically addressed.
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Fig. 2. Flowchart of the research approach and procedure corresponds to the research questions (RQs).

The publications used in this dissertation can be divided into 3 categories to address the research
questions:



e Inputs: on understanding the process inputs (Paper I, and V) — to investigate the effects
of influential parameters on micro-grinding outcomes, i.e. surface roughness and micro-
grinding forces, addressing the RQI.

e Process: on understanding fundamental process mechanics via modeling (Paper 11 and
VI) — to explain the material removal mechanism in micro-grinding process and quantify
the factors/parameters affecting the material-removal mechanism (RQ1 and RQ3).

e OQutputs: on characterizing process efficiency via the specific grinding energy and
surface integrity (Paper III, IV, and VII) — to investigate produced/generated surfaces
(without or with minimum surface damage) — addressing RQ2 and RQA4.

Generally, the underlying approach in this work was to investigate the grindability of the
advanced materials, i.e. additively and conventionally-manufactured Ti6Al4V and SizN4 with
the help of material-characterization techniques and assessment of specific grinding energy in
order to achieve a highly accurate surface finish with minimum surface and subsurface damages
(focus on process efficiency). In that way, it was possible to connect the surface integrity of the
part, specific micro-grinding energy, and controllable process parameters.

The aim of Paper I and V was to obtain a fundamental understanding of the effect of micro-
grinding and dressing parameters and tool specification on grinding forces and surface
roughness. This provided experimental evidence of the efficiency of the material removal
mechanisms. Moreover, empirical data was also used to verify the process models presented in
papers II and VI to explain the material removal mechanism in the micro-grinding process.
Using papers III, IV and VII, an ultimate understanding of the micro-grinding process was
developed to achieve an optimized, highly efficient, micro-grinding process with a desired
surface finished. Moreover, the grindability of additively manufactured vs. conventional
titanium was examined.

1.3. Challenges and limitations

During the course of this thesis the following limitation/challenges were experienced:

e Because of the size effect resulting from the size of the micro-grinding tool and fine
grinding and dressing parameters, the tool run-out affected the process outputs, which
was attempted to be addressed via modeling. Because of the complexity of the tool run-
out measurement and modeling, this parameter was not considered in this thesis.

e For process modeling, an ideal shape of the abrasive grain (a spherical form) was
assumed, which somewhat simplified the predicting surface roughness and grinding
forces.

e The tool deflection was considered as a static deflection. But in practice, the tool is
subjected to dynamic forces. Hence, a dynamic tool deflection model is needed to model
the grinding forces.

e The microscopic examination of worn tools was not considered in this thesis since the
tool was freshly dressed prior to almost each experiment. However, in the micro-
grinding process, the tool is subject to wear flat and grain pull-out, but addressing this
i1s complex and deemed out-of-scope, in view of the postulated research questions.

e One of the biggest challenges was measuring the tool deflection during the grinding
experiments, therefore the actual depth of cut (removed material depth after grinding)
was measured and its difference with the programed depth of cut was taken as the tool
deflection.



2. Micro-grinding

Micro-grinding is a material-removal process capable of reaching high dimensional accuracy
and creating (geometrically) complex micro-parts. Micro-grinding is positioned last in the
manufacturing value chain, which normally generates a finished surface quality and high level
of accuracy [10,13]. Achieving a high level of accuracy in the micro-grinding process is
challenging, since it can be realized only when highly accurate machine tools with a very high
stiffness are available. Moreover, special micro-grinding tools with low or predictable wear rate
are needed. The micro-grinding process is able to machine brittle and hard-to-cut materials such
as tungsten carbide, ceramics, and aerospace alloys which are normally very hard to machine
with other processes like milling[10,14]. However, micro-grinding is distinguished when
compared with lapping and polishing processes, as it uses fixed abrasives and has an interrupted
contact with the workpiece. Apart from some kinematic similarities between micro and
conventional grinding processes, they can be distinguished according to the following:

e In contrast with conventional (macro) grinding processes, micro-grinding offers a high
degree of geometric flexibility to produce micro-parts with sophisticated features [15].

e Miyashita [16] introduced the specific material removal rate and the grain size, dg, to
differentiate the conventional and micro-grinding process. He mentioned the material
removal rate range of 10%-10"" mm?*/mm-s and grain size range of 107-10° um for
micro-grinding process.

e In the case of brittle materials, the micro-grinding process is performed at the borderline
of brittle-to-ductile transition — including both ductile and brittle material removal
mechanism. Hence, both ductile paths and cracks and outbreaks over and beneath the
finished surface can be expected.

e Micro-grinding cannot only be characterized via the surface and quality criteria, but also
by tool and abrasive specifications. Micro-grinding generally employs small grinding
tools with very fine abrasives, with high wear resistance and low tool run-out.

e The depth of cut in the micro-grinding process is limited to the micrometer range (for
brittle material often in ductile mode). This process is normally performed with a very
low material removal rate and limited cutting speed due to the tool size.

The conventional grinding processes are quite well understood. However, a simple
characterization of the micro-grinding process is not well-studied. The quality of the finished
part, the efficiency of the process, and the mechanical properties of the workpiece material help
as preliminary indicators to aid process characterization, selection of optimal/desired process
parameters, and cutting tools. However, the challenges (such as the demands on machine tool
and environmental conditions) need to be addressed.

2.1. Size effect

There is a general understanding of why the fundamental knowledge, applicable to macro-
scaled (conventional) grinding, cannot be utilized in the case of micro-grinding. Understanding
the material removal mechanism in micro-grinding is difficult due to the size effect. Because
of the relatively larger chip thicknesses in conventional grinding, the share of ploughing and
rubbing compared to the material removal is not significant in the material-removal mechanism.
However, in micro-grinding the chip thicknesses are much smaller (lower than 2 um [17] and
in some cases in nano range [18,19]) compared to conventional grinding, hence the portion of
ploughing and rubbing becomes larger and more significant in the process. For the sake of
comparison, in the micro-grinding process, the chip thickness is on the scale of the tip radius of



an abrasive grain. Fig. 3 compares the grain-workpiece interactions in micro and conventional
grinding processes [20].
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Fig. 3. Model of single abrasive grain material removal. a: Macro-scale grinding model; b: Micro-scale grinding
model (h—undeformed chip thickness) (Reprinted by permission from [20]).

Park [21] showed the dependency of the ploughing and cutting forces on the chip thickness. He
observed that the share of ploughing becomes significant at small chip thicknesses, which
dominates the share of cutting in the micro-grinding process. For instance, the normal
ploughing force is around 40% of the overall forces at the smallest chip thickness (where the
grinding parameters are very conservative). Increasing the chip thickness by increasing the
depth of cut decreases the percentage of the ploughing force and the cutting becomes dominant.
A FEM study based on Johnson’s indentation theory and specific energy variation was proposed
to predict the minimum chip thickness in micro-grinding process. The authors showed that
decreasing the tool diameter results in a higher contribution of ploughing and rubbing.
Moreover, using higher cutting speeds and lower feed rates (lower chip thicknesses) led to an
inefficient micro-grinding process [22].

In the grinding process, there is a certain chip thickness value below which no cutting occurs,
i.e. “critical chip thickness”. The process implementation requires that the parameters are
selected in a way that the resulting chip thickness value is above the critical value (%¢-). Three
grinding regimes in micro-grinding are hence attainable:

e The uncut chip thickness (%) is smaller than the critical chip thickness (A< k). In this
case, just the elastic deformation in the workpiece occurs but no chipping.

e The uncut chip thickness is equal to the critical chip thickness (4= A¢,). In this case, the
workpiece is slightly deformed, and a small chip is formed. However, because of the
material spring back, the actual depth of cut is smaller than the set depth of cut.

e The uncut chip thickness is greater than the critical chip thickness (4> hcr). The share
of elastic deformation becomes much lower and the actual depth of cut approaches the
set depth of cut.

2.2. Micro-tools

In contrast to conventional grinding wheels, which normally have a simple shape with or
without complex profiles, the micro-grinding tools may come in a wide variety of shapes and
sizes, including irregular shapes (Fig. 4a-g). The micro-grinding tools may be produced via
different manufacturing processes, such as Electro Discharge Machining (EDM) [23], laser



[24], electroplating [25], cold spraying [26], as well as the combination of the sintering, brazing,
and shaping [2]. According to their shapes, they may also perform differently. In one study
carried out by Perveen et al. [23] it was shown that, using a D-shaped tool resulted in lower
tangential and normal grinding forces compared to the other shapes; or a better surface
roughness was achieved by utilizing the circular tool. In the case of tool wear, the square and
triangular tools experienced higher tool wear compared to the circular and D-shaped tools [23].
Moreover, the D-shaped tool showed a better performance in the case of straightness, waviness,
and roughness of the drilled holes in tungsten carbide [27]. Producing the predefined cutting
edges using laser ablation could also outperform conventional electroplated diamond micro-
grinding tools in the case of accuracy. A better surface roughness and durability was
accomplished using the new laser-ablated micro-tool [24]. Apart from their shapes, micro-tools
may have also different bonding materials shown in Fig. 5.

Fig. 4. Micro-grinding tools: a: circular tool; b: triangular tool, c: square tool; d: D-shaped tool; e: conical tool of
60°; f: conical tool of 90° (Reprinted by permission from [23]; and g; unused laser ablated solid diamond micro-
grinding tool (Reprinted with permission from [24]).
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Fig. 5. Tool topography with different boding materials [28].



In terms of size, the micro-grinding tools may range from some micrometers to maximum 2
millimeters [ 14]. The smallest reported micro-grinding tool was fabricated by Aurich et al. [29]
with a diameter of 4 um (Fig. 6) featuring a diamond grain size of 0.1-0.2 um. The tool was
fabricated on a specially-developed machine tool (i.e. the nano-grinding center) using an
electroplating technique. This technology allowed for fabrication and utilization of the
manufactured micro-tool without re-clamping.

10 pm

Fig. 6. A 4 um micro-grinding tool (Reprinted with permission from [29])

2.3. Micro-grinding forces

Micro-grinding forces play an important role in the micro-grinding process. Due to the small
size of the micro-tools, micro-grinding forces determine the achievable accuracy of the finished
parts due to tool deflection and wear. Moreover, the efficiency of the material-removal process
can be assessed using the process forces. Therefore, using the optimal combination of the micro-
grinding parameters and micro-tool specification is one of the most important objectives for
this research. Micro-grinding forces can be affected by several factors such as tool shape,
dressing parameters, tool specification (e.g. abrasive material), work material, as well as
process parameters [30]. Cheng et al. [18,19] showed that the micro-grinding forces abruptly
change when the chip thickness size comes within the range of the material's crystal boundary.
They also found out that the grinding forces increase at the undeformed chip thicknesses lower
than 0.5 nm, compared to higher chip thicknesses, as a result of the size effect. Moreover, the
{0001} ceramic crystal orientation generated lower grinding forces compared to other
directions. They also reported a force ratio between 0.6 and 0.8. The grinding forces can also
be affected using the tool shape [31], or tribological conditions. For example, the forces can be
reduced using Minimum Quantity Lubrication (MQL) [32]. Utilizing compressed (chilled) air
is also a good approach to reduce the forces in case of small depths of cut and low feed rates
[33]. Moreover, micro-grinding performance also depends on the type of tool materials. It was
reported that the effect of feed rate on the resultant forces is much larger compared to the effect
of the depth of cut in the case of micro-grinding of SiCp/Al composites [34].

2.4. Specific grinding energy

One of the most fundamental criteria for evaluating grindability (i.e. the ease to grind) of micro-
parts is the specific grinding energy. The specific energy is defined as the energy expended to
remove a unit volume of the work material, which is a key indicator of the efficiency of the



grinding process [12]. A larger portion of chipping energy leads to a higher process efficiency;
associated with lower specific energy. In the case of micro-grinding, a relatively high specific
energy is generally required for the material removal because of high elastic and plastic
deformations in the chip formation as well as the friction (rubbing) between the grains and the
ground material. This phenomenon is common for all abrasive processes running at a low chip
thickness [35]. Therefore, the specific energy is considered as the main grindability parameter.
The data on specific energy for micro-grinding is nearly nonexistent. This is in stark contrast to
conventional grinding operations, where numerous publications investigate specific grinding
energy in a variety of applications. According to the literature review carried out, the specific
energy in micro-grinding was only measured by Morgan et al. [36]. This investigation was
specific for tungsten carbide and the authors observed that the specific energy at the beginning
of the tool-workpiece contact was relatively high and then it dropped rapidly to an almost
constant value after the tool engagement (500 J/mm?). Such specific energy of 500 J/mm?is 10
times higher than values associated with the macro-grinding process. For example, Kadivar et
al. [17] and Badger [37] reported the specific energies of 32 and 50 J/mm? for macro-grinding
of tungsten carbide, respectively. In the case of titanium alloys, Guo et al. [38] and Kacalak et
al. [39] reported the specific energy in between 12-15 J/mm?® for conventional grinding.

2.5. Surface integrity

Surface integrity comprises several indicators for grinding quality, describing the properties of
surface finish, subsurface microstructure, residual stresses, etc. During micro-grinding, the
elastic and plastic deformations, chip formation, and friction between the grains and the
workpiece material affects the quality of the finished surface. Additionally, the mechanical
work during the material removal process results in compressive residual stresses, while an
excessive grinding temperature can cause the onset of tensile residual stresses, which may cause
surface and subsurface damages, which negatively affect the performance (e.g. fatigue) of the
parts. Therefore, an investigation of the quality of the finished surface is essential.

