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ABSTRACT
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Machining of precise small holes, an essential feature in parts used in a variety of
industries like aerospace and medical, is made possible by miniature boring tools. Due to the
tight dimensional tolerances and demand for high-quality surface finishes, the hole enlarging
process necessitates the use of miniature boring tools and precise cutting conditions. However,
the delicate geometrical properties of small boring tools make them vulnerable to static and
dynamic deflections. Additionally, the hole enlarging process, which is increasing the diameter
of previously drilled holes, necessitates close attention to maintaining the desired level of
surface finish, along with achieving improved hole dimensions and tolerances such as excellent
circularity and cylindricity values.

Since cutting forces, particularly the radial force, induce the deflection of tools in the process
of cutting, the principal aim of this study is to reduce the forces and enhance the stability of the
tool. The geometric features of the tool, depth of cut, and feed rate values are critical factors
that impact the chip geometry and, consequently, the cutting forces.

A force model and a chatter stability model were developed according to the geometric
properties of the cutting tool. The developed models are validated by experiments. The
experiments involved the measurement of cutting forces, tool wear, surface roughness,
cylindricity, and circularity of the workpiece. Furthermore, modal tests were conducted, and

stability limits, and the tools’ clamping stiffness were measured through experiments. The



results of the study indicated that the predicted and experimental values exhibited a high degree
of agreement. Therefore, through implementation of the established force model, the impact of
the geometric characteristics of the cutting edge on the cutting forces, and ultimately, on the
quality of the surface finish was examined. This investigation was carried out with the objective
of improving the design of the miniature boring tool’s edge geometry to achieve accurate holes

in the hole enlarging operations.



OZET

MINYATUR DELIK GENISLETME TAKIM TASARIMLARININ
SUREC MODELLERI KULLANARAK IYILESTIRMESI

MAHZAD SARGHASSABI

URETIM MUHENDISLIGI YUKSEK LISANS TEZi, TEMMUZ 2023

Tez Danismani: Prof. Dr. ERHAN BUDAK

Anahtar Kelimeler: Minyatiir delik genisletme takimlari, Tasarim Iyilestirme, Kuvvet Modeli,

Tirlama Stabilite Modeli, Deneysel Analiz

Havacilik ve tip gibi cesitli endiistrilerde kullanilan parcalarda énemli bir 6zellik olan
hassas kii¢tik deliklerin islenmesi, minyatiir delik genisletme takimlari ile miimkiin olmaktadir.
Dar boyutsal toleranslar ve yliksek kaliteli ylizey piirtizliiliigii talebi nedeniyle delik genisletme
islemi, minyatiir delik genisletme takimlarinin ve hassas kesme kosullarinin kullanilmasini
gerektirir. Bununla birlikte, minyatiir delik genisletme takimlarinin hassas geometrik
ozellikleri, onlari statik ve dinamik sapmalara kars1 savunmasiz hale getirir. Ek olarak, daha
once delinmis deliklerin ¢apini artiran delik biiyiitme islemi, miikemmel dairesellik ve
silindiriklik degerleri gibi iyilestirilmis delik boyutlar1 ve toleranslarin elde edilmesinin yam
sira, istenen ylizey kalitesi seviyesinin korunmasina da dikkat edilmesini gerektirir.

Kesme kuvvetleri, 6zellikle radyal kuvvet, kesme isleminde takimlarin sapmasina neden
oldugundan, bu c¢alismanin temel amaci kuvvetleri azaltmak ve takimin stabilitesini
arttirmaktir. Takimin geometrik 6zellikleri, kesme derinligi ve ilerleme hizi degerleri, talas
geometrisini ve dolayisiyla kesme kuvvetlerini etkileyen kritik faktorlerdir. Kesici takimin
geometrik 6zelliklerine gore bir kuvvet modeli ve bir tirlama stabilite modeli gelistirilmistir.
Gelistirilen modeller deneylerle dogrulanmistir. Deneyler, is par¢asinin kesme kuvvetlerinin,
takim asinmasinin, yiizey piiriizliliigiiniin, silindirikliginin ve daireselliginin 6l¢iilmesini

igerir.
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Ayrica modal testler yapilmis, deneylerle stabilite limitleri ve takimlarin baglanma rijitlikleri
Olclilmiistiir. Calismanin sonuglari, ongoriilen ve deneysel degerlerin yiiksek derecede bir
uyum sergiledigini gostermistir. Bu nedenle, gelistirilen kuvvet modelinin uygulanmasi
yoluyla kesici takimin geometrik Ozelliklerinin kesme kuvvetleri lizerindeki etkisi ve
nihayetinde yiizey piriizliliigiin kalitesi incelenmistir. Bu arastirma, delik genisletme
operasyonlarinda yiiksek kaliteli delikler elde etmek i¢cin minyatiir delik genisletme takiminin

geometrisinin tasarimini iyilestirmek amaciyla gerceklestirildi.
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1. Literature Survey

1.1 Introduction

The precise hole-enlarging process is achieved through boring process, utilizing
miniature boring tools with inclined cutting edges, including rake, oblique, approach, and back-
approach angles (see Figure 1.1 and Figure 1.2). The main objective is to achieve highly
accurate holes in various industries such as aerospace, medical, and military, where minimizing
surface roughness and geometric errors is critical. Among various parameters, radial force
plays a significant role, causing tool deflection and contributing to chatter, resulting in poor
surface roughness and dimensional errors. Therefore, this literature review investigates the
mechanics and dynamics of the boring process, including surface roughness, cylindricity, and

circularity, in the subsequent sections.

(a) (b)

Figure 1.1. a) top and b) side view of a miniature boring tool.
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Figure 1.2. Geometric properties of a miniature boring tool.



