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Abstract

Titanium and its alloys are difficult-to-cut materials, commonly used in several application fields,
such as: medicine, aerospace, automotive and turbine manufacturing due to their biocompatibility,
corrosion resistance, excellent mechanical and thermal properties, and light weight. However, its
machining is associated with several difficulties, such as high tool wear, low surface quality, high cutting
forces and high costs. To overcome these problems, using a proper and efficient manufacturing process
seems essential. Micro-grinding provides a competitive edge in the fabrication of small-sized features
and parts with superior surface quality compared with other processes. The quality aspects such as
surface integrity of the parts produced by micro-grinding is influenced by various factors related to the
induced mechanical and thermal loads during the process. Therefore, the machining parameters must be
carefully chosen and controlled. Hence, developing an advanced, highly effective and efficient method,
which can produce high quality micro-parts without inducing sub-surface damage, seems essential.

In this study, experimental and analytical investigations on 2D micro-grinding of titanium are
presented. The run-out of micro-tools can be affected by the relatively high forces induces by mechanical
dressing, meaning that the dressing and tool-conditioning possibilities are limited. Therefore, a proper
set of dressing parameters is obtained for dressing of micro-grinding tools. An analytical model, which
considers grits interaction, heat transfer and actual micro-grinding tool topography is developed which
is able to predict the surface roughness and cutting forces for a given set of dressing and grinding
parameters. It is shown that the topography of the tool varies with changing the dressing parameter
which affects the grinding forces and surface roughness. In the analytical model the actual topography
of the tool is considered in the simulation for the first time. Additionally, the model is able to determine
grinding parameters that generate minimum surface roughness with minimizing the grinding forces. To
determine the correct chip thickness with the maximum material removal rate, an appropriate grinding
tool and optimum process parameters to generate highly accurate contours in a micron scale will be
further analyzed.

Using the analytical model, the effects of process parameters and tool surface topography are
mapped to the process outputs, i.e. surface roughness and grinding forces. The results show that the
analytical model enables the prediction of micro-grinding forces with a total error of 13.5% and surface
roughness with the total error of 16%. The simulation results match with the experimental results to a
greater degree in the low cutting speed range, rather than at higher cutting speeds. The results also
indicate that the dressing parameters, such as the dressing overlap ratio and the speed ratio are influential
factors, affecting surface roughness and grinding forces. Using higher values of dressing overlap ratio
(Uq up to 1830) reduced the surface roughness, however, leads to approximately 70% higher cutting
forces. The observed 40% reduction in the grinding forces is achieved by increasing the cutting speed
from 6 to 14 m/s, but this increases the surface roughness. Higher values of the dressing overlap ratio
reduce the chip cold-welding on the abrasive grains and causes less loading of the tool in form of chip
nests. Welded clogging of the grinding pin at lower Uq values deteriorates the surface quality resulting
in increased surface roughness. Using the up-dressing method leads to lower chip loading over the
surface of the grinding tool, which improves the ground surface. Moreover, the down-dressing of micro-
grinding pins results in higher value of surface roughness and lower grinding forces compared with up-
dressing.

Keywords: Micro machining, dressing, modelling, grinding, tool topography.
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1. Introduction and State-of-the-art

The society demands are forcing the companies to introduce new micro-parts and new
manufacturing process. Consequently, new manufacturing-application fields are opened which
are becoming more and more interesting for the researchers and industries [1]. There are several
methods to manufacture parts in micro-size which are categorized into two groups: (1) non-
mechanical and (2) mechanical micro-manufacturing. Non-mechanical micro-manufacturing
methods such as lithography, Electro Discharge Machining (EDM), and chemical machining
are expensive, the process time is always long and are normally not suitable specially in the
case of small-batches [2]. Another problem is the dependency of such processes to the type of
the machined material and are in some cases only suitable for some specific materials. For
instant, only conductive materials can be machined using EDM. Hence, using mechanical
manufacturing methods seem highly important.

Mechanical micro-cutting is one of the key technologies to enable the realization of high
accuracy complex micro-products made from a variety of engineering materials including
titanium and its alloy, with high accuracy and capability of producing complex micro-parts 3D
geometry. Micro-cutting raises a great number of issues, mainly due to the size or scale
associated with the process. The size effects can change the whole aspect of the machining
process. Since the ratio of size of part/size or the micro-structure to the cutting tool
dimension/cutting parameters becomes smaller as the results of size effect. Furthermore,
scientific understanding of fundamentals and applications in micro-machining is essential and
much needed to address the underlying necessities for predictability, producibility, repeatability
and productivity of manufacturing at micro-scales [1].

In principle the micro-cutting processes are kinematically similar to conventional cutting
processes. However, they are fundamentally different in several aspects which are listed below

[1]:

1- Uncut chip thickness and underlying cutting mechanics: The uncut chip thickness in the
micro-cutting processes differ from that in macro-cutting process and is much smaller.
It is impossible to scale down the macro-cutting processes to micro-cutting since in
micro-cutting processes the uncut chip thickness becomes comparable to the grain size
of workpiece materials. In this case some issues which are not important in macro-
cutting become critically important in micro-cutting such as cutting-edge radius effect,
tool-workpiece contact at the flank face, minimum chip thickness and micro-structure
effect. The aforementioned points are known as size effect. Moreover, machining
dynamics is also totally different because of the size of the tool and machine tool.

2- Dimensions and accuracy of micro-parts or features: micro-cutting process is being used
for producing the part with small size or the parts including micro-features and micro-
structures which may have the range of 1-1000 pm with relative accuracy in the order
of 10°3-10 and surface roughness (Ra) less than 100 nm.

3- Cutting tool geometry: in micro-cutting the size and the shape of the micro-tools is
limited to the size and accuracy of micro-features. The tool diameters are typically in a
range from 25 pum up to 2000 pm. Thus, the micro-geometry is becoming very
important.

4- Application area: micro-cutting has a broad application in areas requiring micro-
components and is capable to machine wide range of engineering materials including
titanium, metals, polymers, technical ceramics and composites.



But choosing a proper micro-machining process is an important issue. Among the micro-
mechanical machining processes, grinding has gained a lot of attention as the final finishing
process. Micro-grinding is an effective process to achieve dimensionally high accurate parts
with superior finished surface.

1.1. Titanium

Difficult-to-cut materials such as titanium and its alloys are commonly used several
application fields. Titanium has superior properties such as great strength property, high
strength-to-weight ratio, corrosion resistance, biocompatibility, good mechanical properties,
and lightweight [3]. The aforementioned advantages make this material suitable for the
fabrication of parts and devices for biomedical applications such as implantable drug-delivery
systems and micro-surgery tools [4]. The best example are biomedical implants (Fig. 1). In this
case the biological performances of titanium implants are highly dependent on their surface
topography for example knee joints [5]. It also has long been used for macro-scale biomedical
devices like orthopedic and micro-needles [6]. Since the demand for these micro-parts is
increasing, more and more companies and research groups are getting involved with the micro-
machining of this material. However, machinability of these materials is facing several
challenges. For example, high tool wear associated with the reactivity of titanium with tool
materials, and its low thermal conductivity [7]. Burr formation also can be counted as one of
the limitations [8].

(S )

Fig. 1. Dental implant components. (Reprinted by permission from Springer: Springer Nature, the journal of the

Minerals, Metals & Materials Society, [9], Titanium in medicine: Material science, surface science, engineering,
Brunette DM, Tengvall P, Textor M, Thomsen, Copyright (2013)).

As far as biomedical applications are concerned, a huge number of topographical features
in the nano-, micro- and meso-scale is needed, mainly for implants in bone structures. For load-
bearing implants, parts in the range of over 100 um are needed and are essential for the
mechanical interlocking of bone tissue to provide better osteo-integration, like the intimate
contact between the bone tissue and the surface of titanium implants [10]. The other examples
are including artificial hip joints, artificial knee joints, and bone plates, screws for fracture
fixation, cardiac valve prostheses, pacemakers, artificial hearts, crowns, bridges, overdentures,
and dental implant prosthesis components (screw and abutment) [9]. Another dentistry example
is a temporary orthodontic mini-implant used generally to secure anchorage in contemporary
orthodontic treatments (Fig. 2). This implant has a small diameter (1.2 mm to 2.0 mm) and the
orthodontic load can deform the mini-implant [9]. One of the most important criteria for such
parts is the surface roughness which affects many implant-cell interaction parameters and must
be carefully controlled, especially the parts that are in direct contact with the bloodstream.