It was reported that during micro-grinding of nickel-based (single-crystal) superalloy, the
workpiece was subjected to high amounts of plastic deformation in the sub-surface and that a
hardened layer was observed. Moreover, many dislocation-winding regions, high-density
dislocation walls, sub-grain structure, and small-angle grain boundaries were identified in this
layer [40]. The study showed that, although the micro-grinding forces are very low, the
workpiece experiences a high plastic deformation. Gong et al. [41] and Zhou et al. [42] analyzed
the removal mechanism of nickel-based single crystal superalloy. They studied the effect of
grinding parameters on microstructure of ground surface and sub-surface. They showed that the
most shear-slipping planes are associated with the {111} planes. The thickness of subsurface
plastic deformation and surface roughness increased with the feed rate and grinding depth and
decreased with increasing the cutting speed. Based on the experimental work of Fook et al. [43],
low cutting speed and low depth of cut are the most crucial parameters to achieve optimal
surface integrity in micro-grinding of bio-ceramics. Zhang et al. [44,45] studied the surface
integrity of amorphized Si during micro-grinding of RB-SiC/Si composites. They showed that
recrystallization developed at higher feed rates. At lower feed rates, the surface generation
mechanism changed from micro-cracking to smoother surface. Using more aggressive
parameters (higher feed rate and depth of cut) resulted in an uneven surface topography of the
Al/Si1 composite materials and more accumulation and adhesion [34]. It was also reported that
surface integrity can be improved using MQL in combination with nanofluid-based lubricant
via a proper selection of the nano-diamond particle size and concentration [46]. Another way
to improve the integrity of the finished part is by controlling the heating rate and strain rate,
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which can reduce the transformation phase of material, thus controlling the induced residual
stress and the material deformation. Higher strain rates and lower heating rates can reduce the
amount of material deformation and phase transformation [47]. Compressive residual stresses
were observed while micro-grinding ZrO; and ZTA workpieces [48].

2.6. Tool wear

Like macro-grinding processes, tool wear is also an expected phenomenon in the micro-
grinding process. Different wear mechanisms may apply for micro-grinding tools [49,50]:

e Wear flat, in this case, the sharp edge of the abrasive grain is worn (grain flattering).
This is caused by an attritious process (causing abrasion/flattening).

e Fracture of the abrasive grains. Here the durability of the abrasive grain reaches its
ultimate limits and because of the thermal and mechanical stresses, the grains get
fractured (e.g. micro-chipping).

e Grains pull-out, in this case, the abrasive grains as a result of the external loads, higher
than the bond strength, are pulled-out from the bond layer.

e Wear of the bond. The bonding material is continuously in interaction with the work
material and chips. This results in friction and heat generation — damaging the bond
material. Thermal shocks further contribute to this type of wear.

Zhou et al. [42] showed that micro-grinding with low cutting speeds, high feed rates and high
depth of cuts, led to a higher level of tool wear and that lubrication could improve the tool life.
They also observed that the wear flat was the main wear mechanism of the micro-grinding tool
in the early stage. Feng et al. [51] monitored tool wear during micro-grinding of ceramics and
showed that tool wear monitoring using acoustic emission and force signals is possible. Aurich
et al. [29] showed that the smaller the grain sizes and the smaller the grain concentrations, the
higher the tool wear. Perveen et al. [23] investigated the tool geometry performance of the tool
wear. The tool wear was higher in the case of square and triangular tools compared to circular
and D-shaped tools. The performance of different micro-grinding tools, i.e. PCD, CVD
electroplated, and vitrified diamond tools were investigated in micro-grinding of
monocrystalline silicon workpiece. The results showed that apart from the good performance
of the electroplated tool in terms of surface roughness, it was subjected to severe tool wear. The
electroplated tool with a small grain size was subjected to grain pull-out as the main wear
mechanism [52]. They also found that the effect of cutting speed on tool wear was minimal.
Instead, the feed rate was identified as the most influential factor. The main wear mechanism
in the micro-grinding process of ductile materials was observed to be the wear flat along with
pull-out of diamond grains [52].

2.7. Material removal mechanisms

Generally, the material-removal mechanism of ductile materials such as titanium alloys, nickel
alloys, and alloy steels follows a ductile mode cutting, so that a chip is formed due to high
plastic deformation and shear in the contact zone. A ductile mode cutting is also appropriate
when grinding hard and brittle materials, which could improve the quality of the finished
surface [53]. Material-removal mechanism of brittle materials like ceramics is associated with
a combination of plastic flow, chipping, and lateral (responsible for material removal) and radial
(responsible for material weakening) crack propagation [54]. Therefore, the transition from
brittle-to-ductile material removal is an important aspect for a high precision grinding process
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with a desired surface quality. This transition is highly connected with the stress conditions
around the cutting zone in the work material [10]. As it is already known for conventional
grinding operations with a trochoidal path (such as surface and cylindrical grinding) the chip
thickness starts from a zero value to a maximum value, as maximum chip thickness, /. During
the material removal process of brittle materials, up to a certain value of chip thickness, the
material removal mechanism is in ductile mode and after that a transition from ductile-to-brittle
mode will happen. This value is called a critical undeformed chip thickness (/4cu-cric) [3]. The
value of critical undeformed chip thickness depends on the type and properties of workpiece
material, as given in the following equation [55]:

E\ (Kic\?
heyw-cric = B (ﬁ) (#) Eq. 2-1

where E defines Young’s modulus, H is the hardness of the material, K;cis the material fracture
toughness of the first mode, and S presents a constant (generally equal to 0.15 for brittle
materials [56]).

Since the grinding process is a complex material removal process, the critical undeformed chip
thickness value can be experimentally established by a single-grain scratch test for different
kind of materials. Cheng et al. [57] found that the limit for ductile-brittle transition in single
grain scratch test and micro-grinding of single crystal silicon is largely different, since the rake
angle has a huge influence on both the brittle fracture and /Acu-ci. They also defined critical
undeformed chip thickness values for soda lime glass (2 and 5 nm) [58] and silicon (20 and 100
nm) [18]. In the micro-grinding process, using grinding tools with large grain tip radius and
higher cutting speeds should increase the chance of ductile-mode cutting [59].

2.8. Modeling of micro-grinding process

As mentioned earlier, the micro-grinding process is distinctive because of the size effect.
Therefore, the outputs of micro-grinding like surface quality and grinding forces are more
strongly related to the mechanical and thermal interactions between a single grit and the work
material. Hence, an analytical description of the single grit-workpiece interaction is critical for
better process understanding. This interaction can be quantified by maximum undeformed chip
thickness, the effect of ploughing, and friction coefficient. Thus, the grinding process can be
better understood via modeling of the chip thickness, which is governed by a multitude of
parameters and factors. Since a grinding process involves material removal with a large number
of abrasive grains (with geometrically undefined cutting edges) which are randomly distributed
over the surface of the grinding tool, it is challenging to model the chip thickness and
consequently study material-removal mechanisms. Nevertheless, a probabilistic distribution of
cutting edges results in a random distribution of chip thicknesses. Using the statistical approach
to chip thickness prediction, modeling the grinding forces and surface roughness is achievable.
This prediction can further aid process control and optimization [60].

In view of the above described complexity, there are several ways to model the undeformed
chip thickness and to describe grain-workpiece interactions in the grinding process. The
undeformed chip thickness can be directly modelled via analyzing the grinding path or by
quantifying the balance between the volume of the generated chips and the total material
removal rate [12]. Yang et al. [61,62] modeled the chip thickness under different friction
coefficients based on the strain gradient, geometrical and kinematical analyses. They showed
that the chip thickness in both grinding and single-grain tests of ceramic materials decreased
with the increasing of the friction coefficient, 4, and frictional angle, 5, (u=arctan ). Moreover,
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the authors addressed the size effect in their study and concluded that the critical chip thickness
is in the border area of ploughing and cutting; but still mainly in the ploughing region. Agarwal
and Rao [63] developed a new undeformed chip-thickness model for the grinding of ceramics.
This model considered the stochastic nature of the grinding process, i.e. the random geometry
and the random distribution of cutting edges. Zhang et al. [64] modeled a wheel topography
with the integration ability and the workpiece model, kinematic model, and undeformed chip
thickness model. The proposed tool topography model, aided by a single-grain model, could
calculate the distribution of undeformed chip thicknesses. In most of the studies, the
deformation of the grinding contact zone was not considered. Moreover, none of these analyses
took the dressing parameters explicitly into account. Varying the dressing parameters can
nonetheless significantly change the number of active cutting edges in the tool-workpiece
contact zone, which affects the undeformed chip thickness.

Since the research in the field of micro-grinding is still in its early stage, there are not many
modeling-focused studies available. Cheng et al. [65] built a micro-fracture model and
established a restraining technique for micro-grinding of glass and also proposed a prediction
model for the size of the fractures considering both micro-interaction and elastic strain energy.
With the help of the model, they could increase the productivity of the process up to 50 times.
Cheng and Gong [18] modeled the process forces considering crystallographic effects in micro-
grinding of single-crystal silicon. They used the undeformed chip thickness to connect the
process parameters and grinding forces. They found a critical chip thickness that determines a
threshold for material-removal effectiveness. Li et al. [66] modeled the grinding forces in detail,
including rubbing, ploughing, and cutting forces. In their method, the instantaneous grain-
workpiece interaction for each grain was determined. The instantaneous interaction took both
random grinding-tool topography and process kinematics into consideration. Cheng et al. [19]
presented a predictive model for the grinding force in micro-slot-grinding of single-crystal
sapphire. They concluded that the {0001} crystal orientation generated lower grinding forces
compared to other directions. They also reported a force ratio between 0.6 and 0.8. They
demonstrated that their prediction model could capture the main trend of the grinding forces. A
thermophysical model for micro-grinding was presented by Gorodkova et al. [67]. The model
was able to predict the cutting zone temperature and the temperature distribution in the
workpiece, considering the process parameters as well as the properties of the material.

3. Titanium

One of the materials that gained a lot of attention in micro-manufacturing is titanium. Titanium
and its alloys have remarkable properties such as high corrosion resistance, high strength, and
ductility compared to the other kind of materials [15] — making it a suitable choice for a wide
field of applications like biomedical and healthcare goods [68,69], microfluidic [70],
microneedles [71,72], and aerospace [73]. Their machining, however, is associated with various
problems. For example, high tool wear due to reactivity of titanium with tool materials, and its
low thermal conductivity [74]. High specific energy, work hardening, and burr formation can
also be counted as some of the limitations [75]. Fabricating high precision micro-parts from
titanium alloys is also very challenging. Their micro-machining is always accompanied by high
plastic deformation due to the size effect, high tool deflection as a result of process forces, and
rapid tool wear [76—78] which negatively affect the accuracy of micro-parts. The cost-efficient
manufacturing of complex 3D-geometries and micro-features in titanium is possible by means
of the micro-grinding process. Obtaining tight tolerances in a broad range of materials through
this method is also advantageous [79]. Therefore, the fundamental investigations regarding the
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application of micro-grinding are considered essential in order to meet the industrial
requirements. Fig. 7 illustrates some of the titanium applications in micro-parts.

Fig. 7. a: a dental implant (Reprinted with permission from [74]); b: micro-turbine impellers from titanium ©
2015 IEEE [80]; and c: scanning electron micrograph of a titanium-based MEMS comb drive structure
(Republished with permission from [75]).

4. Ceramics

Among difficult-to-cut materials, silicon nitride (Si3N4) is also increasingly becoming popular
due to its enhanced mechanical properties. Like titanium, ceramic materials have a broad range
of applications, especially in the medical sector, microsystems technology [81], and molding
[82] (Fig. 8). However, the brittle nature of advanced ceramics makes these materials
particularly susceptible to breaking and the formation of micro-cracks, due to the mechanical
stress involved in hard cutting [9,83]. Once introduced, cracks in ceramics lead to a significant
loss of tolerable stresses and strength reduction. Furthermore, internal stresses can be
introduced into the surface areas by the grinding process. While compressive stresses have a
positive effect on the component strength, local superficial tensile stresses are critical [84,85].
The surface quality, marginal zone properties and surface texture also play an important role in
the performance of such materials [86].

Fig. 8. a: a ceramic micro gear wheel injection-moulded using LIGA mould inserts (Reprinted with permission
from [81]); b: a dispenser screw made of ZrO, (Reprinted with permission from [81]); and ¢: SEM image of a
nozzle plate made of sintered ZrO, (Reprinted with permission from [82]).
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5. Experimental details and analysis techniques

In this chapter, the experimental setup, workpiece materials, and experimental parameters as
well as work methodology are presented. In this thesis, two materials are chosen: titanium alloy
(Ti-6AL-4V) representing a ductile material class and SizNs ceramic as a representative of
brittle material, to investigate the micro-grinding process in both ductile and brittle regimes.

5.1. Workpiece materials

Ti6Al4V

Ti6Al4V grades produced by electron-beam melting (EBM) and wrought were chosen as the
ductile workpiece material. The conventional (wrought) material samples had a dimension of
30x20x10 mm, whereas the AM samples were manufactured with a dimension of 30x20x4 mm
in two different build-up directions (one parallel to the workpiece length of 30 mm (AM BD
30) and one parallel to the workpiece width of 20 mm (AM BD 20)). The chemical composition
of the material is listed in Table 1.

Table 1. Chemical composition (wt%).
Al \% C Fe 0] N H Ti
6 4 0.03 0.1 0.15 0.01 0.003 Bal.

BD: Build Direction

Fig. 9. The microstructure of a: conventional; b: AM BD30; and c: AM BD20 Ti6Al4V.
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The samples were polished and etched for approximately 30 seconds using Kroll's reagent
etchant (1-3 ml HF, 2—6 ml HNOs3, 100 ml DI water). The microstructure of the samples was
investigated using an optical microscope. The microstructure of the AM material (shown in Fig.
9) reveals a thin, acicular fine a-phase located perpendicular to each other (martensitic
structure); however, the conventional part consisted of elongated alpha with intergranular beta,
p. This highlights that the microstructure is highly dependent on the manufacturing method as
a result of different cooling rates. After polishing and etching, the Vickers HVO.1
microhardness was measured. The results were: for AM BD20, HVO0.1 = 352+12; for AM BD
30 HVO0.1 = 345+10. The conventional part has a microhardness of 340 HV=5. Based on these
measurements, we can conclude that all material samples have almost the same Vickers
hardness.

Ceramic

As a brittle material, a Si3N4 material containing < 5 wt.% Al2O3 and 5 wt.% Y203 in the form
of'block (30x20x10 mm) was chosen. The material had a Young’s modulus of 310 GPa, Vickers
hardness HVA of 1650, and Flexural strength of 850 MPa.

5.2. Grinding tools

Four diamond micro-grinding pins (D46 C150) with different bond materials (vitrified, hybrid,
metal, and electroplated) were used. These four bonding types are the most commonly used in
the industry, therefore, the author used these types for his study. Fig. 5 shows the grinding pins
topography for 4 different pins. The diameter of the tool was 2 mm. Table 2 lists the tools”
specifications.

Table 2. Tools specification.
Producer Bond type  Grain size [pm] Concentration  Tool size DXTXL
Meister Vitrified
Abrasives Hybrid 150
Haefeli Metal D45 2x4x40

Effgen | Electroplated -

5.3. Tool preparation

The micro-grinding pins were dressed using a Dr. Kaiser C72FCA dressing spindle and a
diamond form roller with a diameter of 100 mm. Only the metal and hybrid bonded micro-pins
were sharped, using an aluminum oxide stick after the dressing process. The sharpening
parameters for each tool were set so that the same grain protrusion for both materials was
achieved. This was controlled using the confocal microscope, which was integrated into the
grinding machine. The sharpening parameters were set at a feed rate of 300 mm/min, a cutting
speed of 10 m/s, and depth of cuts 70 and 400 pm for hybrid and metal bonded tools,
respectively.

5.4. Micro grinding test

Two different micro-grinding approaches were considered in this thesis. The first approach is
Conventional Micro-Grinding (CMG) for both titanium and ceramic materials and the second
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one is hybrid machining, namely Laser-Assisted Micro-Grinding (LAMG) for ceramic micro-
grinding.

5.4.1. Conventional Micro-Grinding (CMG)

The CMG tests were carried out on a high precision 5 axis micro-machine center KERN
Pyramid Nano (Fig. 10) at different cutting speeds (v.), feed rates (v), depth of cuts (a.) (feed-
rate-to-depth-of-cut ratios (vw/a.)), dressing feed rates (vsz), and dressing speed ratios (gq). A
peripheral up-grinding procedure was used to carry out the experiments in such a way that a
width of 20 mm was ground (Fig. 10c). The micro-grinding tests were completed under grinding
oil as a lubricant.

Grinding Tool

——>Feed Direction

©MoK20B016 (GesF

Fig. 10. a: experimental setup for the micro-grinding process; b: dressing unites and kinematic; c: schematic of
peripheral surface micro-grinding; and d: experimental setup for single grain tests.

5.4.2. Laser Assisted Micro-Grinding (LAMG)

The approach of hybrid machining (LAMG) was divided into two categories, tool structuring
and workpiece structuring by means of an ultra-short pulsed laser. For tool structuring, a
femtosecond laser (TRUMPF TruMicro 5050 in the Femto Edition) was integrated into a high
micro-grinding machine (KERN Pyramid Nano) (Fig. 11). This laser is an Ultra-Short Pulse
Laser (USPL) with a mean laser power of 40 W. The maximum pulse energy is 200 pJ, the
pulse duration of 900 fs. However, the workpiece structuring took place outside of the CNC
machine. A specially developed setup [83] with an integrated Yb:YAG picosecond (TruMicro
157 5050 manufactured by Trumpf) laser was utilized for this purpose. The tool was structured
by proven/optimized laser parameters [4], through which minimum damages on the abrasive
grains and bonding material were obtained. To this end, the findings from previous studies were
used [87—-89]. The tool surface was structured by about 10%. The workpiece was lasered with
a structure proportion of 30%. It means 30 percent of the workpiece surface area was removed
by the laser ablation. The structure depth was around 90 pm. The laser beam was directed into
the machining area via aligned deflecting mirrors. Fig. 11 shows the structure of the laser beam
guide. The setup consists of several components for attaching the mirrors and the lens for fast
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clamping and precise positioning. The grinding tool used in LAMG approaches was an
electroplated diamond grinding tool. The grinding experiments were performed under three
different cutting speeds (v.) of 6, 10, and 14 m/s, a constant depth of cut (a.) 3 um, and feed
rate (vy) of 10 mm/min. Each grinding test was completed in 3 passes.

Fig. 11. Experimental setup for tool structuring in the machine center.

5.5. Single grain test

In order to have a better understanding of the fundamental material removal mechanism of
titanium, single-grain tests were carried out. The single-grain tests were performed on a Miiga
CNC milling machine (Fig. 10d). The experiments were carried out under dry and flood
conditions (grinding oil). A fixed feed rate of 5000 mm/min was used to avoid overlapping of
the scratches. A diamond grain with a pre-defined conical form, a tip diameter of 100 um, and
a conical angle of 120° was used. Prior to the tests, each material was polished to achieve a
mirror surface. The process parameters for both the micro-grinding and single grain tests are
listed in Table 3.

Table 3: Process parameters.

Parameters Values
Micro-grinding tool D45-46-V-M-H-E-150 and - 200
Workpiece Titanium grade 5 (Ti6Al4V) and SizN4

Cutting speed (v.) for micro-grinding 6,10, 12 and 14 m/s
Cutting speed (v.) for single grain test 4,6, and 10 m/s
Feed rate to depth of cut ratio (v /a.) 5,8, and 11 (x10* mm/mm.min)

Depth of cut (a.) 1,3,4,5, 10 um

Feed Rate (vv) 200 and 1000 (mm/min)
Axial depth of cut (a,) 3.5 mm

Coolant for micro-grinding Grinding oil

Coolant for single grain test Dry, grinding oil
Dressing feed rate (vsq) 50, 150 and 300 mm/min
Dressing speed ratio (g4) -0.8, -0.4 and 0.8
Dressing depth of cut (@) 3x2 um

17



5.6. Analysis technique
5.6.1. Micro-grinding forces

The grinding forces were measured and analyzed using a Kistler type 9256C2 three-component
dynamometer which is suitable to measure the micro-cutting forces [90]. The dynamometer
was connected to a type 5015 amplifier and the signals were recorded via a LabView software.
A low-pass (LP) filter was used to filter noise and extract the real micro-grinding forces.

5.6.2. Surface integrity

The surface integrity of the ground workpieces was analyzed using SEM, with the radiation
penetration depth of 5 pm and XRD techniques of the StressTech GmbH company. In order to
investigate the surface integrity of the parts, prior to each trial, each workpiece was ground with
conservative grinding parameters (a. = 1pm, v, = 50 mm/min and v. = 6 m/s) with a total depth
of cut 50 um, inducing low grinding forces and temperature.

5.6.3. Surface topography and roughness profile

The surface topography (both the grinding tool and workpiece) were measured using a mobile
confocal microscope (NanoSurf) which was integrated within the CNC machine. The surface
roughness measurements were taken perpendicular to the grinding direction at three positions:
at the beginning, at the middle, and at the end of the grinding path, with a sampling length of
4.8 mm, cut-off length A. of 0.8 mm, and sample length to evaluation length A./L of 0.8/4 mm.
The average of these three measurements was chosen as the value of surface roughness.

6. Modeling

In this thesis, three models were developed to predict the grinding forces and surface roughness
for titanium, and the laser ablation depth for SizN4 material.

6.1. Thermal analysis of laser structuring of SizN4

For the workpiece structuring, it is very important to use proper laser parameters corresponding
to the desired structure dimensions. The depth of the laser cut is related to the laser input energy
density and almost independent from the laser type (with the same wavelength). The areal
density of laser input energy can be expressed as [91]:

EL—total

EL—input = A, roral Eq. 6-1

where E; _;o¢q1 18 the total laser energy and A; _;¢q; 18 the total structured area. It contains the
effects of laser structuring parameters, i.e. laser power (Pz), laser scan speed (v1), laser line-
width (wr) and laser line-span (dz). Thus, Eq. 6-1 can be re-written as:

Py

-_— Eq. 6-2
(dy+wp) v, a

EL—input =

In this work, workpiece structuring by laser ablation was simulated using the "Comsol"
software. For the simulation input, the workpiece material Si3sN4 with 200 pm radius and
275 pm thickness was defined with the properties listed in Table 4 [4].
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The heat flow was applied after 10 ps in the center of the sample. Since the frequency of the
laser is 400 kHz, there are 2.5 ps rest time periods between two laser pulses. Hence, a sequence
of 2.5 us must be considered for heat input between two consequent laser pulses. The simulation
showed that the material temperature rises when the laser beam is radiated on the workpiece
surface for the pulse duration of 10 ps. The material is then cooled during the rest time of 2.5 pus
at the ambient temperature [4].

Table 4: The simulation input parameters.

Parameter Value
Heat capacity, C, [J/kg-K] 700
Density, p [kg/m?] 2329
Thermal conductivity, kK [W/m-K] 130
Thermal expansion, 4 [1/K] 2.6x10°
Young's modulus, £ [Gpa] 170
Poisson ratio, v 0.28
Laser radiation frequency [kHz] 400
Radius of the laser beam [pum] 50
Pulse energy [J] 125
Pulse duration, p [ps] 10
Laser type Picosecond laser

The thermal distribution area over the surface of the workpiece is very small and limited to the
laser focus area. The temperature rises directly in the center of the workpiece (almost 10000
K), which is much higher than the material boiling temperature (3000 K [92]). After 2.5 us rest
time, the material is cooled down in the ambient temperature and the maximum temperature in
the center drops to about 1750 K. Throught the sequential pulse beams, the material temperature
rises. Around the time of 2x10°12 s, the workpiece temperature exceeds 10000 K. As mentioned,
in steady-state conditions, the material sublimates at a temperature higher than 3000 K. In the
sublimation, the material transforms from the solid state to gas state. Over 10000 K, the material
converts to the plasma phase [92]. Therefore, it is expected that the material sublimation on the
surface of the workpiece begins in less than the 2x107'2 s. The ablation process starts on the
surface of the workpiece. The instantaneous depth of ablation depends on three parameters:
depth of laser absorption into the material (about 20 nm [93]), speed of heat propagation inside
the material, and kinetic phase transformation in melting, evaporation, and sublimation of
material [94]. On the other hand, according to the other studies [83,91,95] and in the case of
USPL radiations, the Multiple Photon Ionization (MPI) mechanism can be the dominant
ablation mechanism, depending on the laser intensity. Supposing that 100% of laser energy is
to be absorbed by the workpiece material as thermal energy, the elevation of workpiece
temperature is the maximum possible value over the surface. A temperature of 3000 K was set
in the simulation as a threshold for the material ablation. Depending on the number of laser
pulses emitted to a certain point on the material, the temperature may rise above the boiling
temperature — causing material ablation. The simulation was performed to achieve optimal laser
parameters to structure the workpiece with a certain depth of cut, which is slightly smaller than
the micro-grinding depth of cut. As shown in Fig. 12, the depth of ablation matches well with
the experimental result of ablation on the workpiece [4].

Fig. 12 shows the depth of laser ablation for the simulation and experiment after 10%, 20", and
40™ laser pulses. The ablation depths obtained from the simulation are 16, 19, and 24 um after
10%, 20", and 40" laser pulse, respectively. The workpiece was structured via laser with the
equivalent parameters used in the simulation. The laser-cut depths were measured by a light
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microscope from Keyence. The actual laser-cut depths in the experiments are 1743, 1943, and
22+3 um which are in very good accordance with the simulation results. The experiments were
carried out three times for each laser parameter and the mean values were reported. With the
simulation model, it is possible to determine the number of laser pulses required for a certain
material ablation and laser-cut depth. Having the number of laser pulses, the scan speed of the
laser to generate a laser line cut can easily be found.
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Fig. 12. Comparison between the simulation of ultra-short pulsed laser ablation of Si3N4 and experimental results
a: experimental after the 10" pulse; b: simulation after the 10 pulse; c: experimental after the 20" pulse; d:
simulation after the 20 pulse; e: experimental after the 40" pulse; and f: simulation after the 40™ pulse.

6.2. Modeling of the surface roughness

To model the surface roughness, the grinding tool was modeled according to the real position
of the abrasive grains on the actual grinding tool. For this purpose, several confocal pictures of
the grinding tool surface were taken. After taking the pictures, several sections were analyzed
in detail and the position and protrusion height distribution of each single grain was extracted
and used to model the grinding tool. The height of the grains was determined according to an
approach presented in [96], based on a Gamma distribution function. The scale and shape
parameters of the distribution function were defined accordingly, to fit the obtained confocal
images of the extracted sections. The whole grinding tool surface was constructed by extending
the modelled section of the tool surface to its whole width and periphery. According to Shaw
[97], it was assumed that the tips of the grains have a spherical shape. The distribution of the
grains and the grain-workpiece interaction can be defined by the position of each grain on the
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virtual grinding tool. By expressing the coordinates of the cutting grains (X, Y, Z;) and the
individual points on the workpiece surface (X}, Y}, Z;) in a global coordinate system on the
workpiece, the grain-workpiece engagement can be characterized and interpreted according to
a regression model. The engagement criteria of the i grain can be hence expressed as:

. 2
K= %)+ (=% +(z-2) < (dgl/z) £q. 6-3

where dy; is the diameter of the i’ simulated grain. The equation expresses the instantaneous
distance between the points on the workpiece surface and individual cutting grains. In case of
engagement (when Eq. 6-3 holds), the grinding force components and the workpiece surface
topography are calculated — taking into account engagement depth, grain size, and cutting
speed. The proposed procedure is applied to all grains in the tool-workpiece contact zone
instantaneously. This model time-dependently modified the topography of the workpiece
surface based on an individual grain-workpiece interaction. Therefore, after the calculation of
the grain engagements (Eq. 6-3) and corresponding forces, the workpiece surface is also
modified. This procedure results in the generation of the workpiece surface profile influenced
by all cutting grains throughout the grinding process. A Matlab code was specifically generated
for the modeling of the tool surface and the time-dependent simulation of the grinding process
(force and workpiece surface).