Fig. 2. An example of an orthodontic mini-implant for anchorage application. (Reprinted by permission from
Springer: Springer Nature, the journal of the Minerals, Metals & Materials Society, [9], Titanium in medicine:
Material science, surface science, engineering, Brunette DM, Tengvall P, Textor M, Thomsen, Copyright
(2013)).

Titanium and its alloy can be also used as a good replacement in Micro-Electro Mechanical
Systems (MEMS) and micro-needles [6,11-13]. Recent process developments have permitted
to use titanium to produce and fabricate of MEMS (Fig. 3). The material has several advantages
that make it more attractive than single-crystal silicon in the field of MEMS [11,13,14]. First,
as a metal it has inherently higher fracture toughness than silicon and other semiconductor
materials [15,16]. Second, it has a greater biocompatibility, makes it suitable for many
applications in vivo.
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Fig. 3. Left: Scanning electron micrograph of a titanium-based MEMS comb drive structure, right: Scanning

electron micrograph illustrating sub-micrometer minimum feature size capability. (Republished with permission
of Journal of the Electrochemical Society, from Inductively Coupled Plasma Etching of Bulk Titanium for
MEMS Applications, Parker ER, Thibeault BJ, Aimi MF, Rao MP, MacDonald NC, 152, 10, 2005).

Titanium is also used as a common material in aerospace industries [7]. Furthermore, this
material has a high temperature retention strength, good creep- and oxidation-resistance
properties. These devices are continuously growing with emerging trend in miniaturization of
turbines (Fig. 4), valves, seal supports, cases of fire resistant micro-systems, power generation,
oil and gas extraction, titanium-based micro-aerial vehicle wings, and other major industries
[11,17-21].

1.2. Micro-cutting

The possibility for manufacturing the miniaturized parts is clearly beyond the capability of
current machine tools. Producing the micro-parts requires the use of a specific, and carefully
controlled machining procedure to achieve, easily fabricated, less expensive, high performance
and high-quality micro-parts with complex geometry and high dimensional accuracy. The
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emergence of miniature and micro-products in the last one or two decades is increasingly
demanding the production of components and products with dimensions in the range of a few
tens of nanometers to some few millimeters (Fig. 5) [22].

Fig. 4. Micro-turbine impellers from titanium © 2015 IEEE. (Reprinted, with permission, from Robinson AE,
Funke H, Hendrick P, Recker E, Peirs J. Development of a hydrogen fueled 1 kW ultra-micro gas turbine with
special respect to designing, testing and mapping of the p-scale combustor, 2008 IEEE International Conference
on Sustainable Energy Technologies, Nov/2008).

Research has been carried out in micro-cutting mechanisms for decades and experimental
studies still dominate the micro-cutting research. Some analytical and numerical models for
micro-cutting have been developed based on conventional cutting models and some size effects
have been incorporated into these models. High-accuracy mechanical miniature components
with dimensions ranging from hundred microns to a few millimeters or features ranging from
a few millimeters to a few hundred microns are increasingly in demand for various industries,
such as aerospace, precision engineering, medical engineering, biotechnology, electronics,
communications and optics. Special applications include fuel cells, micro-fluidics, moulds for
micro-optics/lenses and fiber optic elements, micro-nozzles, to name a few. Many applications
require very tight tolerances and both functional and structural requirements demand the use of
various engineering materials, including stainless steel, titanium, brass, aluminum, plastics,
ceramics and composites [1,11,22,23]. The desired surface finish in micro or nano-range is
another issue in the micro-manufacturing that should be strictly considered and monitored.

Relation to existing technologies

Nano Atomic/material science 1E+0 [ Conventional & ultra -
o i MEMS T %i precision manufacuring
3 B T -scal
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Fig. 5. Left: dimensional size for the micro-mechanical machining (Reprinted with permission from Wiley,
Dehong Huo and Kai Cheng, Micro-Cutting: Fundamentals and Applications, John Wiley and Sons) [1]; right:
micro-manufacturing size/precision domains (Reprinted from International Journal of Machine Tools and
Manufacture, 46/3-4, Chae J, Park SS, Freiheit T, Investigation of micro-cutting operations, 313-332, Copyright
(2006), with permission from Elsevier).
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It has long been known that traditional micro-manufacturing processes, such as chemical
etching and lithography, cannot match future demand of the industry for micro-parts, since
these micro-manufacturing methods are generally planar processes and applicable just for
semiconductor materials. The relative accuracies of micro-manufacturing processes are of the
order of 10 to 102, whereas the needs of many mechanical miniaturized parts need relatively
more accuracies such as in the order of 107 to 10° [22] . On the other hand, many applications
of the micro-parts also need high surface quality such as the surface roughness of the machined
surface. Micro-cutting can overcome these problems and achieve aforementioned requirements
of the machining 3D high accurate micro-parts in a wide range of engineering materials. Fig.
5 (left) compares dimensional size and accuracy with other manufacturing methods.

Fig. 6. Simple and compound shaped micro-pin by micro-turning (Reprinted with permission from Wiley,
Dehong Huo and Kai Cheng, Micro-Cutting: Fundamentals and Applications, John Wiley and Sons).

Fig. 5 (right) illustrates micro-manufacturing size/precision domains. Micro-cutting is
normally used to produce part or features with sizes ranging from tens or hundreds of microns
(Fig. 6). Although micro-machining may not be capable of producing the smallest feature size
as would be the case using MEMS and NEMS (Nano Electric Mechanical Systems) processes,
it is a critical technology in bridging the gap between macro and nano-domain [23]

1.3. Micro-grinding

Micro-grinding is an effective process to achieve high dimensionally accurate parts in
machining process with superior surface finish. Due to its capability to generate superior surface
integrity, micro-grinding is normally used as the final production procedure. Unlike other
micro-cutting processes (turning and milling) where ductile or less hard materials are usually
machined, micro-grinding is capable to machine also brittle and hard to cut materials. In the
case of high accuracy, when the micro-features do not require micro-grinding tools, the
relatively large grinding wheels can be used. However, the size and geometry of micro-grinding
tools determine the limit of the size and geometry of micro-parts and micro-features [24]. Fig.
7 shows two different micro-grinding tools with very small sizes.

Fig. 7. Micro-CVD diamond-coated grinding tools (Reprinted from International Journal of Machine Tools and
Manufacture, 50/4, Jan Gébler, Sven Pleger, Precision and micro CVD diamond-coated grinding tools, 420424,
Copyright (2010), with permission from Elsevier).



The micro-grinding process offers certain advantages over other mechanical micro-
machining technologies and has been researched in several studies. Producing the micro-feature
and micro-parts with the highest quality is a mean goal of micro-grinding which in this case it
outperforms other micro-cutting processes. Cao et al [25] showed that 3D micro-structures with
high surface quality can be effectively machined (Fig. 8) with combination of Electrochemical
Discharge Machining (ECDM) and Polycrystalline Diamond (PCD) grinding and the
machining time can be reduced up to 30 percent with higher surface quality.

Fig. 8. Micro-structures machined by (a,c) ECDM and (b,d) then ground by a PCD tool. (Reprinted from
International Journal of Precision Engineering and Manufacturing, 14/1, Xuan Doan Cao, Bo Hyun Kim, Chong
Nam Chu, Hybrid micromachining of glass using ECDM and micro grinding, 5-10, Copyright (2013), with
permission from Elsevier).

The effect of micro-grinding parameters on surface quality and subsurface recrystallization
of nickel based single-crystal super-alloys was studied by Zhou et al. [26]. They showed that
micro-grinding process with lower cutting speeds, higher feed rates and depth of cuts, led to a
higher level of tool wear. However, the surface quality became gradually worse. Moreover, the
lubrication could improve the tool life and surface quality. They also observed that the wear of
abrasives was the main wear form of micro-grinding tool in the early stage.

; bottom bottom
surface surface

crack
length

Fig. 9. Edge crack length for C100-C145 and grain size of 1 um (left) and C100-C145 and grain size of 2 um
(right). (Reprinted from CIRP Annals - Manufacturing Technology, 64/1, Aurich JC, Carrella M, Walk M, Micro
grinding with ultra-small micro pencil grinding tools using an integrated machine tool, 325-328, Copyright
(2015), with permission from Elsevier).

Feng et al. [27] monitored tool wear during micro-grinding of ceramic and showed that
without knowing the machining characteristics, the tool wear monitoring is possible. They also
presented a simulation model to predict the generated surface by the micro-grinding process
[28]. Aurich et al. [2] studied the influence of micro-grinding pins’ specification on the material
removal mechanism of silicon. They showed that, the smaller the grain sizes and the smaller



the grain concentrations, the better the structure quality and the higher the tool wear. Decreasing
the feed rate and increasing the cutting speed improved the surface quality. They also showed
that using smaller tool diameters caused large edge cracks at the edge of the machined area
(Fig. 9).