6.3. Modeling of grinding forces
6.3.1. Modeling of single-grain forces

In a grinding process, the resultant forces for every single grain (the grain which comes in
contact with the workpiece) can be aggregated to the whole grinding zone in order to model the
grinding forces. Therefore, the tangential and normal grinding forces (F''¢5) can be expressed
as a function of single-grain forces, considering the dynamic cutting-edge density (Cq) and the
real grinding tool-workpiece contact length (/.). Here, the indentation test was used to define
the single grain forces, according to Shaw [97]. To this end, the indentation force in the Brinell
hardness test was combined with the single-grain test (Eq. 6-4).
BHN 2F"
7-D-(D— VD2 —b?) Eq. 6-4

The load in Brinell test (F'") is assumed to be the acting force on each abrasive grain in the
grinding process, where D is the indenter diameter (the diameter of the diamond tool in the
single-grain scratch test had a predefined form with a spherical tip), and b defines the
impression diameter. In the grinding process, first the spherical grains indent the workpiece —
generating plastic deformation, similar to in the Brinell hardness test. The abrasive grains then
move in the horizontal direction. This horizontal movement pushes the plastically deformed
zone in the front of abrasive grains (plowing) and shears the material and produces chips —
acting as an extrusion process [97]. This horizontal movement also generates a friction force
between the abrasive grain and material as well as the generated chip. Therefore, the tangential
and normal grinding forces can be calculated as a combination of the single grain force from
the Brinell hardness test and friction coefficient, u.

The strain rate used in the Brinell hardness test is very low and the abrasive grains in the real
process are not perfectly sphered. Additionally, high temperatures in the cutting zone may cause
material softening and consequently lower cutting force needed for the grain indentation.
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Hence, to calculate F'' the empirical factor of dris added to Eq. 6-4. Therefore, the F"' can be
calculated using the following equation:

m-D-BHN :
F!'=dp————(D - D% — (D - sin (a))?) Eq. 6-5

The friction coefficient, 4, and the empirical factor of drcan be determined from the single-
grain test on titanium alloy. The following flowchart (Fig. 13) shows the algorithm to calculate
the single grain forces.

Measuring the single Calculaing p and d; Calculating Calculating F™,
grain forces from the from single grain F" from Eq. according to single
scratch test » scratch test 6-3 | grain kienematic

Fig. 13. The algorithm to the establishment of the single grain forces.

6.3.2. Modeling of dressing process

The static number of the cutting edges quantifies the micro-topography of the grinding tool and
changes with varying dressing parameters. The consideration of dressing parameters in grinding
force modeling is typically not explicitly considered. To model the grinding forces, the number
of static cutting edges versus the radial position into the abrasive tool for different dressing
parameters, i.e., dressing overlap ratio, Uy, and speed ratio, qq, is considered. The dressing
overlap ratio defines the number of sequences for which every peripheral line over the surface
of the grinding tool comes into contact with the dressing tool in the axial direction. The higher
this value, the higher the number of sequences and the lower the dressing feed rate. In rotary
dressing, the dressing speed ratio is the ratio of periphery speed of the dresser and the grinding
tool. The dressing speed ratio can be categorized in up-dressing for the values lower than zero
(g4 < 0) and down-dressing for the values higher than zero (g4 > 0).

To this end, several grinding tools were dressed with various dressing parameters and for each
grinding tool, the whole surface of the grinding tool was captured via a confocal microscope.
From each obtained image, grain tip diameters and the number of static grains were counted
and measured in different radial depths into the tool (z) from the highest point (zero point). The
increment of 1 um was chosen for the measurements. From the measurements, an average grain
tip (cutting edge) diameter was selected for modelling, which is used to calculate the conical
angle of the abrasive grain. A Gaussian Process Regression (GPR) was used to model the static
number of the cutting edges. GPR is a non-parametric regression technique. In addition to
predicting the response value for given predictor values, GPR models optionally return the
standard deviation and prediction intervals. The method is effective even with a small number
of experimental data and can provide estimates of uncertainties.

6.3.3. Modeling of chip thickness

To determine the chip thickness in the micro-grinding process, first the density of dynamic
cutting edges, Cq, must be determined. Cy is a function of static cutting edges density, Cs, and
process parameters i.e., cutting speed, depth of cut, and feed rate. Simultaneously, the Cy is also
influenced by the cutting force acting on every single grain because of the tool deflection. In
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micro grinding, the static cutting-edge density, measured in the micro-grinding tool, changes
according to Eq. 6-6 with the radial position into the tool (z) from the measurements:

Cs(z) =A- ekz Eq 6-6

where A and k are constants, and z is the radial distance into the tool. To obtain the 4 and &
constants, firstly the static cutting-edge density at different z and dressing parameters was
modeled using the GPR model.

The dynamic cutting-edge density, Cy), is a function of static cutting-edge density at height z
and process kinematics. The dynamic cutting-edge density is lower than the C). In the grinding
process, after each abrasive grain-workpiece engagement, a slot is cut and a 3D space including
valleys (voids) and pile-ups are left along its moving path. Then, the next grain comes into
contact with the workpiece. The new grain either removes some material along its moving path
or traverses between the valleys (voids) generated by the previous grains. It highly depends on
the protrusion height and position of each grain on the grinding tool surface. In fact, not all
static cutting grains contribute to material removal. Hence, the number of dynamic cutting-
edges is always lower than the static numbers. Therefore the Cj(,) can be defined geometrically
according to removed material as:

Vvalley
- )

Eq. 6-7
Viot

Caz) = Csz - (1 =
here Vyaey 1s the volume of the valleys (voids) left behind the active cutting edges, and Vi
defines the total volume of the grain-workpiece engagement.

The grinding tool consists of several abrasive grains which are stochastically distributed over
the surface of the grinding tool. Hence, the chip thickness as a function of the tool topography
can be determined via probability approaches. Younis and Alawi [98] used the Rayleigh
probability density function for random distribution of the cutting edges as:

X G
f(x,6)=§-e(2 ) x=0 Eq. 6-8
0 x<0

In the Rayleigh function above, J indicates a scale parameter of the distribution in x, which can
be expressed as:

E(x) = \E 5 Eq. 6-9

To apply this function to the modeling of grinding tool and chip thickness, the value of x can
be replaced by the undeformed chip thickness /# in grinding. On the other hand, the chip
thickness is related to the kinematics of the process including the main process variables. To
define the distribution of the chip thickness, just those depths of engagements (chip thicknesses)
must be considered which contribute to the material removal (A>4.,). Thus, from the kinematics
of the process, and assuming the chip with a triangular cross-section, Hecker et al. [99] defined
the Rayleigh parameter of ¢ for the chip thickness as [99]:

. 2
5= (“ ”W).( ! ) 1 her Eq. 6-10
2v, I.-Cy tanf 2

where /. is the critical chip thickness obtained from the single grain test, which is 0.4 pm for
Ti6Al4V and 6 expresses the conical angle of the grain, which changes with varying the
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diameter of grains tip (here the average of grain’s tip diameter). Using the parameter ¢ the
expected chip thickness, 4, and its standard deviation can be respectively calculated. The
parameters of /., 4 and Cy are simultaneously updated and recalculated. The real tool-workpiece
contact length, /., can be calculated using the following equation [100]:

l.=(a, d,+8R? F]-d.(K +K,))"> Eq. 6-11

R, is a surface roughness constant in the contact zone which is taken to be equal to 5 in this
study [97], d. indicates the tool diameter, a. shows the depth of cut, and K, and K, are tool and
workpieces stiffness.
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Fig. 14. Computational algorithm to predict grinding forces and tool deflection.

The dynamic cutting-edge density — dependent on the chip thickness and tool-workpiece contact
zone — can be calculated using the above equations. To solve the equations, first an initial chip
thickness value (0.1 pm) was assumed for the p.d.f to predict the chip thickness using the Cy
function. Using Matlab and by means of a loop function, the chip thickness was changed
incrementally to modify the value of chip thickness and C4. After the loop was successfully
finished calculating the Cy, /., and forces for each single grain, the specific tangential (F';) and
normal (F',) micro-grinding forces for the whole grinding tool were calculated. After
calculating the forces based on the actual depth of cut, the tool deflection was predicted and,
correspondingly, the depth of cut was corrected. The modified depth of cut was returned to the
loop and the new chip thickness and corresponding specific grinding forces, based on the
deflection of the grinding tool, were calculated. The flowchart in Fig. 14 shows the modelling
algorithm.

6.3.4. Modeling of tool deflection
The micro-grinding tool acts as a cantilever beam where the end of the tool is firmly clamped

in the tool holder. The tool is subjected to a nonuniform load at its end, during the grinding
process. Since the grinding forces are applied in two different directions (tangential and
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normal), the tool deflects in both directions. However, only the deflections in normal direction
were considered in this study, since the tool is fed in the normal direction. The tool shaft was
made of solid carbide with the E-Modulus of 6x10° N/mm?. To calculate the tool deflection
accurately, the tool was divided into different geometrical segments, including the cylindrical
section of the shaft, the taper, the free length, and the abrasive layer. The specific normal force
applies to the abrasive layer.

The total tool deflection, including the partial deflections of all sections, can be calculated using
Euler—Bernoulli’s beam theory. It is assumed that a concentrated force is applied to the middle
of the grinding width a,, which is the normal force (F),) calculated from the first grinding pass
with the actual depth of cut. According to the Euler—Bernoulli’s beam theory, the relationship
between the tool’s deflection and the applied load was expressed in this thesis as:

p =1!~"n-L~°;+ Fn-Li_l_Fn-LE'L N Fn-Lfch Fn-L§+Fn-LE L
27 3E-1, \3E-1, 2E-I; © 3E-Ip \2E-I; 2E-1.) 7
+<Fn-L§, F, - L2 Fn-L%_I_Fn-L]zc).Lb)

+
3E -1, (2E-15 2E -1, 2E-I

Eq. 6-12

where I are the area moments of inertia of the tool's cross-sections. These sections, along
with the actual micro-grinding tool, and the resultant deflection are shown in Fig. 15.

M(x)
d,(x)

Fig. 15. Tool deflection model of micro-grinding tool a: micro-grinding tool; b: schematic of micro-grinding tool
specification; c: schematic of micro-grinding tool deflection; d: bending moment diagram; and e: deflection
diagram.

7. Summary of experimental results and discussion

This chapter presents a summary of the experimental work on two different materials. Firstly,
the effects of process parameters on micro-grinding of Si3N4 outputs is discussed. Then, a
method is proposed to achieve a highly efficient micro-grinding process. Afterward, the results
of the simulations are presented and the material removal mechanism in micro-grinding of
titanium is studied. Finally, the grindability of titanium is addressed. It should be noted that this
summary focuses on selected results from the published papers and the manuscript under
review.

25



7.1. Micro-grinding of ceramics

In this section, the results of micro-grinding of Si3N4 ceramic are presented and discussed.

7.1.1. The effect of tool specification

Fig. 16 shows the effect of the tool bond type on grinding forces and the roughness of the ground
surface. The finest surface roughness was obtained by using electroplated micro-grinding tools.
The electroplated tool has more abrasive grains per unit area compared to the other utilized
grinding tools [28]. More grains generally lead to a higher dynamic cutting edges number,
which in return reduces the uncut chip thickness. The higher the number of the active grains,
the better the surface roughness. Additionally, the very high grit protrusion of the electroplated
tool (which is the characteristic of this bond) leads to less rubbing and ploughing regimes — and
consequently less plastic deformation in the workpiece, which may also influence the surface
quality. Comparison between the metal and hybrid bonded tools reveals higher surface
roughness for hybrid bonded grinding tool (Fig. 16). This is likely associated with the
distribution of the grains on the tool surface. The hybrid bond material is a combination of
vitrified and metal bond — using the advantages of both materials (good profile keeping and
dress-ability). However, the grain distribution of the metal-bonded tool is much more uniform
than the hybrid bond after dressing and sticking processes, causing lower surface roughness.
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Fig. 16. Grinding forces, a: Fy; b: Fi; and c: surface roughness Ra, versus bond type of the grinding tool.

The vitrified grinding tool gave lowest normal and tangential forces as the result of high grain
protrusion, high porosity, and better self-sharpening compared to the other bond types.
Moreover, because of the hard and brittle nature of the vitrified bond, the dressing process
induces sharper cutting edges of the vitrified bonded tools, easing the material removal. The
comparison between the metal and hybrid bonded micro-grinding tools reveals that the metal
bonded grinding tool generated lower tangential grinding force and slightly higher normal
forces. The tangential grinding force is involved directly in material removal while the normal
force is a result of the tool grains penetration into the workpiece. The micro-topography of the
utilized metal bond tool is rougher than the micro-topography of the hybrid bond tool and the
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diamond grains are sharper, which causes lower grinding forces and consequently lower
tangential forces [28].

The bonding material of the tool is one of the most influential factors on the normal forces as
well [101]. It could be assumed that the lower porosity and higher amount of the bond material,
in the case of metal-bonded grinding tools, lead to higher normal forces, since the possibility
that the bond comes into contact with the workpiece material is higher. Additionally, a large
number of cutting edges over the grinding tool increases the normal forces more rapidly than
tangential forces. Since the hybrid-bond grinding tool has more porosity than the metal-bond
tool, the total penetration force of the grains into the workpiece material may be reduced,
resulting in lower normal forces. The electroplated grinding tool is a single-layer grinding tool
containing diamond grains electroplated over the surface of the grinding pin. Therefore, the
grinding tool cannot be dressed. Since the retention force of the electroplated bond is very high,
the grains can become dull during the process. Additionally, the dull grains could not be
replaced by the sharper grains via self-sharpening (as there is only one layer of grains).
However, the number of grains per unit area on the tool surface is much higher in the case of
an electroplated tool compared to other bond types [28]. Hence, it can be assumed that the high
number of cutting edges (including the dull ones) leads to relatively high normal grinding
forces. On the other hand, the reduced uncut chip thickness (due to a higher number of cutting
edges) and less friction (due to high grit protrusion) led to lower tangential grinding forces.

Grinding Parameters: Grinding Tool: Coolant:
v.=6.10, 14 m/s D46 CISOMH. E Oil
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Fig. 17. The effect of cutting speed on the specific normal grinding forces.

To get a better understanding of the tool performance, the specific grinding forces of the hybrid
bond and electroplated grinding tools were studied at different cutting speeds (v. = 6, 10 and
14 m/s) — see Fig. 17. The specific grinding force in this study is considered the normal force
divided by the removed depth of cut measured via a tactile measuring sensor in the machine
tool. The actual depth of cut was measured at three points, at the beginning, in the middle and
at the end of the grinding path. Each test was finished in three passes. Both tools demonstrated
a different performance when increasing the cutting speed. The specific force remains almost
constant in the case of the hybrid-bonded tool. However, the specific force was decreased by
increasing the cutting speed for the electroplated grinding tool. Increasing the cutting speed
reduces the chip thickness and generally causes lower grinding forces in micro-grinding [5].
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To further investigate the grinding tool performance, a long-term test was done with fixed
grinding parameters for all grinding pins. Here, a feed rate of 500 mm/min and a depth of cut
of 5 um was chosen to compare the results with Fig. 16. The results for tangential forces are
given in Fig. 18. It can be observed that material removal rate also affects the performance of
the grinding tools. The material removal rate was increased significantly (depth of cut and feed
rate are 5 um and 500 mm/min, meaning more than 12 times higher material removal rate)
compared to Fig. 16 (where the depth of cut and feed rate is 1 pm and 200 mm/min,
respectively). In this case, the vitrified tool generated the highest force at the beginning of the
process. However, when increasing the volume of removed material (grinding passes), a
significant force reduction was observed. This behavior may be attributed to the strength of the
vitrified bond, which normally has a lower retention force than the other bond types, causing
the self-sharpening of the grains during the grinding process [28].

Grinding Parameters: Grinding Tool: Coolant:
v, =10 m/s D46 C150 V.M.H. E Oil
v, = 500mm/min Workpiece: Dressing Parameters:
a;~= 5 pum SizN, qa=10.8. v4;=200 mm/min, a,;~ lpm
3 —a— Electroplated
- -0 - Hybrid
— o~ Vitrified .
2 .... o Metal DDDD

—_

Tangential grinding force, F; [N]

o

Removed material volume, V,, [mmd]

Fig. 18. Tangential grinding forces versus removed material volume.

Fig. 19 shows that the protrusion height of the metal-bonded tool was decreased significantly
by removing more material from the workpiece. At the beginning of the long-term test, the
grains were sharp and had a higher protrusion height. However, the topography of the tool
became much smoother at a higher volume of the removed material as the result of tool wear.

During the long-term testing, the hybrid tool tended first to self-sharpen because of the portion
of the vitrified bond which was mixed with the metal bond in this bond type. However, the
grains became duller with time. The self-sharpening reduced the forces, but the tool wear
increased them [28]. Increasing the volume of the removed material decreased the forces for
the electroplated grinding tool. Further material removal first increased the forces sharply.
However, the level of process forces stayed almost constant up to 13 mm? of removed material,
where another jump in grinding forces occurred. Since the electroplated grinding tool is a single
layer tool, the worn grains could not be replaced by the new sharp grains. The grains could
either partly break, flatten, or be pulled out from the surface of the electroplated grinding pin.
Grain breakage induces new sharp cutting edges and increases the number of cutting edges,
resulting in lower grinding forces. Grain pull out results in lower active grains and higher chip
thickness — increasing the grinding forces [28].
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Fig. 19. The confocal pictures of the tools’ topography after a certain removed material.

7.1.2. Laser-Assisted Micro-Grinding (LAMG)

As discussed in the previous section, the surface quality and grinding forces could be affected
to some extent by changing the process parameters and topography of the tool. However,
altering the process efficiency and surface quality via these parameters is not possible. Hence,
to improve the process efficiency and accuracy of the finished part, the results of a hybrid
process are described in this section. The effect of 10% tool structuring and 30% of workpiece
structuring on the grinding forces and surface roughness is shown in Fig. 20.

It is demonstrated that as little as 10% of tool structuring led to a significant reduction of the
specific energy. The specific energy was reduced up to 35% by reducing the process forces.
During the grinding process, the abrasive grains penetrate the workpiece material with high
velocity and remove the material at a high strain rate. In contrast to ductile materials such as
titanium, crack propagation is the main material-removal mechanism during grinding of brittle
ceramics. Grinding with the laser-structured tool may allow for more lateral crack propagation
compared to non-structured tools and more micro-cracks in the workpiece-tool contact zone
due to intermittent cutting, easing the chipping mechanism, and improving the material-removal
process with lowering the grinding forces [91]. Furthermore, structuring the grinding tool
reduces the number of static and dynamic cutting grits on the surface of the grinding tool. This
means less ploughing and rubbing — and a higher share of cutting [ 102]. Additionally, the tool-
workpiece contact length is smaller when employing structured tool compared to conventional
micro-grinding. 10% tool structuring translates into lowering the tool-workpiece contact zone
area up to 10%. The smaller the contact area, the lower the process forces and temperatures and
more efficient the micro-grinding process. Another reason for specific energy reduction by
LAMG is attributed to improved lubrication, due to the effect of the grooves on the tool. In this
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case, the coolant can be easier transported through these grooves into the contact zone, whereby
the cooling becomes more effective.

The workpiece structuring could also reduce the specific energy up to 15%. This is mainly due
to reduced volume of the workpiece material (by laser structuring) which is to be removed by
the subsequent micro-grinding process. Since the material is brittle, the laser structuring
enhances the crack initiation and propagation around the laser-ablated structures [83,91]. This
eases the micro-grinding process and reduces the specific energy. However, LAMG produced
a rougher surface (about 40% higher) compared to the Conventional Micro-Grinding (CMG)
[4,91].

Grinding Parameters: Grinding Tool: Coolant:
v,=6,10and 14 m/s D46 electroplated Qil
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Fig. 20. The effect of structuring on a: the grinding forces and b: the surface roughness.

Overall, it can be stated that tool structuring was more effective than the workpiece structuring
in the LAMG of Si3N4 — in terms of specific energy. Tool structuring results in a lower number
of active grains compared to workpiece structuring. This leads to less rubbing and ploughing
during the micro-grinding process compared to the workpiece structuring, as a result of higher
chip thickness and more efficient process.

To investigate the effect of tool structuring on the performance of the grinding tool, long-term
tests with the same grinding parameters for both structured and unstructured tools were carried
out. The specific energy was periodically measured after a certain volume of material removal.
Fig. 21 illustrates the results. Here, the specific energy for the non-structured grinding tool
increased with more material being removed. The specific energy for the structured tool was
much lower (around 85% in all cases) compared to non-structured tool at all volumes (V).
The specific energy for the non-structured tool increased with material removal to some specific
rate of tool wear. Then, the forces dropped and increased (linearly) again. Big drops in the
specific energy values are caused by diamond grains breakage during the machining process —
resulting in new sharp cutting edges that reduce the specific energy.
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Fig. 21. The effect of structuring on the specific energy versus removed material.

In comparison to specific energy associated with the non-structured tool, the specific energy
for the structured tool stayed almost constant up to 14 mm*/mm material removal and then it
increased continually — showing the better performance of the structured grinding tool [4]. The
specific energy of the structured tool at 15 mm?/mm V", (Fig. 21 with the dashed line) are much
smaller than those of the non-structured tool at the beginning of the process. This shows very
good performance of the structured tool. Just 10 percent tool structuring resulted in higher
productivity.

One of the most important aspects of micro-grinding is the accuracy of the parts. In micro-
grinding, the tools are much weaker than fixed abrasive tools (wheels) for conventional
grinding. Thus, they can be easily deflected during the process. As a result, the actual material
removal deviates from the nominal depth of cut, which directly influences the accuracy of the
part. In addition, the tool deflection may lead to vibrations during the process, especially at high
removal rates. Therefore, the effect of tool deflection on part accuracy was investigated. The
tool deflection was measured via a digital nano-taster integrated into the machine tool center
by measuring the actual depth of cut removed from the workpiece. Each grinding test was
performed with a depth of cut of 3 um. Fig. 22 shows the effect of the cutting speed and
workpiece structuring on the tool deflection. Here, increasing the cutting speed did not affect
the tool deflection. Using the LAMG process resulted in no tool deflection. The actual depth of
cut in LAMG was hence the same as the set depth of cut. In contrast, the CMG process resulted
in approximately 1 um tool deflection at all cutting speeds — resulting in approximately 30%
lower actual than the nominal depth of cut (i.e. 3 um). The grinding forces in case of laser-
assisted micro-grinding are much smaller than the micro-grinding process with a non-structured
tool or workpiece (as a result of lower specific energy). The lower process forces result in lower
pressure and dynamic loads on the micro-tool during the micro-grinding process, causing less
tool deflection.
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Fig. 22. The effect of structuring on the dimensional accuracy of the machined area.

7.2. Micro-grinding of titanium

In this section the results of micro-grinding of Ti6Al4V material are presented and discussed.

7.2.1. The effect of dressing parameters

The process outputs, like surface roughness and grinding forces, can be affected not only by
tool specification but also by the grinding and dressing parameters. In micro-grinding, the
diameter of the tool is very small (i.e. 2 mm); hence, relatively high rotational speeds of the
grinding pin are generally needed. For instance, almost 100.000 RPM are needed for achieving
a cutting speed of 10 m/s. Therefore, extremely high dressing feed rates are also required to
achieve typical dressing overlap ratios, Uy, (2 to 8). As a result, much higher values of dressing
overlap ratios, Uy, were used in this study and their effect on grinding performance was studied.

The dressing overlap ratio is calculated as:

U, = —W Eq. 7-1

where aeq 1s the dressing depth of cut, 7,4 is the tip radius of the dressing tool, and f.s 1s the axial
dressing feed (fus = viua/ns; wWhere n; 1s the rotational speed of the grinding pin and vy 1s axial
feed speed by dressing). Here, it is assumed that the width of cut equals the active width of the
dressing tool [103]. According to Fig. 23, high dressing overlap ratios (achieved by reducing
the dressing feed) increase the grinding forces. In Fig. 23 the corresponding dressing feed rates
for overlap ratios are listed in Table 5 at the cutting speed of 10 m/s.

Table 5: Corresponding dressing feed rates

Overlap ratios 2000 1000 350 300 100 50

Corresponding dressing 45 90 270 305 910 1830
feed rates (mm/min)

The micro-topography of the grinding tool is affected by changing the dressing overlap ratio
(Eq. 7-2), which gives the relationship between the theoretical grinding tool surface roughness,
R, and the dressing overlap ratio [12].
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R.. = Qed
ts = U_ﬁ Eq. 7-2

Here, the higher Uy values lead to a finer micro-topography of the grinding tool — resulting in
an increased number of static and kinematic cutting edges and rising the amount of rubbing and
ploughing in grinding, which explains the observed rise in the grinding forces. On the other
hand, higher dressing overlap ratios reduce the proportion of the grit break-out by dressing
[104]. This phenomenon can be explained with reduced dressing forces when increasing the
dressing overlap ratio. High dressing forces (which occur at lower dressing overlap ratios), lead
to an aggressive dressing of the grinding pin. Hence, the grain tips may be broadly fractured.
In contrast, it has been shown that the grain tips are more flattened when the dressing feed rate
is low (i.e. at high Uy values) [105]. Therefore, the surface of the grinding tool is rougher (and
the grains become sharper) when using higher dressing feed rates; hence, the sharper the grains,
the lower the grinding forces.

Grinding Parameters: Grinding Tool: Coolant:

v.=12m/s D46 C150V Oil

v, = 1000 mm/min Workpiece: Dressing Speed Ratio: Dressing Overlap Ratio:
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Fig. 23. The effect of a: dressing overlap ratio (gz = +0.8); and b: dressing speed ratio (Us = 45) on the grinding
forces.

The effect of the dressing speed ratio is also shown in Fig. 23b. In rotary diamond dressing, the
grinding tool and the dressing roller engage against each other in a rotational movement. The
used speeds and the rotational direction determine the dressing-speed ratio, g4, which has a
significant effect on the dressing process. The dressing speed ratio is therefore another dressing
parameter to consider when generating the micro-topography of the grinding tool. As such, g
affects the dressing forces [106] and can be calculated as:
qa=* ';—d Eq. 7-3

where v. is the grinding tool speed and v is the dressing-roll speed. The rotary dressing can be
categorized into two different processes, up-dressing (g« < 0) and down-dressing (g« > 0). In
most operations, the common dressing speed ratios vary between -0.8 and +0.8.
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Grinding Parameters: Grinding Tool: Coolant:

V.= 12m/s D446 C150V Qil
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Fig. 24. Surface roughness, Ra, versus dressing speed ratio.