Butler-Smith et al. [29] presented a new laser-generated diamond micro-grinding tool (Fig.
10) for titanium micro-machining. The new tool was conceited of highly uniform cutting
elements with an optimized layout. This ensures an even distribution of load during the micro-
grinding process. Moreover, the material removal is ideally shared, and an efficient chip flow
occurs during the process. Therefore, the new tool outperformed conventional electroplated
diamond micro-grinding tools for precise applications. A superior finished surface (three times
better than the one induced by a conventional tool) could be achieved with the newly developed
tool and better durability was accomplished.

Fig. 10. Unused laser ablated solid diamond micro-grinding tool (Reprinted from International Journal of
Machine Tools and Manufacture, 59/August, Butler-Smith PW, Axinte DA, Daine M, Solid diamond micro-
grinding tools: From innovative design and fabrication to preliminary performance evaluation in Ti-6Al-4V,

55-64, Copyright (2012), with permission from Elsevier).

Feasibility of Minimum Quantity Lubrication (MQL) in micro-grinding has been
investigated by Lee et al [30]. They proved that using nanofluid MQL can reduce the grinding
forces and improve surface roughness significantly. In the case of grinding forces, the nano-
diamond particles used in MQL as well as higher volumetric concentration of the diamond
particles and smaller size are more effective than nano-Al>Oz particles. However, the Nano-
Al>O3 particles performed more effective than nano-diamond particles in the case of surface
roughness. This cooling-lubrication method can also improve the tribological properties [31].

2eku x7@ Zo 9 21 8 28kU

Fig. 11. a) Circular tool, b) triangular tool, c) square tool, d) D-shaped tool, €) conical tool of 60°, and f) conical
tool of 90°. (Reprinted by permission from Springer: Springer Nature, The International Journal of Advanced
Manufacturing Technology, [32], Fabrication of different geometry cutting tools and their effect on the vertical
micro-grinding of BK7 glass, Asma Perveen, Wong Yoke San, Mustafizur Rahman, Copyright (2013)).
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In contrast with macro-grinding, the micro-grinding tool can have irregular shapes. Perveen
et al. [32] investigated the performance of the PCD tools with different geometries produced
by EDM process for glass micro-grinding (see Fig. 11). The results indicated that the lowest
grinding force in tangential and normal directions were induced using D-shaped tool, whereas
triangular tool experienced lower force along z-axes (parallel to the tool axis), and the highest
grinding force was induced by the circular tool. The surface roughens was much finer when the
circular tool was used. The tool wear was higher in the case of square and triangular tools
compared to circular and D-shaped tools. Overall, the D-shaped tool performed better compared
to the other geometries.

Morgan et al. [33] used a PCD D-shaped tool to produce the micro-holes via grinding in
tungsten carbide. The results showed that the straightness, waviness, and roughness of the
drilled holes can be improved using the new formed tool. In another study they used another
shape of the tool (see Fig. 12) to grind glasses [34]. Using higher depth of cut caused brittle
fractures around the edges of the grooves. When the depth of cut was lower than the critical
chip thickness brittle fractures were not observed, and the ductile mode was obvious. Moreover,
the surface roughness of around 0.3 nm was achievable using the new tool.

Fig. 12. SEM image of a conical tipped PCD tool. (Republished with permission of 10Pscience, from Micro
machining glass with polycrystalline diamond tools shaped by micro electro discharge machining, Morgan CJ,
Vallance RR, Marsh ER, 14, 12 and 2004).

Another important factor in micro-grinding is the specific grinding energy defined as the
energy expended per unit volume of material removed. Morgan et al. [35] used the metrology
data to examine the surface quality of the ground groove in tungsten carbide. They measured
the grinding forces in the normal direction to the feed speed to calculate the specific grinding
energy. The specific grinding energy remained constant after tool entrance and did not changed
while increasing the contact length. They found that the tool round-out has a great influence in
the micro-grinding forces measurements at a frequency equal to the spindle speed.

In longer machining cycles the effect of grinding temperature on the quality and
performance of the parts becomes more important and critical to investigate. Yadong et al. [36]
studied the temperature distribution on the ground surface in micro-grinding of H26 steel by
the means of experiment and finite element simulation. Since the grinding forces were relatively
small compared to the macro-grinding process, the grinding temperature was not high. They
measured the highest temperature at the depth of cut of 0.022 mm which was just about 53°C.

1.4. Modeling

Modelling of the micro-grinding process, especially micro-grinding forces and surface
roughness plays an important role in characterizing the micro-cutting mechanisms. In
conventional grinding process there exist a lot of modelling methods which can be categorized
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into three groups according to: analytical methods, experimental methods and numerical
methods [37-39]. Analytical modelling of the micro-cutting process is still at its early stage.
There are only a few effective models to predict the micro-grinding process. There are two
approaches to analytically model the grinding forces [1]. The first approach calculates cutting
forces using the instantaneous uncut chip cross section, and the second one is based on a slip
line field model which calculates cutting forces using the shear plane area [1]. Most of the
models are adapted from the two conventional approaches, but taking one or more size effects
into consideration. The size effects which have been modelled to predict micro-cutting forces
include ratio of feed rate to tool radius; cutter edge radius [40]; minimum chip thickness [41];
and micro-structure effect.

The chip thickness in micro-grinding is relatively small compared to macro-grinding. Thus,
mechanical and thermal interactions between a single grit and the material which is removed
are linked to the size effect phenomena. Here the generated surface is not only related to the
process parameters and micro-grinding wheel properties, but also the microstructure of
removed material, accordingly the crystallographic effect should be also considered in micro-
machining. On the other hand, the diameter of the tool in micro-machining is much smaller than
those in macro-machining. Thus, the ploughing and friction forces which are normally
neglected in macro-machining become more significant. Moreover, in micro-grinding the
grinding tool deformation and deflection become more critical. These phenomena are not only
related to the size of the tool, but also to the physical mechanisms of the material removal
process (Fig. 13) [42], affecting both cutting forces and surface roughness.
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Fig. 13. Variation trend of main parameters according to varying wheel dimensions (Reprinted from
International Journal of Machine Tools and Manufacture, 48/15, Hyung Wook Park,Steven Y. Liang, Force
modeling of micro-grinding incorporating crystallographic effects, 1658-1667, Copyright (2008), with
permission from Elsevier).

The ground surface roughness resulting from micro-grinding has a significant influence on
the performance of micro-parts. It is believed that surface integrity, dynamics performances and
electrostatic characteristics of micro-components strongly depend on the achieved micro-
machined surfaces parameters in terms of surface integrity (including surface roughness).
Therefore, the quantitative characterization of the micro-machined surfaces and corresponding
optimization of machining parameters is much desired. The size effect has a significant
influence on the generated surface roughness in micro-machining. The surface roughness can
be also described as a function of the equivalent chip thickness. This can be considered as a
subclass of empirical models due to the empirical constants that need to be adjusted [42].

In micro-machining processes there is an optimal value for the feed rate which produces the
smallest surface roughness and is related to the minimum chip thickness. A typical surface is
characterized by finishing cutting paths and plowed material to the sideway of grooves.



However, many other marks can be found such as cracks produced by thermal impact, back
transferred material, and craters produced by grain fracture [43]. Other factors that characterize
a ground surface are the traverse and longitudinal waviness produced by the random nature of
the grinding process and by machining vibration. When considering all these factors, a complete
prediction of the surface topography is a complicated problem.

Analytical models for surface roughness are based on the micro-structure of the micro-
grinding tool in both one and two dimensions [1]. The tool topography is described using
simplification factors such as constant distance between cutting edges and uniform height of
the cutting edges. Similar assumptions are used to describe the surface roughness based on chip-
thickness models. The number of cutting edges over the surface of the micro-tool are limited
and the wheel topography has a significant effect on the generated surface roughness [1].
Moreover, the parameters such as grit protrusion heights, inter-grit spacing, and grit locations
play a very crucial role in the modeling as well. The first step in these modeling approaches is
the prediction of micro-tool topography. Like in macro-grinding the abrasive grains are
stochastically distributed over the surface of the grinding tool in micro-grinding, and it is
difficult to model the exact topography of the micro-grinding tool. Anandita et al. [44] studied
the kinematic effects of tool topography and process parameters on the generated surface in
micro-grinding process. They generated the micro-grinding tool considering all the realistic
randomness from an electroplated micro-grinding tool. They also proposed an algorithm to
minimize the clustering of grits in order to guarantee an appropriate homogeneous grit
distribution over the micro-grinding tool surface. Kunz and Mayor [45] used the machine vision
analysis to measure the static grit density of the abrasive grains in micro-grinding and provided
probability distributions for the static grit density.