A rise in the speed ratio, g4, (from -0.4 to +0.8) increases the dressing aggressiveness, leading
to more grit breakage and/or break-out from the surface of the grinding tool. Moreover, the
effective roughness of the grinding tool is higher when employing down-dressing, compared to
the up-dressing [9,12,107], which decreases the grinding forces noticeably (Fig. 23b). In
contrast, the contact length of the dresser-grinding tool is much larger in up-dressing compared
to down-dressing. Moreover, the up-dressing, the generated paths on the grinding pin overlap
with each other, causing more wear-flats and finer surface roughness of the grinding tool, which
results in higher grinding forces, since the contact length is larger (i.e. the radius is bigger).

5 -

— — — . Predicted s qd=_0£0 .
4 Experimental Vgg= 300 mm/min
qs=038
3 Vig™ 50 mm/min
4= -04

Vgg= 300 mm/min

Static cutting-edge density [grains/mm]

10

Height from zero surface [um]

Fig. 25. Static cutting edge density versus the radial depth into the micro-grinding tool.

The relation between the surface roughness, the dressing speed ratio, and overlap ratio is shown
in Fig. 24. Here it can be seen that the surface roughness increases when shifting from up-
dressing to down-dressing because of higher theoretical roughness of the grinding tool.
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Furthermore, the surface roughness improves by increasing the overlap ratio [5] due to a finer
micro-topography of the grinding tool.

Up until now, it was clear that changing the dressing parameters could greatly influence the
grinding outputs, i.e, grinding forces and surface roughness. But here the process parameters
are kept constant and the tool topography is only changing with the dressing parameters. This
implies that the chip thickness is varying at the same grinding parameters. Therefore, a
modeling study for calculation of the chip thickness which considers the dressing parameters
seems essential for better understanding of the process. To realize the effect of dressing
parameters on the chip thickness, the dressing process was hence modeled. Fig. 25 shows both
predicted and real static cutting-edge density at different radial depths into the micro-grinding
tool (z). The predicted values are well in agreement with the experiments. The GPR model
could also predict the static cutting-edges density with an average error of 10%.

As mentioned before, using different dressing parameters changes the micro-topography of the
grinding tool and consequently the number of static grains (refer to Fig. 25). Parameters 4 and
K (Eq. 6-6) for the estimation of the static grain density in a certain radial depth into the grinding
tool are until now unknown. These two parameters change with different tool micro-topography
as a result of varying dressing parameters. In the simulation model, the dressing parameters
(like the grinding and material parameters) are given as inputs. By inputting the dressing
parameters, the GPR model can predict the density of static grains in the radial depth into the
tool. Here an exponential function (given in Eq. 6-6) was fit to the predicted grain densities and
for each dressing parameter set; moreover, the parameters of 4 and K were experimentally
determined and the grinding forces were predicted. The results in Fig. 26 show two different
dressing parameter sets.

Micro-grinding parameters: Dressing parameters: Grinding tool:
v, =10m/s Vig = 300 and 50 mm/min D45-46-V-150
v,/a, = 8x10* mm/mm.min gy =+0.8 Workpiece:
a, =35mm Aeg = X2 UM Ti6AI4V
28 T e q,= 08y = 300 Exp. (8) 287 (b)
— & (4= +0.8,vpg = 300 Mod

. 21 1 g = +08,vg = 50 Exp. = 211

N —& y=+0.8,Vy = 50 Mod _ £

Z‘ 14 A 7 /,’0 =, 14 1
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0.0 T T T T 00
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Fig. 26. The effect of dressing parameters on the specific grinding forces a: specific tangential micro-grinding
forces; and b: specific normal micro-grinding forces.

For the dressing analysis, the dressing feed rate, vuqa, was used instead of the dressing overlap
ratio, Uy. Based on the primary results from the dressing process (Fig. 23 and Fig. 24) lower
dressing feed (higher dressing overlap ratio) resulted in higher grinding forces and better
surface finish considering constant dressing parameters. The same effect was observed when
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up-dressing instead of down-dressing (see Fig. 26). Using more timid dressing parameters
generated a finer tool topography — resulting in higher specific grinding forces. Fig. 26 indicates
that the prediction model can precisely map the effects of dressing parameters on the micro-
topography of the micro-grinding tool to predict tangential (with 11 percent error) and normal
(with 10 percent error) grinding forces. Both simulations and experiments proved that finer
dressing results in approximately 19% higher grinding forces where the chip thickness is the
same. Thus, changing the dressing parameters can also change the efficiency of the micro-
grinding process where for a given chip thicknesses, lower specific forces were always achieved
for a sharper tool.

7.2.2. The effect of cutting speed

Similarly to conventional grinding, the process forces can be reduced by increasing the cutting
speed in the micro-grinding process as well. This is due to lower chip thickness at higher cutting
speed (Eq. 7-4) [12].

U\ (e \?
Ry = 2L (U—W) (d—e) Eq. 7-4
Cc e

where L is the distance between successive cutting points. The cutting speed variation can also
change the share of friction and plastic deformation in the process. This is due to different strain
rates at different cutting speeds and/or influence of the chip thickness and the associated size
effect. In Fig. 27a, the results of the modeled and experimentally measured forces indicate that
changing the cutting speed has minimal influence on the tangential grinding forces, whereas
the normal grinding forces reduced slightly at the same chip thickness value.
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Fig. 27. The effect of cutting speed on a: specific grinding forces with average chip thickness of 1.5 pm (a.
ranging from 7.6-11.7 pm and v,, varying between 347-800 mm/min); and b: the grinding specific energy at
different chip thicknesses (W/a. = 8x10* mm/mm.min).

Since the diameter of the grinding tool in micro-grinding is small (i.e. 2 mm), and the rotational
speed is limited, changing the cutting speed in a large increment is not possible. The results
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imply that changing the cutting speed from 6 to 14 m/s has a minor effect on the flow stress of
material in the micro-grinding process. However, the strain rate became almost doubled.

In Fig. 27, the chip thicknesses for cutting speeds 10 and 14 m/s are 1.4 and 1.36 um
respectively and 1.6 um for the cutting speed of 6 m/s (Fig. 27a). At the cutting speed of 6 m/s,
where the chip thickness is larger, higher tangential forces were observed (both modeled and
experimentally obtained). Nevertheless, when changing the cutting speed from 10 to 14 m/s,
where the chip thickness is similar, identical tangential grinding forces were generated.
However, changing the cutting speed at the same chip thickness reduced the specific normal
grinding force. This means that higher cutting speeds ease the penetration of the tool/grain into
the material. Additionally, higher cutting speed in micro-grinding results in higher tool
vibration [108]. This additional vibration in the process may also help the grain penetration into
the workpiece, which is not considered in the models and which can explain the larger
difference observed between the modeled and experimental normal forces at higher cutting
speeds.

In this thesis, it is assumed that the cutting grains are idealized spheres, with an assigned average
value for their size. However, in reality, each grain has its unique and random geometry and
size. The real cutting grains are much sharper than the simulated ones. Therefore, they can
penetrate the workpiece more efficiently — resulting in lower specific normal grinding forces.
Moreover, the tool loading by chips is not considered in the models, which can have a
significant influence on normal forces. It is worth mentioning that both parameters of friction
coefficient 4 and experimental factor dy for calculating the single grain forces were obtained
from the single grain tests — and their values change with varying chip thickness. The results of
the single-grain test showed that the cutting speed in the tested range has no influence on x4 and
dr. Based on the results, the model could accurately predict the tangential (with 9 percent error)
and normal (8 percent error) micro-grinding forces with changing the cutting speed.

The topography of the grinding tool has random properties which make calculation of the chip
thickness difficult. Therefore, the use of an alternative parameter to chip thickness can be useful
to obtain a fundamental insight into the process, from the perspective of geometry and
kinematics. Drazumeric et al. [109] introduced a novel, unifying modelling framework
featuring the aggressiveness number, which can be directly related to the process outputs such
the specific energy. In this study, the results of specific micro-grinding energy were compared
under different conditions at the same grinding aggressiveness, calculated as:

_ Uy |Qe
Aggr.= 1,000,000 — |— Eq. 7-5
UC dS

where d is the diameter of the micro-grinding tool.

Increasing the chip thickness resulted in lower specific energies (Fig. 27b). Higher chip
thickness caused lower shares of friction and plastic deformation in the chip formation and
consequently a more efficient grinding process. With an increase in the aggressiveness number,
a minimum specific grinding energy of 79 J/mm? was achieved. Interestingly, varying the
cutting speed did not affect the values of specific micro-grinding energy. Generally in the
material removal processes, the cutting speed variation can change the share of friction and
plastic deformation in the process [110,111]. This is due to different strain rates at different
cutting speeds and/or influence of the chip thickness which can be perceived using the specific
energy values. According to the same values of specific micro-grinding energy, the cutting
speeds used in this study can be counted as low cutting speed and the flow stress follows the
theory of the strain gradient plasticity [112].
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In the grinding process, the induced residual stress arises as a result of the thermo-mechanical
effects during the material removal process. They can be related either to thermal or mechanical
loads [12,113]. Thermal loads, such as the thermo-plastic deformation at elevated temperatures,
lead to tensile residual stresses — in this case, due to limited material expansion as a result of
high temperatures occurring in a very short time period and the rapid cooling in the contact
zone. Mechanical loads, like the mechanical and plastic deformation loads on the ground
surface, cause compressive residual stresses [88,114—116].

Fig. 28 shows the results of residual stress measurement using the XRD technique. Compressive
residual stresses were observed in all test specimens. In the micro-grinding process, the grinding
temperature is low compared to conventional grinding. Therefore, residual stresses are likely
the result of the mechanical load during the grinding process. Increasing the cutting speed from
6 m/s to 10 m/s resulted in lower compressive residual stresses. And increasing the cutting
speed from 10 m/s to 14 m/s did not change the residual stresses significantly. The error bars
show the repeatability of the test; here each test was replicated 2 times.
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Fig. 28. The residual stress at constant chip thickness versus the cutting speed (v/a. = 8x10* mm/mm-min).

To have a better understanding of the process, the topography of the ground surface was
assessed with help of the SEM images shown in Fig. 29. They show the effect of cutting speed
at almost the same aggressiveness number, 21 (chip thickness around 1.4 um) and v./a. ratio
of 8x10* mm/mm.min. To achieve almost the same aggressiveness at different cutting speeds,
the feed rate and the depth of cut were increased in order to keep the v./a. ratio constant. For
example, at the cutting speed of 10 m/s, a v, of 300 mm/min and an a. of 3.8 um resulted in
Aggr. of 21. To have almost the same Aggr. of 19.5 at the cutting speed of 14 m/s, a v, of 355
mm/min and an a. of 4.4 pm were used.
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Fig. 29. Topography of the ground surface at a: v. = 6 m/s; b: v. = 10 m/s; and c: v. = 14 m/s
(vw/a.= 8x10*mm/mm.minand # = 1.4 pm- Aggr. = 21).

A better surface quality with fewer surface defects was achieved at a cutting speed of 6 m/s
(Fig. 29a). Increasing the cutting speed deteriorated the quality of the workpiece surface, where
the chip thickness is almost the same. Higher cutting speeds led to smeared material and cavities
on the ground surface as a result of higher plastic deformation and possibly higher grinding
temperature (Fig. 29b), despite almost the same chip thickness. More smeared material, larger
cavities and some material debris can be seen when the cutting speed is 14 m/s Fig. 29¢ —
meaning high plastic deformation and higher temperatures as compared to the cutting speeds
of 6 m/s and 10 m/s (Fig. 29a and b). Therefore, at higher cutting speeds, high plastic
deformation and higher temperatures are generated, resulting in material softening. However,
it is important to note that the values of specific energy are identical for all cutting speeds. These
results suggest that both material softening and strain hardening play a role in the material
removal mechanism at the given cutting speeds.

7.2.3. The effect of feed-rate-to-depth-of-cut ratio

The previous section demonstrated that the cutting speed has a minor influence on grinding
forces when the chip thickness was kept constant. Nevertheless, it is also necessary to examine
the effect of another two important grinding parameters, i.e. the depth of cut and the feed rate.
To investigate the impact of both parameters in the abrasive process, a feed-rate-to-depth-of-
cut ratio, vw/a., is employed. The ratio vw/a. is a valuable process-control parameter since the
effect of both feed rate and depth of cut on the process outputs can be examined at the same
time.

The effect of v./a. ratio on the specific micro-grinding forces is shown in Fig. 30a. The figure
shows that there is no considerable change in the grinding forces with changing the v./a. ratio.
This means that neither a higher depth of cut nor a larger feed rate has an influence on the
grinding forces. It is important to mention here that in all figures, the actual depth of cut is
considered. The model could accurately predict the tangential (with 12% error) and normal
(13% error) grinding forces by changing the feed-rate-to-depth-of-cut ratio. Almost the same
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specific energy was generated for all v./a. ratios, as long as the chip thickness was kept constant
(Fig. 30b). Increasing the vy/a. ratio slightly increased the value of the chip thickness (Fig. 30a).
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Fig. 30. The effect of v./a. on a: specific grinding forces with average chip thickness of 1.4 pm (@ec.ress ranging
from 8.1-13 um and vy, varying between 633-940 mm/min); and b: the grinding specific energy at different chip
thicknesses (v. = 10 m/s).

The residual stresses for different v,/a. ratios were also measured and the results are shown in
Fig. 31. Like in Fig. 28, compressive residual stresses were observed in all test specimens.
Using a higher feed rate and lower depth of cut (higher v,/a. ratio) resulted in more compressive
residual stress. The measured residual stresses in Fig. 28 and Fig. 31 indicate that they were
generated only near the ground surface, but beneath the surface the effects of neither thermal
nor mechanical stresses were seen and a maximum compressive stress of around 150 MPa was
measured.

Grinding Parameters: Grinding Tool: Coolant:
v, =10 m/s D45-46-V-C150 Qil

v,/a, =5, 8, 11 x10* mm/mm.min Workpiece:

h=14pum TiGA4V

Tool-workpiece contact length, ., [um]

11 100 96
50
.. . _ .
0 0. TR 30 um beneath the surface
a 10 pum beneath the surface

Near the ground surface

3 5 7 9 1" 13 x10*
Feed-rate-to-depth-of-cut ratio, v,/a,, [mm/mm.min]

Residual stress, o, [MPa]
2

Fig. 31. The residual stress at constant chip thickness versus the feed rate to depth of cut ratio (ve = 10 m/s).
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For a better understanding of the effect of the v./a. ratio, the topography of the finished surface
was analyzed using SEM. The results are presented in Fig. 32. More smeared material was
observed on the ground surface at lower v,/a. ratios, i.e. a lower surface quality is achieved
during the micro-grinding process when using a lower feed rate and a higher depth of cut.
Higher depth of cut and lower feed rates increased the tool-workpiece contact length (Fig. 31),
resulting in higher temperature in process. Hence, for increasing the material removal rate, it is
recommended to use higher feed rates instead of higher depths of cut.

= SpotMagn Det WD Exp/ —— ==+ 500 ym
100kV 35 50x ~~-SE. 107 0 HFU RW s

e e E

"~ AccV  SpotMagn  Det WD E
100kV 35 200x SE 107 0  HFURW OMoK198013

Fig. 32. SEM pictures from the ground surface a: v,/a, = 5x10* mm/mm.min; and b: v./a. = 11x10* mm/min.min
(ve=10m/s and h =~ 1.4-Aggr. = 21).

Fig. 27-32 suggest that the grinding specific energy can be connected to the surface integrity.
Comparing Fig. 27b and Fig. 28 shows that where the specific grinding energy is higher
(ve = 6 m/s), more compressive residual stress was induced. This is due to the higher mechanical
loads (grinding forces) on the surface at v. = 6 m/s compared to the higher cutting speeds. The
residual stress values shown in Fig. 28 correspond to the chip thickness of about 1.4 um in Fig.
27b. In order to keep the chip thickness constant, depth of cut and feed rate varied at different
cutting speeds, resulting in a change in the tool-workpiece contact length (/). Hence, according
to Fig. 28, raising the cutting speed from 6 to 10 m/s leads to a 10% increase in the contact
length (/.). The specific energy and consequently mechanical load on the ground surface at
ve =6 m/s (at # = 1.4 um) is about 15% higher than that at v. = 10 m/s. On the other hand, this
increased force is distributed on the 10% smaller contact zone, as a result of which about 35%
more compressive residual stress on the ground surface was generated. The same effect, but
with a slighter trend, can be seen in Fig. 27b by increasing the cutting speed from 10 to 14 m/s
(almost the same specific energy, 7% larger I).

At higher cutting speed and at an almost constant chip thickness, the number of tool rotations
during the grinding path increases (cutting speed 14 m/s 2.3 times higher than cutting speed

41



6 m/s). Due to the higher rotation number and higher friction, the surface temperature can
elevate. As a result, the surface quality became worse with increasing the cutting speed (Fig.
29; more debris and smeared material at higher cutting speeds). The elevated surface
temperature with an increase in cutting speed can principally induce tensile residual stresses if
the order is big enough. Recognizing the contribution of thermal and compressive stresses on
the values measured in Fig. 28 needs further fundamental investigation.

Comparing Fig. 30b and Fig. 31 shows that the specific grinding energy is in the same order by
varying the v./a. ratio (at each constant chip thickness); the residual stresses changed with
changing the v./a. ratio. The almost constant grinding specific energies at various cutting
speeds and the v,/a. ratios (at nearly same chip thicknesses) express that the tangential grinding
forces are in the same order. Increasing the v,/a. ratio leads to a lower contact time between the
tool and the workpiece (due to a smaller contact length) (Fig. 31) and due to higher feed speeds,
leading to a smaller heat partition into the workpiece. Thus, higher compressive residual stress
was induced in vw/a.= 11x10* compared with 8x10* and 5x10* mm/mm-min.

7.2.4. The effect of material microstructure

This section is dealing with the effect of material-manufacturing methods, i.e. additive
manufacturing and conventional manufacture methods on grindability. The single grain test was
first carried out to experimentally determine the minimum specific energy required for cutting
of titanium alloy and to fundamentally explain the results of a micro-grinding process.
Moreover, the specific grinding energies for all materials are calculated and the dependency of
the process efficiency on the manufacturing process is discussed.

Single-grain scratching results

The evaluation of single-grain scratching and the explanation of the changes in specific cutting
energy as an evaluation of the process efficiency requires the measurement of the ratio of the
volume of material removed to the volume of material piled-up. For this, the chipping ratio fus
is used:

N

fap = Eq. 7-6

=

where Vi and V), are the volumes of the removed material (groove) and pile-up, respectively.
The maximum value for the chipping ratio f.»=1 indicates no material pile-up in the absence of
plastic deformation, i.e., ideal cutting. When f.»=0, no cutting occurs, and plastic deformation
is the only mechanism leading to the piling-up of material. The efficiency of the chip formation
process can be measured by the specific energy dissipated for scratching. Using the volume of
removed material and tangential forces, the specific cutting energy for the single grain test can
be calculated using the following equation:

_ UC * thdt

U, = v Eq 7-7
N

where v. indicates the cutting speed and F; is the tangential force.

42
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Fig. 33. The effect of the manufacturing process and chip thickness on a: the specific scratch energy; and
b: chipping ratio.

Fig. 33 shows the results of the specific cutting energy and chipping ratio for the conventional
and AM-produced titanium. As expected, the required specific energy for material removal was
reduced by increasing the chip thickness for all materials. The minimum specific cutting energy
of ~ 11.5 J/mm?® was achieved for the titanium alloy regardless of the material-manufacturing
method. The consumed energy for plastic deformation in the form of side plowing is larger than
the energy required for the chip formation [12]. As illustrated in Fig. 33b, the values of the
chipping ratio vary with chip thickness. The chipping ratio increases with the chip thickness,
leading to a more efficient chip formation and lower specific energy (as shown in Fig. 33a).
The obtained chipping ratio for conventional parts is lower than those for the AM parts at chip
thicknesses less than 5 pm. This is because of the different microstructures. Almost the same
result for the chipping ratio was observed for both AM parts. As a result, the cutting of AM
material is more efficient at lower chip thicknesses because of lower plastic and elastic
deformation during the process. When scratching conventional material, the lower chipping
ratio at low chip thicknesses resulted in a higher specific energy, where the share of plastic and
elastic deformation is considerably larger compared to the share of cutting. For both additively-
manufactured materials (AM BD 20 and AM BD 30), nearly the same specific energies were
observed due to similar chipping ratio and hardness. In many cases, the AM-parts need to be
fine-finished. Examples of fine finishing of AM materials include super-finishing and fine
grinding, which are performed at low chip thicknesses [35]. However, when larger chip
thicknesses (larger than 5 um) are used, the chipping ratio for the conventional part is slightly
higher than for AM parts. This may be caused by the different material microstructures.
Interestingly, chip thicknesses higher than 5 pm resulted in higher chipping ratios for the
conventional parts compared to the AM parts, where almost the same specific energies for all
kinds of materials were achieved. A higher chipping ratio generally means a more efficient
process and lower specific energies. But at this point (chip thickness of 5 pm), the specific
energy for all materials achieves its minimum value, which needs further investigation.

Micro-grinding test

Fig. 34 shows specific-energy measurements for three different Ti6Al4V materials
(conventional, AM BD 20, and AM BD 30) and two different micro-grinding tool
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concentrations (150C in (Fig. 34a) and 200 (Fig. 34b)). Increasing the grinding aggressiveness
resulted in lower specific energies, which were also observed in the single-grain scratch tests
by increasing the chip thickness. Higher aggressiveness values cause less rubbing and less
plastic deformation in chip formation — and consequently a more efficient grinding process.
With an increase in the aggressiveness number, a minimum specific grinding energy of
79 J/mm?® was achieved, which is much higher than the minimum specific energy in the single-
grain scratch tests (11.5 J/mm?). This is because of the size effect in the micro-grinding process.
Achieving the minimum specific grinding energy is only possible with aggressive process
conditions that minimize plowing and rubbing. In the micro-grinding process, which features a
small tool diameter and high tool deflection, obtaining high aggressiveness values is not feasible
due to limitations in the achievable depth of cuts and feed rates.

In contrast to the single-grain scratch tests, where the AM materials generated lower specific
energies compared to conventional titanium, the specific grinding energy in AM parts was
either equal (for titanium build parallel to the workpiece width of 20 mm) or higher (for titanium
build parallel to the workpiece length of 30 mm, and only for small aggressiveness numbers) in
micro-grinding. At higher aggressiveness values, almost the same values of specific micro-
grinding energy were obtained for all samples. The same can be observed for the 200-
concentration tool (Fig. 34b). To check the validity of the results for non-aggressive grinding
conditions (i.e. low aggressiveness), additional tests were done. The results are presented in
Fig. 34c. The results confirm that at low aggressiveness values, the highest specific energy in
the micro-grinding process was generated in the case of AM BD 30.

Grinding Parameters: Dressing Parameters: Grinding Tool: Coolant:

v, =10m/s gy =+0.8 D45-46-V-C150 and 200 o]
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Fig. 34. The effect of the manufacturing process on the specific energy for a: tool with a concentration of 150;
b: tool with a concentration of 200; and c: tool with a concentration of 150 in detail.
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The differences between the specific energies in the single grain scratch test and in micro-
grinding can be explained by the chipping ratio in the single-grain scratch test. Contrary to
micro-milling, the chip thickness in the micro-grinding process is normally very low (typically
lower than 2 pm). Therefore, to examine the material-removal mechanism, small chip
thicknesses in the single grain scratch test must be considered. According to the results in Fig.
33, at chip thicknesses lower than 5 um the AM parts produced lower pile-up material compared
to the conventional part — independent of the build direction. In this range, the specific energies
of AM parts are also lower because of the lower share of plastic deformation in the single-grain
scratch tests. In the single-grain scratch tests, only a single abrasive grain participates in the
material removal process in a single cutting path. In the micro-grinding process, however, the
micro-grinding tool consists of several abrasive grains (for example 20 static abrasive grains in
10 um depth of the tool) which are stochastically distributed over the surface of the micro-
grinding tool. Hence, several abrasive grains are contributing to the material removal process
simultaneously.

As with the single-grain scratch test, a slot remains after each grain-workpiece engagement.
The 3D space includes a groove and material pile-up left along the cutting path. The subsequent
abrasive grain then engages with the work material. The new grain, depending on its protrusion
height and position with respect to the first grain, either cuts another slot along its moving path
or moves between the slots cut by the former grains. If the grain comes into contact with the
workpiece, it will not only cut the workpiece surface but also remove the pile-up material
remaining from the previous pass. The higher the volume of piled-up material, the higher the
volume of material removed by successive grains. This results in a larger instantaneous chip
thickness for each abrasive grain under the same process conditions.

Varying the chip thickness changes the share of the rubbing, plowing, and cutting in chip
formation. Since the chipping ratios for the conventional part are smaller than the chipping
ratios for the AM parts (at chip thicknesses values lower than 5 um, in Fig. 33b), each single
abrasive grain removes relatively more material (i.e., there is more pile-up material at the same
chip thicknesses), which means a higher share of cutting and a lower share of plastic and elastic
deformation. The micro-grinding of conventional parts benefits in this respect. However, it
could result in a higher share of plastic deformation in the micro-grinding of AM parts.
Therefore, the specific micro-grinding energies are almost of the same order as the conventional
parts. Another reason may be associated with strain hardening. Dmitriev et al. [117] studied the
effect of material crystallographic orientation on strain hardening of pure titanium in scratch
tests. They showed that, depending on the crystallographic orientation, the strain hardening
after scratching can happen either on the base material or the pile-up. It was also reported that
when the indenter (here in micro-grinding the abrasive grains) moves along the easy-slide
directions (the easy-to-cut crystallographic orientations), the strain hardening happens in the
base material rather than in the pile-up. Moreover, when the indenter movement differs from
easy glide directions, then the strain hardening happens in the pile-up materials.

The comparison of results in Fig. 34a and Fig. 34b demonstrates that changing the tool
concentration resulted in almost the same specific energy. According to the discussion above,
the specific energy is highly dependent on the chip thickness and topography of the micro-
grinding tool. Moreover, the variation of the specific energy is not considerable when changing
the grinding parameters. Therefore, to find an explanation for the same specific energies
observed, the maximum chip thickness has to be analyzed. The chip thickness changes with
varying the grinding parameters (i.e. the feed rate, v, cutting speed, v., depth of cut, a,
equivalent diameter of the grinding tool, ds) and tool topography (i.e. cutting-point density, C,
and the chip-shape factor, 7). Since the geometry and kinematics of the process are the same
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(i.e. same aggressiveness number), the chip thickness is changing with the micro-topography
of the grinding tool.