The micro-grinding temperature is another important factor which has been model by
Gorodkova et al [46]. Their proposed thermo-physical model allowed to calculate the cutting
zone temperature and the temperature distribution over the ground surface as a function of
process parameters such as the cutting speed, the feed rate, the cutting depth, and the material
properties.

2. Research objectives

This work will present experimental and modeling studies on micro-grinding of titanium.
Up to now, the understanding of the effects of micro-grinding parameters on workpiece surface
quality is still vague. Moreover, the research addressing the micro-precise contour production
on hard-to-cut materials by micro-grinding is limited. Additionally, the micro-grinding of
titanium has not been fully investigated, yet. Dressing and tool conditioning, which directly
influence the surface quality and grinding forces, have been neglected by researchers and there
is no analytical study or dedicated modeling available considering the effects of dressing
parameters on the grinding process outputs.

In this thesis a methodology for predicting the micro-grinding forces and surface roughness
has been introduced — based on analytical analysis of the process. For the first time, the effects
of the dressing parameters on micro-grinding forces and surface roughness are investigated.
The analysis considers the single-grit interaction and micro-grinding tool topography. The
results have been validated with experimental tests. In experimental work, diamond grinding
tools have been used to generate accurate contours, to achieve the above-mentioned objectives.
An appropriate grinding tool to generate and desired surface quality, along with optimal
grinding and dressing parameters have been determined. Moreover, a chip-thickness threshold
has been proposed for achieving maximum material removal. Mechanical dressing technique
using a diamond roller has been used for dressing the grinding tool, and its effect on surface
quality and forces has been studied.
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The goal of this project is to investigate the effect of grinding and conditioning parameters
on the chip formation mechanism, micro-grinding forces, and surface quality, chip loading and
present a mathematical and analytical model for the process.

3. Analytical/theoretical work

The number of research papers in the field of micro-grinding process are mainly limited to
study of the grindability of various materials, and there is a lack of modelling studies in this
field. In this thesis, the single-grain scratch test results for titanium have been adopted from the
work of Feng and Cai [47]. Based on these experimental data, a regression model has been
extracted for the normal grain force and pile-up characteristics as functions of grain size, cutting
speed, and depth of cut. The results for single-grain scratch, i.e., the force values and the
chipping mechanism have been further extended to the aggregate action of the cutting grains in
the grinding process through the kinematics of the process. The simulated forces and surface
roughness have also been validated by the experimental results in micro-grinding of Ti6AI-4V.

3.1. Single-grain scratch

The experimental results for single grain scratch test of the Ti6AI-4V were extracted from
Feng and Cai [47] work, where experiments were performed at different cutting speeds and
depth of cuts. The results for grinding normal and tangential forces (Fng and Fy), which
correspond to different grain cross-section areas (Ag) are shown in Fig. 14. The cross section
was measured after single grain test considering the plastic deformation and piled up. The cross-
section area of grain and workpiece engagement could be directly related to the depth of cut
and the average grain size (assuming that the tip of the abrasive grain has a spherical form).
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Fig. 14. Single-grit grinding forces: a) normal grinding force, b) tangential grinding force [47]

Higher cutting speeds led to lower forces which constantly increased with the increase of
the Ag. Increasing the cutting speed reduces the plowing and sliding in the process. The grinding
forces consist of cutting, plowing, and sliding components [48]. The proportional relation
between the forces and flat wear area implies a constant average contact pressure p and friction
coefficient p between the wear flat and work material, where these relationships can be
expressed as follows:

Fog = KAgt 8p (1)
Fig = Bk Ag+ 67 @)

where, Fng and Fig are normal and tangential forces in single grain test, k is the specific
grinding force acting upon a unit grinding section area, ¢ the coefficient relating to half cone
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angle of the grain, ¢ is the actual area of contact between the wear flats and the workpiece. The
ratio of Fi/Fng can be derived from Eqgs. 2 and 3 as:

_ OKA+udp (3)
T kA+8p i+ mC,

where coefficient m=k(Z-p), and Ce = Ag/Fng can be associated with the cutting ability of
the single grain. When Ag becomes bigger, more material will be removed, Ce is a coefficient
of removal ability. Eq. 3 can be used for studying the friction coefficient, which reveals a linear
relation between ¢ and Ce. It theoretically shows that the value of ¢ at Ce=0 is the friction
coefficient L where no cutting occurs and just the plastic deformation associated with plowing
happens.

The theoretical model of the single grain test is not accurate since many parameters such as
material pile-up and external sources such as vibration and machine stiffness are not considered
in the model. Thus, a regression model was fit as a function of the average grain size, the cutting
speed, and the depth of cut from the results of single-grain test. The unknown coefficients in
the model are determined by minimizing the mean square error of the experimental results (least
square method) [49]. The regression equation for the normal grain force can be accordingly
expressed as:

Foy = 4.65 x 1075d,, ", 0513y, ~0.082 (4)

where dg is the average grain size (um), ag is the grain depth of cut in um, and v is the
cutting velocity in m/s. Eq. 4 implies that the cutting force increases when utilizing larger grains
and depths of cut; and reduces with increasing the cutting velocity. It is valid for the boundary
conditions set by the conducted scratch tests of titanium for the range of performed
experimental parameters listed in Table 1. The regression latter reflects the dependency of the
material properties on the strain-rate. According to this regression equation, the cutting
conditions of each cutting grain can be expressed in the term of a normal cutting force. Through
integration of the normal grain force components of individual grains in tool-workpiece contact
zone of the actual grinding process, the total normal grinding force can be estimated. The
tangential force component can be further obtained by applying the grinding force ratio (ratio
of the tangential to the normal grinding force; assumed value of 0.65 for the titanium) [50].

Table 1. Process parameters for single-grain test [47]

Parameters Values
Low cutting speed, vc (m/min) 1.71
High cutting speed, vc (m/s) 67,90 and 120
Feed speed, vit (m/min) 1.71

3.2. Grinding tool modeling

The distribution of cutting grains over the surface of the grinding wheel is stochastic.
Therefore, in case of a macro-grinding process, featuring a large grinding wheel, modeling the
exact topography of the tool is impossible. One of the methods to model the grinding wheel
topography is using the Probability Density Function (PDF). In this function, the shape
parameters K and the scale parameter A, of the PDF can be defined according to the actual
topography of the grinding wheel obtained from the confocal microscopy image as explained
by Zahedi and Azarhoushang [51]. These parameters can be easily obtained via the Abbott
curve from the software.
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where I'is the Gama function.

In micro-grinding process, however, the diameter of the tool is small (in our case 2 mm),
and the abrasive grains of the grinding tool can be modeled as distributed according to their real
position on the actual grinding pin. For this purpose, the surface of the grinding pin was
captured by a confocal microscope. Fig. 15 shows the confocal image of the actual topography
of a vitrified-bonded diamond grinding tool (D46-C150).
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Fig. 15. a) Confocal picture from the grinding tool, b) Height profile of the Section 1, c) Profile of the Section 2

After taking the pictures, several sections were extracted, and the position and protrusion
height distribution of each single grain were extracted and used to model the grinding tool (as
illustrated in Fig. 15). The y direction defines the position of the grain in peripheral direction
which can be defined from the position of section in Fig. 15-a. The position of the grain in the
longitudinal direction along the tool axis can be obtained from the horizontal axes of Fig. 15-b.
In order to ensure that the chosen grain (profile in Fig. 15-b) represents the real grain, the width
of the profile has been measured. The grains are bonded over the surface of the grinding wheel
and the measured area can be also the bound, which, in this case is vitrified. If the width of the
profile (marked in Fig. 15-b and c) is around the grain size, the chosen profile is an actual
abrasive grain. Finally, the protrusion height of each single grain can be measured from the
vertical axes in Fig. 15-b and c.
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Fig. 16 shows a section from the visualized grinding tool, modeled according to the actual
position of the grains. The whole grinding tool surface is obtained by extending the modelled
section of the wheel surface to its whole width and periphery. According to Shaw [52], it is
assumed that the tips of the grains have a spherical shape. The grain diameter is also defined
according to the grain size of the tool which is 45 pm.

3.3.Kinematics of the peripheral flank-surface grinding

The results of the single-grain scratch test can be extended to the aggregate cutting action
of abrasive grains on the grinding tool surface through defining the distribution of the grains
and the grain-workpiece interaction. By expressing the coordinates of the cutting grains (X, Yi,
Zi) and the individual points on the workpiece surface (X, Yj, Zj) in a global coordinate system
fixed at the workpiece, the grain-workpiece engagement can be characterized and interpreted
according to the generated regression model. The engagement criteria of the i grain can be
consequently expressed as:

x-%) +(-%) +(2-2) < (dgi/z)z (6)

where dgi 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 the case
of engagement (when Eqg. 6 holds), the grinding force components and the workpiece surface
topography are calculated according to the engagement depth, grain size and cutting velocity.
The proposed procedure is applied to the all grains on the tool-workpiece contact zone at each
time increment.
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Fig. 16. Simulated grains on the projected surface of grinding pin

The proposed model makes it possible to consider the effects of the individual grain
regarding the time-dependent workpiece surface topography modified by previous cutting
grain. Therefore, after the calculation of the grain engagements (Eg. 6) and corresponding
forces, the workpiece surface is also modified accordingly. 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 modelling of tool surface
and the time-dependent simulation of the grinding process (force and workpiece surface).
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4. Experimental work

To validate the simulate results a set of experimental tests were performed, and simulation
was modified based on the experimental results.in this section, a detail description of the
experimental procedure and measurement is provided.

4.1. Micro-grinding experiment:

One of the main difficulties in performing micro-machining experiments is the availability
of appropriate machine tool that can be used for implementing micro-machining processes and
specially to utilize a tool-based micro-machining for fabrication of components at the required
scale. Some requirements that high/ultra-precision machines over a range of applications shall
have is listed as following [1]:

e High dimensional precision better than a few microns.

e Accurate geometrical form better than 100 nm departure from flatness or roundness.

e Good surface finish, in the range of 10 — 100 nm Ra.

e High static stiffness.

e Low thermal distortion.

e Low motion errors.

e High damping or dynamic stiffness.

e Facilitate measurement of fabricated products on-machine.

e Avoidance of chatter vibration.

e Good tooling and clamping to achieve minimum tool run-out and minimum errors from
re-clamping.

e Specialized precision motion control system.

Acoustic
lemission senso:

Grinding Tool

——>Feed Direction

Fig. 17. a) Experimental setup, b) schematic of the grinding process

In this study a high precision CNC machining center (Kern Pyramid-Nano) was used in
order to perform the micro-grinding tests with high rotational speed and accuracy. Thanks to
its hydrostatic drives and guides, the machine suffers virtually no wear of its linear axes. This
means the quality and precision of all axes remain constant over extremely long-time period.
In conjunction with KERN's proprietary thermal management system, it is possible to have a
precise tool position at any time. The machine consists of two spindles one with hydrostatic
bearing and the other with mechanical bearing. The hydrostatic bearing enables to achieve a
high rotational speed; up to 160000 1/min (Fig. 17-a). A peripheral flank-grinding operation
has been chosen to perform the micro-grinding experiments. In this method the peripheral
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surface of the grinding wheel removes the material from the surface of the titanium material
which is shown in Fig. 17-b. Ti4V6AI titanium alloy in the form of a block with the dimensions
of 30x20x10 mm was used as the test material.

4.2. Micro-grinding forces

The tools in micro-cutting operation are mostly rotating with high rotational speeds (more
than 100000 rpm), resulting in high excitation frequency. Therefore, it is nearly impossible to
measure the cutting forces within a wide frequency range because of the interference of the
excitation frequency with the natural frequency of the used dynamometers. Finding a
dynamometer which its lowest eigenfrequency exceeds the excitation frequency by more than
a factor 3 is difficult. This factor enables the dynamometer to accurately measure the process
forces in micro-machining operations [53]. Transchel et al. [53] showed that the commercial
Kistler type 9256 dynamometer is suitable to measure the micro-cutting forces, Therefore, the
micro-grinding forces presented in this study were measured using a Kistler type 9256C2 three-
component dynamometer shown in Fig. 17. The dynamometer was connected to the amplifier
type 5015 and the forces were recorded via a LabView software.

4.3. The surface roughness

The generated surface roughness in this study was measured using a tactile surface
roughness tester (Hommel-Werke model T-1000) shown in Fig. 18-a. A confocal microscope
(usurf mobile plus) was used to obtain the confocal pictures from the topography of the ground
surface. 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.

“ Y &
Fig. 18. Measurement setup for the surface roughness a) using the tactile surface roughness tester, b) using the
confocal microscope

4.4. Chip loading

A digital microscope (Keyence VHX-100) was mounted in the machine to take pictures of
the grinding pin after the dressing (prior to grinding), and after the grinding. The grinding tool
was dressed, and after the dressing process, the periphery of the grinding tool was marked at
three different regions (0, 120, and 270 degree). Prior to the grinding three images from each
marked area were taken using the digital microscope. The pictures were stored, and the relevant
grinding test was performed. After the grinding test, the surface of the grinding tool was
captured from the same marked positions. The taken pictures after and prior to the grinding
tests were compared to calculate the amount of the chip loading over the surface of the grinding
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tool. This procedure was repeated for all the trials. Accordingly, the chip loading as the results
of different grinding and dressing parameters was determined and compared in relative terms.

4.5. Dressing

The micro-topography of grinding tools, which is greatly affected by the dressing process,
plays a key role in the performance of the grinding process. It can influence not only the
grinding forces and temperature, but also the surface finish and integrity [54]. The grinding tool
micro-topography undergoes several changes during the grinding process due to the tool wear
— causing variation in grinding forces and surface roughness [55]. Hence, a periodic dressing
of the grinding tool is needed to maintain (or reproduce) the initial micro-topography of the tool
and remove or reduce the level of tool run-out. Accordingly, the dressing process can be
considered as an integral part of the grinding process.

; - w7
Fig. 19. The setup for the digital microscope

Several researchers investigated the effects of the dressing parameters on the macro-
grinding process. Rasifard [56] studied the effect of the ultrasonic-assisted dressing (UAD) of
vitrified-bonded cBN grinding wheels with diamond form rollers and showed that the wear of
the grinding wheel can be reduced up to 50 % when using the UAD. Daneshi et al [57] studied
the effect of dressing parameters on internal cylindrical grinding and suggested that after the
dressing and prior to grinding, the wheel should be sharpened or relatively low feed rates should
be utilized when grinding the first part. Malkin and Murray [58,59] studied the mechanics of
the dressing process and showed that rougher grinding tool surface induces lower grinding
forces and rougher surface finished. Linke [60] presented a model for predicting the grinding
wheel topography after dressing with different parameters. She also used this model to predict
the dressing forces [61]. Linke and Klocke [62] measured the dressing temperature generated
in the contact zone between the grinding tool and the dresser. They observed significant wear
of the diamond dressing tools after the dressing. Saad et al [63] investigated the effect of
dressing parameters on the ground surface roughness. Azarhoushang and Rasifard [54]
presented the most important variants of the dressing process for different types of grinding
tool bonds such as synthetic resin, metal and vitrified. All the mentioned studies utilized
relatively low dressing overlap ratios, Uq, (generally Uq is smaller than 8) and showed that
higher Ug normally induce very high grinding forces and temperatures, and hence, lead to a
poor surface integrity of the workpiece. The very recent research on the fundamentals of
diamond-wheel conditioning postulates hitherto unknown diamond removal mechanisms and
postulates new parameters to analytically model the process [54,64].
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_ Fig. 20. Dressing setup

In this study, the grinding pin was dressed using a diamond dressing roller with the diameter
of 100 mm. Oil was utilized as the grinding fluid. The dressing tests were carried out at different
dressing-speed ratios (gq), and dressing-overlap ratios (Uq). The dressing-speed ratio is the ratio
of the peripheral speed of the roller dresser to the peripheral speed of the micro-grinding pin
following by a sign. The speed directions of the dresser and the tool in the contact zone can be
defined using this sign. If the speed directions are the same, the dressing is called down dressing
designated as positive. If the speed directions are opposite to each other, the dressing speed
ratio is negative, which is called up dressing. The dressing overlap ratio is the ratio of the
engagement width of the dresser and the axial dressing feed of the dresser per grinding tool
revolution. In practice, this ratio is often extracted from the active width of the dresser [65].
The dressing overlap ratio is calculated as:

U, = _W )
ad

where aeq is the dressing depth of cut, rpq is the radius of the dressing tool and fad is the
axial feed (faa = Vvraa/Ns; Where ns is the rotational speed of the grinding pin). Here, we are
assuming that the width of cut equals the active width of the dressing tool [66]. In macro-
dressing, the overlap ratio typically ranges between 2 and 8. In micro-dressing since the
diameter of the tool is very small (i.e. 2 mm); the rotational speed of the tool should be very
high to achieve required cutting speed v values (e.g. almost 100000 1/min for the cutting speed
of 10 m/s). Consequently, since extremely high vsag is needed to achieve Uq values smaller than
10, the low values of Ug are not applicable in micro-grinding. As a result, much higher values
of dressing overlap ratios Uq were used in this study, and the effects of these very high Uq values
on grinding performance are studied for the first time.