The higher the concentration, the higher the number of dynamic grains participating in the chip
formation, resulting in higher C and lower chip thickness. Since the tool was dressed with the
same dressing parameters, we assume a similar shape of the grains, hence the » factor should
be approximately identical for both micro-grinding tools. Decreasing the chip thickness causes
a larger share of elastic and plastic deformation in the grinding process. Hence, increasing the
tool concentration at the same aggressiveness number should theoretically increase the values
of specific energy. Both micro-grinding tools were analyzed using a confocal microscope after
micro-grinding within 4ggr. of nearly 60. For the 200-concentration tool, a number of the
abrasive grains were pulled-out after just one grinding pass. The pulled-out grains caused a
reduction in the static and, consequently, dynamic grain density. Hence, the values of specific
energy are of the same order.

The efficiency of the micro-grinding process can be improved by proper selection of process
parameters. Using higher chip thicknesses resulted in a lower specific energy where higher
micro-grinding forces were generated. Lower specific energies lead to a lower share of plastic
and elastic deformation and friction in the process and a higher share of cutting. A minimum
specific energy of ~11.5 J/mm® was achieved for the titanium alloy single-scratch test,
regardless of its manufacturing method, in the single grain test. This value is 79 J/mm? in the
micro-grinding process, which is much higher than the minimum specific energy in the single
grain scratch test and macro-grinding process reported by other researchers (between 12-
15 J/mm?[38,39]).

Shaw and Malkin [12,97] pointed out that the minimum specific energy for the chip formation
is associated with the melting specific energy of the material. The minimum specific cutting
energy (11.5 J/mm?) corresponds to the condition in which the friction and plastic deformation
are minimal. The specific enthalpy of Ti6Al4V at different temperatures was already
investigated by Boivineau et al. [118]. The specific melting energy of the workpiece material
at a certain temperature can be determined by the difference of its specific enthalpy at room
temperature. For the liquid-state, the specific melting energy of Ti6Al4V can be defined as:

Uliquidus = Hliquld' Hroom =574 J/mm3 Eq 7-8

The melting specific energy resembles the liquid state of Ti6Al4V, for which the melting
process is completed because the density of liquid titanium is much lower than in the solid-
state. For the solid-state, the specific melting energy of the work material can be defined as:

Umli = Hmll - Hroom =451 J/mm3 Eq 7-9

where Hyoom 1s the enthalpy of Ti6Al4V at room temperature and Hiiguia and Hio are the
enthalpies of Ti6Al4V at liquidus and solidus temperatures, respectively. Ujiguiaus and Usoi; denote
the specific liquidus and solidus energies, respectively. Daneshi [119] modelled the time
required for chip formation via each abrasive grain in grinding of nickel alloys. He pointed out
that the time required for chip formation is much smaller than the time required for
transformation from solidus to liquidus state. He mentioned that the minimum specific grinding
energy can be limited to the specific solidus energy of each specific material. However, this
minimum energy is approximately 35% higher than the specific solidus energy because of the
friction between the abrasive grain and generated chip. The minimum specific cutting energy
(11.5 J/mm?®) is much higher than the specific energy required for melting in both solidus and
homologous states. Thus, this difference may be a result of high friction between the diamond
grain, the chips and the workpiece, as well as higher plowing or plastic deformation in the
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cutting process. Moreover, the tool has a defined geometry, i.e. a conical form, with a relatively
high negative angle (120 degree) and an ideal sphere tip radius of 100 um without a sharp
cutting. This would cause higher friction. However, in the actual grinding process, the
individual grinding tools are much sharper.
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Fig. 35. Surface topography of the workpiece after micro-grinding process for a: conventional part;
b: AM BD 20: and ¢: AM BD 30 (ve = 10 m/s, a.= 10 pm, v,, = 800 mm/min, and 4ggr. = 100).

The topography of the ground surface for the three materials was analyzed and the results are
displayed in Fig. 35. Almost the same surface topography was achieved using the same grinding
parameters, regardless of the material-manufacturing method. The surface parameter, Sa, and
roughness parameters, Ra and Rz, are all nearly of the same order. In all cases, some material
debris can also be seen on the ground surface.

7.2.5. Surface roughness

Fig. 36a shows the simulated and experimental values of the surface roughness versus different
depth of cuts, based on the method explained in section 6.2. In both simulation and experiment,
increasing the depth of cut resulted in a rougher surface finish. As can be seen in Fig. 36a, both
predicted and experimental surface roughness values increased with increasing the depth of cut.
Increasing the depth of cut increases the grinding forces, which consequently increases the
stress on the micro-grinding tool — increasing the risk of vibration and increased surface
roughness. The influence of the feed rate on surface roughness at the cutting speed of 14m/s is
shown in Fig. 36b. The grinding feed rate has a negligible effect on surface roughness. Although
the predicted surface roughness values are somewhat lower than those obtained from
experiments. The differences between the simulated and measured surface roughness, seen in
Fig. 36b, can be attributed to the unavoidable vibration in the grinding process (at cutting speed
of 14m/s). The tool vibration is one of the influential factors which may significantly influence
the surface quality. The very small diameter of the tool along with its high rotational speed
causes the tool vibration which has been neglected in the simulation.
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Fig. 36. The simulated and experimental values of the surface roughness versus different a: depth of cuts
(ve =6 m/s and v, = 1000); and b: feed rate (v. = 14 m/s and @, = 7 pm).

The simulation results agree with the experimental results to a greater degree at a low cutting
speed of 6 m/s (Fig. 36a); and less so at higher cutting speed (14 m/s) (Fig. 36b). For an instant,
the predicted surface roughness at the cutting speed of 6 m/s, feed rate 100 mm/min, and depth
of cut of 7 um was similar to the real surface roughness (Fig. 36a). However, changing the
cutting speed from 6 to 14 m/s increased the measured surface roughness from Ra=0.89 to
Ra=2.2. The simulation model predicted a finer surface roughness with increasing the cutting

speed from 6 to 14 m/s (Ra=0.89 to Ra=0.65).
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8. Conclusions

The main objective of the thesis is to achieve a highly efficient and accurate micro-grinding
process in terms of specific grinding energy and surface integrity. In connection with the
postulated research questions (RQ), the following conclusions (summarized in Fig. 37) can be
drawn:

Surface integrity and effects of different process parameters. (RO1 and RO4)

To evaluate the surface integrity in micro grinding, the induced residual stresses, surface
roughness, confocal microscopy pictures as well as SEM pictures were analyzed.

Titanium

e Micro-grinding experiments induced only compressive residual stresses — limited to the
ground surface. Lower cutting speed and higher v./a. ratio resulted in larger
compressive residual stresses. The induced compressive residual stresses by varying the
vw/a. ratio were mostly caused by thermal loads. Changing the cutting speed generated
both thermal and mechanical loads. High cutting speeds led to a severe amount of
smeared material, cavities, and material debris. To achieve a finished surface with a
good surface integrity, it is necessary to lower cutting speed and increase feed rate;
instead of employing a large depth of cut. The tool-workpiece contact length plays an
important role in induced residual stresses. For the same specific energy, changing the
contact length results in different residual stresses. An almost damage-free surface was
achieved when employing the cutting speed of 6 m/s.

e The quality of the finished parts was not affected by the material-manufacturing method
(AM vs. wrought). Therefore, the micro-grinding surface integrity was comparable in
both material cases.

e The results showed that the surface quality of the finished parts is highly affected by the
dressing parameters. Optimization can be done by proper selection of Uy and gu
parameters. Increasing the dressing overlap ratios reduced the values of surface
roughness and improved the overall quality of the surface finish.

Si3Ny

e The results indicate that using ultra-short pulse Laser Assisted Micro-Grinding (LAMG)
could improve the accuracy of the part to a large extent. When applying LAMG, no tool
deflection was measured during the process. This is in stark contrast to approximately
30% of tool deflection in the Conventional Micro-Grinding (CMG) process.

¢ Among tested micro-grinding tools with different bonds, the best surface roughness was
achieved when using an electroplated grinding tool because of the higher number of
active grains and reduced uncut chip thickness.

Process efficiency and underlying the effect different process parameters. (RO2 and RO4)

The specific grinding energy is a key indicator to evaluate the efficiency of the micro-grinding
process. This indicator can indicate the amount of plastic and elastic deformation as well as
ploughing in the process.
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Titanium

SizNy

Feed-rate-to-depth-of-cut ratio did not significantly affect the specific energy of micro-
grinding of titanium, while keeping the maximum chip thickness constant. However,
using lower cutting speeds resulted in higher specific grinding energy. Grinding with a
sharp tool (achieved by rougher dressing parameters) gave lower specific energy.
Concentration of the abrasives did not affect the obtained specific energies.

The same minimum specific grinding energy of 11. 5 J/mm? was obtained in the single-
grain scratch tests for both workpiece materials (conventional and AM-produced).
Cutting of AM material was more efficient compared to conventional material at chip
thicknesses lower than 5 um due to higher chipping ratios and lower specific energies.
In the micro-grinding process, at high aggressiveness, almost the same specific energy
was obtained for all materials, independent of their manufacturing process (75 J/mm?).
This energy was much higher than the minimum specific energy required for titanium
cutting. This proves a high level of elastic deformation and ploughing in the micro-
grinding of titanium. At lower aggressiveness, the AM parts either generated the same
or higher specific grinding energies than the conventional part. The built-up direction
of the additively manufactured parts had a significant influence on the specific energy
(AM BD 30 higher than AM BD 20).

Using a Laser-Assisted Micro-Grinding (LAMG) process could drastically increase the
efficiency of the process. However, finding a suitable laser input energy density proved
challenging. Comparing the result of specific energy with structured and unstructured
tools showed that with approximately 10% tool structuring, the specific energy required
for micro-grinding Si3N4 could be reduced by up to 60%. This could be achieved by
reducing the number of active cutting edges (higher chip thickness) through structuring.
The hybrid bonded grinding tool showed stable behavior during the long-term grinding
test. However, the grinding forces induced by this tool were relatively high. The vitrified
grinding tool contained a high porosity and generated lower grinding forces (almost 40
percent lower compared to the metal-bonded tool).

Process modeling and fundamental investigation of titanium micro-grinding (RO3)

The developed model enabled that the effects of process parameters and micro-grinding
tool topography could be acceptably correlated to the process outputs; of course, with a
certain degree of accuracy and simplification. Modelling of the micro-grinding process
was applicable by describing the micro-grinding tool topography as a function of the
grain size, concentration, height, and distribution.

From the modelling and experimental results, it can be concluded that the flow stress of
the titanium did not change with increasing the strain rate in the range of tested cutting
speeds (6-14 m/s). Thus, for a constant chip thickness, the specific grinding forces are
almost similar for the utilized cutting speeds. Moreover, the feed rate and depth of cut
have the same impact on the specific grinding forces where the grinding forces did not
change with changing the feed-rate-to-depth-of-cut ratio.

One of the most influential factors in modelling the micro-grinding forces is tool
deflection. The tool deflection resulting from the normal grinding forces was statically
modelled with acceptable accuracy. Another important factor is the dressing process
and tool condition. The effect of dressing parameters on force modelling showed that
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even at the same chip thickness, finer dressing parameters resulted in higher grinding
forces and the prediction model could precisely correlate the dressing parameters to the
grinding forces.

e The prediction model could rather precisely estimate tangential and normal micro-
grinding forces (mean error of 10%). In the case of prediction of the ground surface
roughness, however, the simulation results matched with the experimental results in
greater degree at low cutting speed of 6 m/s, rather than at the higher cutting speed
(14m/s). This could be because of the tool vibration which occurs at the higher cutting
speeds — effect not considered in the model.
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9. Future work

Based on the results presented in this thesis, the following suggestions are made regarding an
extension of the work with respect to micro-chipping mechanism, process efficiency and
surface integrity of the machined parts.

One of the most critical factors, which can largely affect the integrity of the finished
surface, is temperature. Thus, a fundamental study of the micro-grinding temperatures
is essential. In the micro-grinding process, the workpiece-tool contact length changes
rapidly with small variations in the process parameters. Therefore, a thermo-mechanical
analysis of the micro-grinding process can give a wealth of knowledge to researchers.
Because of the size effect, the tool run-out and vibration play an important role in
achievable process outputs and the underlying material removal mechanism. In this
study, these parameters were neglected. Tool vibration can negatively affect the surface
quality and cause tool breakage and grain pull-out.

Based on the literature review the attritious wear is one of the major wear mechanisms
in the micro-grinding process. Hence, a deeper knowledge regarding the wear
mechanism and its influence on the surface roughness and process efficiency is
necessary.

The effect of different cutting fluids in the micro-grinding process with small micro-
grinding tools is still vague. Moreover, because of the small size of the tool, using high
pressure lubrication is not possible. But utilizing high pressure coolants in some cases
is necessary, which can cause tool vibration and deflection. This can largely affect the
accuracy of the finished parts. Therefore, finding the connection between these
parameters are essential. Additionally, because of high rotational speed and small size
of the micro-grinding tool, cutting fluids with high viscosity may not reach the tool-
workpiece contact zone, therefore the optimization of the cutting fluid density is
essential.

Modelling of the micro-grinding process is still in its early stage. Most of the modelling
studies only considered the effect of process parameters and tool specification on the
micro-grinding forces and surface roughness. Many important parameters such as tool
vibration, run out, and tool deflection are neglected. These parameters have an influence
on the process parameters as it was illustrated in this thesis for the case of tool deflection.
A deeper modelling study regarding the influence of these parameters is crucial for a
better process understanding. Moreover, the thermal aspects must be carefully
investigated and the effect of different lubrication, considering various heat sources and
size effects, is still open for integration into modelling. Additionally, the influence of
the tool wear on the resultant forces may also be considered for modelling.
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