Table 2. Process Parameters

Grinding Parameters Values
Cutting Speed, vc (M/s) 6, 10,12 and 14
Feed Rate, vit (mm/min) 200, 500 and 1000
Depth of Cut, ae (um) 4,7and 10
Width of Cut (mm) 25
Dressing Parameters Values
Dressing Depth, aed (um) 2
Dressing Speed Ratio, qd -0.4, +0.4 and +0.8
Dressing Overlap Ratio, Uqd 45, 90, 270, 305, 910, 1830

The process parameters including the dressing parameters are listed in Table 2. the
corresponding dressing feed rates for overlap ratios of 45, 90, 270, 305, 910, and 1830 at the
cutting speed of 10 m/s are 2000, 1000, 350, 300, 100, and 50 mm/min, respectively.
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5. Results and discussions
5.1. Micro-grinding forces

5.1.1. The effect of cutting speed

This section presents the results of micro-grinding forces and surface roughness obtained
from the simulation and experiments. The effects of the process parameters as well as dressing
parameters are presented and discussed. The experimental and simulated normal and tangential
grinding forces versus different cutting speeds are presented in Fig. 21. Both simulated and
experimental forces follow the same trend and are matched qualitatively. Increasing the cutting
speed decreased the grinding forces, as expected. This could be because of the changes in the
kinematic energy and the impact force of each single abrasive grain with increasing the cutting
speed. Increasing the cutting speed reduces the number of kinematic cutting edges and the mean
uncut chip thickness of each active grain [67].

Grinding Parameters: Grinding Tool: Coolant:
v.=6;10and 14 m/s D46 C150V oil

v; = 500 mm/min Workpiece:

a.= 7um Titanium Grade 5

3

F.-Simulation

TT=-a
F,-Experimental

Grinding forces [N]

1 F-Simulation

Fi-Experimental

2 4 6 8 10 12 14 18
Cutting speed, v, [m/s]
Fig. 21. Grinding forces versus cutting speed.

The number of kinematic cutting edges can be defined by Eq. 8, where L is the spacing
along the tool surface from the prospective cutting point to the proceeding active one, ¢y is the
protrusion deference between the cutting points of n and n-1, v is the workpiece velocity, and
de is the equivalent diameter of the grinding tool [68]. Decreasing the vu/vc ratio decreases the
number of kinematic cutting edges owing to the reduction of the number abrasive grains which
do not come into the contact with the workpiece surface. The uncut chip thickness (hm) can be
defined according to Eq. 9 [68]. However, increasing the L increases the uncut chip thickness,
its effect is smaller than the vw/vc ratio [68]. Therefore, increasing the cutting speed decreases
both the uncut chip thickness and the number of kinematic cutting edges. Hence, the grinding
forces, which are acting on each active grain, are decreased — resulting to lower grinding forces.
In Fig. 21, the simulation results for tangential and normal forces were accurate within the total
error of 11.5 and 10.5 percent, respectively.

=2 ®

P = 2L (22) (Z—Z)”Z 9)

Ve
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5.1.2. The effect of depth of cut

Fig. 22 shows the tangential and normal grinding forces versus the depth of cut. Both
tangential and normal forces increased with increasing the depth of cut. The same trend can be
seen for simulated forces. Higher depth of cut causes higher material removal rate and thicker
uncut chip thickness — resulting in higher normal and tangential forces. Additionally,
increasing the depth of cut increases the contact length of the grinding tool with the workpiece
and the number of the momentarily engaged cutting edges — inducing higher grinding forces
[69]. According to the experimental results, the grinding force ratio lies within 10% of the
assumed value in the modelling. Therefore, the assumption of a constant force ratio could be
acceptable for a specific material and defined range of the grinding conditions.

Grinding Parameters: Grinding Tool: Coolant:
v.=10and 14 m/s D46 C150V Qil
v; = 1000 mm/min Workpiece:
a.= 4,7und 10 pm Titanium Grade 5
2
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Fig. 22. Grinding forces versus depth of cut: a) tangential force; b) normal force

Although, the prediction of the tangential force is qualitatively matched with those in the
experimental study by increasing the depth of cut, the predictions are more accurate at the
smaller depths of cut. The variation in the predicted grinding forces can be associated with the
following causes:

e During the grinding process, the number of active cutting edges changes due to the
grain breakage and pull-out. Hence, different active grains are available at different
height levels — inducing different force values.

e The actual grains are normally sharper than the assumed spheres.

¢ In modeling process, it was assumed that the grains are ideally spherical. However,
in the real grinding tool they have different shapes.

e The wear of active grains in the real grinding process increases at higher depths of
cut. Hence the grit protrusion will be reduced and become smaller than the simulated
grit protrusion.

20



5.1.3. The effect of dressing overlap ratio

According to Fig. 23, high dressing overlap ratios (achieved by reducing the dressing feed)
increased the cutting forces. The micro-topography of the grinding tool is affected by changing
the dressing overlap ratio (Eq. 2), which gives the relationship between the theoretical grinding
tool surface roughness, Rts, and the dressing overlap ratio (Eq. 10) [70].

Qed
R.. = ~€a 10
ts 2

02 (10)
Grinding Parameters: Grinding Tool: Coolant:
v.=12m/s D46 C150V Gil
V¢ = 1000 mm/min Workpiece: Dressing SpeedRatio:
a,= 10pm Titanium Grade 5 qq=+08

B A

Grinding forces [N]

45 %0 270 305 910
Dressing overlapratio, Uy
Fig. 23. Grinding forces Fn and F; versus the dressing overlap ratio, Ug

Here, the higher Uq values lead to a finer micro-topography of the grinding tool — resulting
in an increased number of static and kinematic cutting edges, rising the amount of rubbing and
plowing 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 [61]. This
phenomenon can be explained with reduced dressing forces when increasing the dressing
overlap ratio [71]. 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 and
coarse. In contrast, it has been shown that the grain tips are much more flattened when the
dressing feed rate is low (i.e. at high Uq values) [58]. 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 cutting forces. Both normal and tangential forces F, and Fy
increase with bigger wear-flat area on the grains, as estimated by Egs. 11 and 12 below.

F = Ft,c + p—ﬁb(deae)l/zA (11)
E, = Fn,c + ﬁAa(deae)l/ZA (12)
Ag = b(deae)l/zA (13)

Here, Ficand Fncare the tangential and normal forces for cutting, p is a constant average of
contact stress, W is the friction coefficient, A is the fraction of the tool surface which consists
the wear flat, Aa is the actual contact area between the wear flat and the workpiece (calculated
by Eq. 13), b is the grinding width, de is the equivalent diameter (in surface grinding de is equal
to pin diameter) and ae is the depth of cut. The lower the value of R, the higher the flat area, A.
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The normal micro-grinding force starts at about 3 N for the Ug=45 and increases up-to 5 N
for Ug=910, i.e. approximately a 70% increase. A reason for this increase could be the dressing
temperature; since lower dressing feeds reduce the average dressing temperatures [62]. The
friction between the dresser and the grinding tool could be reduced, causing lower fracture of
the abrasive grains.

Tool
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Fig. 24. Grinding forces F, and F; versus the dressing speed ratio, qgq

5.1.4. The effect of dressing speed ratio

In rotary dressing, the grinding tool and the dressing roll engage against each other in a
rotational movement. The used speeds and the rotational directions, determine the dressing-
speed ratio, g4, which has a significant effect on the dressing process. The speed ratio is
therefore another dressing parameter which must be considered when generating the micro-
topography of the grinding tool. As such, qq, affects the dressing forces [60] and can be
calculated as:

— Ved

9a =7~ (14)
where vgq is the dressing-roller cutting speed. Rotary dressing can be categorized into two
different processes, anti-directional up-dressing (gs < 0) and uni-directional down-dressing (qd
> 0). In most operations, the common dressing speed ratios vary between -0.8 and +0.8. The
grinding forces versus dressing speed ratios are shown in Fig. 24. Here we can observe that
increasing the speed ratio from -0.4 to +0.8 decreases the grinding forces noticeably.

An increase in the speed ratio, qq, 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 [57,67,72]. In contrast, the contact length of the dresser-grinding tool is much larger
in up-dressing compared to down-dressing, causing more wear-flats and finer surface roughness
of the grinding tool which result in higher grinding forces. This can be schematically explained
on Fig. 25-a, which illustrates the path of a diamond grain of the dresser over the surface of the
grinding pin.
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Fig. 25. a) Illustration of the dressing path, b) generated path on the grinding tool surface with up-dressing
method, and c) generated path on the grinding tool surface with down-dressing method

The dressing process starts at the point A (P.1) and ends at the point B (P.3), generating the
dressing path Lq. The diamond grain reaches the maximum engagement depth of aeq with the
grinding tool at the point P.2. For up-dressing, the duration of the grain moving from P.1 to P.3
can be calculated as [73]:

dl
dt = (t; — t,) = (P.1toP.3) (15)
Vea
Ly
t;—t; = — (16)
3 1 Ved

where t3 is the time instant at which the diamond grain exits the grinding wheel (at position
P.3) and Lg is the length of the dressing-grain path from P.1 to P.3. For both up- and down-
dressing, the dressing path generated on the surface of the grinding tool (Ls) can be calculated
using:

Lspitors) = (tz — t1). (Ve — veq) (17)

Combining Eqgs. 14-17, while neglecting the size of the diamond grain the Ls can be
expressed as: [73]:

(1< qu <+1): Ly = |(%— 1) -Ld| (18)
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According to Eg. 18, the contact length of the dresser with the micro-grinding pin increases
when changing the dressing method from down- to up-dressing. As shown in Fig. 25-b and c,
changing the contact length and contact geometry both affect the theoretical roughness of the
grinding pin. The obtained topography, shown as red patterns in Fig. 25-b and c, reveals the
generated profile on the grinding pin by two different dressing kinematics. In the up-dressing,
the generated paths on the grinding pin overlap with each other since the contact length is larger
(i.e. the radius is bigger). Therefore, the peak-to-valley height is reduced here, leading to a
smoother micro-topography of the grinding tool.

5.2. Surface roughness
5.2.1. The effect of depth of cut

The surface roughness measurements have more scatter compared to the measured grinding
forces. This is due to inherent higher variations in surface-roughness measurements, but also
due to the fact that the measurements were done using a portable device in the machine after
each grinding test. Vibrations and temperature changes could also cause higher variations.

Fig. 26. shows the simulated and experimental values of the surface roughness versus
different depth of cuts. In both simulation and experiment, increasing the depth of cut resulted
in the rougher surface finish. As it can be seen in Fig. 26, the surface roughness values, predicted
by the simulation method, follow the same trend as the experimental values.

Grinding Parameters: Grinding Tool: Coolant:
v, =6 mfs D46 C150 V Qil
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a.= 4, 7und 10 pm Titanium Grade 5
3
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Fig. 26. Surface roughness versus depth of cut, a.

Increasing the depth of cut increases the number of kinematic cutting edges and the mean
uncut chip thickness of each active grain (Egs. 7 and 9), therefore it leads to higher values of
the surface roughness [68]. On the other hand, Increasing the depth of cut increases the grinding
forces, consequently increases the stress on the finished surface which causes higher vibration
and rougher surface roughness.
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5.2.2. The effect of feed rate

The influence of the grinding feed rate on the surface roughness at the cutting speed of
14ml/s has been shown in Fig. 27. The grinding feed rate has a negligible effect on the surface
roughness. Although the surface roughness predicted by the simulation are finer than those
obtained from the experimental study at the cutting speed of 14m/s, the trend of the roughness
changes with varying the feed rate. The differences between the simulated and real surface
roughness, seen in Fig. 27, can be due to the unavoidable vibration in the grinding process by
using the 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 [74].
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Fig. 27. Surface roughness versus feed rate, vs

The simulation results were matched with the experimental results in greater degree at the
cutting speed of 6m/s (Fig. 26), rather than the higher cutting speed (14 m/s) as seen in Fig. 27.
For 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. 26). However, changing
the cutting speed from 6 to 14, not only changed the real surface roughness from Ra=0.89 to
Ra=2.2, but also the simulated surface roughness was considerably different from that in the
real situation at the cutting speed of 14 m/s. As known in the macro-grinding operations,
increasing the cutting speed causes finer surface roughness because of the smaller chip
thickness. With comparing Fig. 26 and 27, the simulation model predicted a finer surface
roughness with increasing the cutting speed from 6 to 14m/s due to the smaller chip thickness.
This does not agree with the experimental results in these figures since the tool diameter is very
small and tool vibration occurs at the high rotational speeds which is neglected in the simulation
process.

5.2.3. The effect of cutting speed

The surface roughness increased with rising the cutting speed in micro-grinding (Fig. 28).
The same behavior was also reported by Li et al [75]. The surface roughness parameter, R; is
constantly rising with increasing the grinding cutting speed. In case of Ra, there is no significant
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change in the roughness when increasing the cutting speed from 6 to 10 m/s. Nevertheless, the
Ra increased slightly at the cutting speed of 14 m/s.
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Fig. 28. Surface roughness Ra and Rz versus the cutting speed, v

These observations are important to consider since in conventional macro-grinding an
increase in the cutting speed improves the surface roughness [76]. This well-known trend in
macro-grinding can be explained by the basic of uncut chip thickness [67] model, which is
explained in section 5.1 In micro-grinding, the diameter of the tool is very small — resulting in
a high tool-length to diameter ratio. Hence, the grinding tool acts as a flexible cantilever beam,
and the tangential grinding force F: (acting radially on the tool) causes the tool deflection
parallel to the uncut chip thickness [77]. While the grinding tool is rotating with a high rotational
frequency during the process, the deflection of the tool causes undesirable lateral vibrations
[78]. These vibrations at higher cutting speeds deteriorate the surface roughness. This
phenomenon is not in accordance with the conventional understanding of the effect of the
cutting speed in the grinding process. Normally, higher cutting speed improves the surface
roughness in grinding process. However, the existed vibrations at higher cutting speeds in
micro-grinding process can be predominated to the desired effect of the cutting speed and
deteriorate the surface roughness.
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Fig. 29. Surface roughness Ra and Rz versus dressing overlap ratio Ug
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5.2.4. The effect of dressing overlap ratio

To investigate the relation between the dressing overlap ratio, Ug, and the surface roughness,
an aggressive grinding (i.e. grinding with a high material removal rate) was chosen. Here, the
surface roughness improves by increasing the overlap ratio, as shown in Fig. 29. The observed
surface roughness improvement is up to 60%, when increasing the dressing overlap ratio from
45 to 910. As already explained — higher dressing overlap ratios lead to a finer micro-
topography of the grinding tool, reducing the surface roughness of the ground workpiece.
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Fig. 30. Surface roughness, Ra, versus dressing speed ratio

5.2.5. The effect of dressing speed ratio

The relation between the surface roughness and the dressing speed ratio is shown in Fig. 30.
Here it can be seen that the surface roughness increases when shifting from up-dressing to
down-dressing. The theoretical roughness of the grinding tool increases with the dressing speed
ratio, where higher tool roughness induces a rougher ground surface.

The micro-topography of the grinding pins is shown in Fig. 31. It is clear from the micro-
graphs that the topography of the grinding pin is influenced by either the dressing overlap ratio
(Fig. 31 (a) to (c)), or the dressing speed ratio (Fig. 31 (a) and (d)). Up-dressing induces a more
even tool surface — with almost a constant grain protrusion from the bond — giving a finer micro-
topography of the tool [66,79]; since many grains can be easily detected and seen in the Fig. 31
(d), compared to the Fig. 31 (a). In up-dressing, the vectors of the peripheral speed of grinding
tool and the dresser have different directions which means longer contact time in comparison
with the down dressing (positive quantities of the dressing speed ratio) as it has been explained
in Fig. 25.

In grinding, the chip loading can be divided into two categories, (a) chip nesting and (b)
welded-clogging [80]. Chip nests are formed when the chips tend to stick in the tools’ pores
(spaces between grits). The welded clogging occurs when the chips are cold-welded to the
grains. The chip nests are not very critical for the grinding process, since they mainly do not
detrimentally affect the ground surface quality and can be removed easily with proper cooling
and lubrication. The grinding pins, up-dressed with the dressing overlap ratios smaller than 90
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were subjected mainly to the welded clogging (Fig. 31(a) and (b)), whereas, the up-dressed pins
experienced loading in the form of chip nests during the grinding process (Fig. 31 (d)).

©MoK17B0018 (J{SF

Fig. 31. Chip loading of the grinding pin in different dressing conditions after the grinding process (a. = 10 um;
vi = 1000 mm/min; ve = 12 m/s): a) q¢ = +0.4 and Uq= 45; b) gq = +0.4 and Uy = 90; ¢) g4 = +0.4 and Uy = 270;
d) qu =-0.4 and Uq=45

Fig. 32 shows the ground surfaces when employing different dressing speed ratios, gg. It is
clear from the microscopic images that changing the dressing speed ratio affects the surface
quality. Although, the grinding forces were higher when using up-dressing, the surface damage
is much lower than in down-dressing. This may be associated with the flatness of the grinding
tool surface. As mentioned previously, the down-dressing induces a rougher effective
roughness of the grinding pin. Since there is a limited amount of cutting edges available on the
grinding-pin surface, a rougher surface means that the material removal takes place by a few
active cutting edges. This leads to a much higher chip thickness — cutting loads on individual
grains, increasing the wear rate of the active cutting edges and the cold-welded clogging of
these few active cutting edges (Fig. 31 (a) and (b)). Higher wear of active cutting grains in
conjunction with clogging of the micro-grinding pin deteriorate the surface quality as revealed
in Fig. 32. Consequently, the ground surface integrity is degraded during grinding, subjected to
cracks and loading of the chips to the ground surface.

28



@MoK1780019 CICSF
Fig. 32. The quality of the ground surfaces at different dressing parameters (a. = 10 pm; vy = 1000 mm/min; v; =
12 m/s; Ug=270): a) q¢= +0.8, b) ga= +0.4, and c) qu=-0.4

Based on the analysis of the research results, the best grinding result, validated
experimentally, generated a surface roughness of Ra = 0.25 pm. The following grinding and
dressing parameters were utilized for achieving this surface finish: v¢ = 10 m/s, ae =4 pum, g =
0.8, v = 200 mm/min, and Ug = 910. The related confocal picture of the ground surface is
shown in Fig. 33. Here, we can observe an almost uniform surface, obtained when using
appropriate grinding and dressing parameters.
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Fig. 33. a) Pattern of the ground surface obtained from the simulation model, b) confocal picture of a ground
surface

6. Conclusions
6.1. Paper |

e The dressing overlap ratio and the speed ratio are influential factors, affecting surface
roughness and grinding forces in micro-grinding of titanium Ti-6Al-4V.
* Increasing the dressing overlap ratios (U4 up to 1830) reduced the surface roughness

but led to approximately 70% higher cutting forces because of finer surface of the
grinding-pin.
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e The employment of extremely high dressing overlap ratios in an up-dressing method,
improved the surface finish. This is explained by less chip loading. As in
conventional dressing, the down-dressing of micro-grinding pins caused rougher
surface finish and lower grinding forces compared to up-dressing.

e The grinding forces could be reduced up-to 40% by increasing the cutting speed from
6 to 14 m/s, however, led to an increase in the surface roughness. In the term of
accuracy, it can be an important result for the industry.

e Higher values of the dressing overlap ratio reduced the chip cold-welding on the
abrasive grains and led to less loading of the tool in form of chip nests. Welded
clogging of the grinding pin at lower values of Uq deteriorated the surface quality
and increased the surface roughness of the ground surface.

e A uniform surface with almost no cold-welded clogging was observed when
employing up-dressing. The up-dressing was improved via increasing the dressing
overlap ratio from 45 to 917, resulting a significant reduction in surface roughness
of Rz from 6.19 to 2.88 um and Ra from 0.98 to 0.4 pm.

e The results showed that the surface quality, grinding forces, and chip loading of the
grinding tool are highly affected by the dressing parameters and can be optimized by
changing Uq and gq. Hence the new insights regarding the influence of extremely
high values of U4 (which are not used in conventional dressing of (large) grinding
wheels) in micro-grinding have an important industrial relevance. Achieving a
desired surface roughness is one the biggest challenges in the industry and the
outcomes of the research are highly useful not only in the term of surface quality, but
also accuracy for workshop practice. Future research necessitates the use of
additional dressing parameters.

6.2. Paper Il

e The developed model enabled the prediction of the micro-grinding forces and surface
roughness. The simulated forces and surface roughness were compared with the
experimental results. Both the simulated forces and surface roughness followed the
same trends as the empirical results.

* Increasing the cutting speed decreased the grinding forces in both simulation and
experimental results. A similar influence was seen for varying depth of cut. The
higher depth of cut increased the grinding forces and surface roughness values in
both simulation and experimental results. However; both empirical and simulation
results showed that the feed rate does not influence the surface roughness
significantly.

e The model predicted the mean tangential and normal grinding forces with a total error
of 13.5 %. In the case of prediction of the ground surface roughness, although, the
simulation results were matched with the experimental results in greater degree in
the low cutting speed of 6 m/s, rather in the higher cutting speed (14 m/s) because
the tool vibration which occurs at the higher cutting speeds was not considered in the
model. The surface roughness was predicted at the cutting speed of 6 m/sec with the
total error of 16% among the mean values.
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The model shows that the effects of process parameters and wheel surface conditions
could be acceptably mapped to the process outputs, of course with a degree of
accuracy and simplification. The modeling process can be applied, if the tool
conditions (initially or after being worn) could be described as a function of the grain
size, concentration, height and distribution. Further robustness tests of the model for
different conditions and material are currently being performed.

6.3. Paper 111

The dressing overlap ratio and speed ratio are influential factors in the term of surface
quality.

Increasing the dressing overlap ratio improved the surface roughness in both micro
and macro-grinding processes and led to lower chip loading on the surface of the
grinding pin in micro-grinding process.

Changing the dressing mode from down to up dressing could improve the surface
roughness as well as reducing the welded clogging on the surface of the grinding pin
in the micro-grinding process. A more even surface and almost no cold-welded
clogging could be observed when up-dressing the grinding pins.

Using lower quantities of the grinding speed ratios along with higher overlap ratio
improved the surface roughness more compared to the combination of higher
grinding speed ratio and higher overlap ratio in macro-grinding process, however,
the effect of grinding speed ratio is neglectable.

Decreasing the grinding feed rate decreased the value of the surface roughness.

The superior fine surface roughness of Ra = 0.035 obtained by using relatively high
dressing overlap ratio Ug = 60 in macro-grinding process.
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7. Future Work

As mentioned in the introduction, modeling of the micro-grinding process is in its early
stage. And the micro-grinding process is still not a well-understood process, especially in terms
of surface integrity. The future work consists of two analytical and experimental investigations.

7.1. Modeling

Prediction of grinding forces and surface roughness based on the dressing parameters and
tool topography has not been in the focus of analytical modeling. According to the experiments
carried out during the licentiate, both the surface roughness and grinding forces are highly
influenced by the dressing parameters. Varying the dressing overlap ratio and speed ratio
changes the topography of the tool. Hence, dressing parameters must be considered as important
factors in modeling of the grinding process. In the future, an experimental model, based on the
dressing parameters and the active grains will be extracted and included in the analytical
modeling. To this end, the micro-tool will be dressed using the dressing parameters mentioned
in the study. After the dressing, a confocal picture from the whole grinding pin will be taken.
Using the pictures, it will be possible to quantify the number of active grains that come into the
contact with the workpiece during the grinding. Changing the dressing parameters influences
the number of active grains. It enables to extract an equation based on the dressing parameters
(including the dressing speed ratio and overlap ratio) and the number of active grains. This can
be used and included in the analytical model to calculate the grinding forces.

7.2. Material characterization

The surface integrity plays a key role in part performance and its fatigue life. Therefore, the
micro-grinding and dressing parameters must be carefully chosen and controlled to achieve a
desired surface integrity. So far, the effect of these parameters on the surface integrity are still
not fully investigated. In the next stage, the surface integrity of the parts will be examined under
different conditions. The investigation of materials characterization — including, residual
stresses, phase transformation, micro-hardness, grain size and phase fractions, in micro-
grinding Ti6Al4V titanium alloys will be carried out. The chip thickness in micro-machining is
in the same order of magnitude as the material grain size. Therefore, changing the micro-
grinding process parameters as well as dressing parameters give rise to the anisotropic behavior
of the multiphase materials and their deformation characteristics. Thus, their influences are the
subjects of future study. For this purpose, two kinds of Ti6Al4V materials, Additive
Manufactured (AM) titanium and conventional titanium, will be chosen. The phase
transformation mechanism of the materials will be studied to find the fundamentals of the
methodological and mechanical phenomena during micro-grinding operation. The information
regarding the grain structure (size, shape, and distribution), grain boundary characteristics,
crystal graphic texture, and phase distribution will be obtained.
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