1.2 Mechanics of Boring Process

A model for the mechanics of the boring process, considering insert geometry and cutting
parameters, was provided by Atabey [1]. The total cutting forces for multiple insert boring
heads, including runouts, were calculated using the previous model, and the impact of runouts
on achieving satisfactory hole surface and dimensional tolerances was investigated [2]. These
models have been validated through experiments. In another study, chip geometry was
calculated using B-spline interpolation techniques. Additionally, a method for calculating
forces in three directions (x-y-z) was proposed, assuming the cutting edge is divided into
straight elements. The validation test results, and model outcomes have shown good agreement,

with a deviation of 7-10% in cutting force [3].
1.3 Dynamics of Boring Process

One of the most common issues in boring processes is chatter. Researchers have made
efforts to understand and model the dynamic behavior of the boring process. A dynamic model
of the boring process in the time domain was presented by Lazoglu et al. [4]. An analytical
model of chatter stability was introduced, considering precise chip geometry and important
cutting angles. This model reduces the stability solution to a 1D equation for the boring process
[5]. Moetakef-Imani et al. [6] in this study showed that dynamic simulation of the boring
process enables the prediction of cutting forces and vibration frequencies in stable operations,
facilitating parameter optimization. The dynamics of the boring bar were modeled to
investigate the stiffness over various overhang lengths. However, the dependence of stiffness
on tool length, frequency, mass, and clamping unit properties should be considered in more
detail and separately [7]. Mei et al. [8] proposed a method to mitigate chatter in the boring
process by adding damping to all modes using a controller. In a recent study, an analytical
model was developed to predict dynamic cutting forces, incorporating the time-varying tool
path [9].

The other case is to detect the chatter during boring process. Mode coupling chatter detection
during the boring process was investigated using a PVDF sensor system. The aim was to detect
mode coupling chatter occurrence using a simple computational method to measure the torque
signal [10]. In the other paper, a new prediction method based on PDEs was proposed to
enhance precision in boring deep holes. This method predicts the radial throw of the boring
tool spindle and emphasizes the optimization of spindle speed and cutting forces for more

precise boring operations [11].



Moreover, researchers have investigated different methods to address and prevent the chatter
problem in boring process. One solution is the use of dampers in boring bars, and various types
of dampers have been studied over the past three decades. Friction dampers based on Coulomb
and viscous frictions were introduced as effective solutions for high vibrating frequencies,
offering a simple design and precise boring operation [12]. Another study examined the effect
of passive piezoelectric shunt damping on process stability using analytical and finite element
models. The results demonstrated that this type of damping can increase the stability limit of
the boring process [13].

The need for active damping to maintain the flexibility of long projecting boring tools was
demonstrated by Abele et al. [14] and experimental test results showed that this type of
damping can improve the surface quality of the workpiece in boring operations. Ramesh et al.
[15] explored the effect of double impact dampers on tool wear and cutting temperature,
revealing optimum damper positions and cutting conditions through ANOVA analysis.

The use of magnetorheological (MR) fluid-controlled boring bars has been proposed as one of
the effective chatter suppression methods. An improved MR fluid-based boring bar was
proposed by Mei et al. [16] which allows for various stiffness and damping ratios but lacks
independent control. These MR-equipped bars have demonstrated effectiveness at different
spindle speeds. However, their FEA analysis showed that adjusting natural and damping
frequencies is effective at low spindle speeds but not at high spindle speeds.

In the context of improving dynamic stability of boring process, the effectiveness of semi-
active radially arranged magnetorheological (MR) fluid dampers in reducing surface roughness
and chatter occurrence has been demonstrated. The adjustable properties of MR fluids, such as
magnetic field strength, stiffness, and energy dissipation, make the control of MR-equipped
boring bars more convenient [17]. Another work proposed the use of a sliding mode control
algorithm in conjunction with use of MR fluids for active damping purpose. This algorithm
offers robustness against disturbances [18]. Through FEA methods and experiments, it has been
shown that different damper materials can effectively minimize the displacement of boring
bars. Copper has been identified as the most proper damping material among various options
[19].

Another solution for chatter suppression is the use of tuned mass dampers for boring bars. An
optimized tuneable vibration absorber based on spring mass and its stiffness was designed for
chatter suppression. Mode summation method has been used for defining the specification of
the tuneable vibration absorber [20]. Another study proposed a tuned holder that relies on the

approximate natural frequency of the holder matching the natural frequency of the bar. The
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addition of a sleeve to the holder made it impossible to adjust the assembly dynamics, resulting
in a 69% reduction in magnitude during experiments [21]. A new receptance coupling method
was utilized for absorber optimization, enabling parameter optimization using free mass and
joining position [22].

Dynamic analysis of boring bars can provide insights into enhancing the boring process
precision by reducing chatter occurrence. In a study, the use of high-stiffness carbon fiber
epoxy was proposed in the production of a boring bar capable of suppressing chatter. Their
advantage would be suppressing the chatter in boring bars with high overhang ratio (length-to-
diameter) up to 10:7 [23]. In another study Akesson et al. [24] modeled the dynamics of boring
bars under different clamping conditions using the Multi-span Euler-Bernoulli beam theory.
The results showed that the damping ratio and natural frequency of the boring bar can vary
under different clamping conditions such as number and size of clamping as well as tightening
torque. The effect of a fractional-order model of magnetorheological fluid on vibration control
in nonlinear boring bars was investigated using numerical methods for theoretical analysis [25].
Additionally, an automatic tuned mass damper (TMDs) for boring bars was proposed by
Altintas et al. [26], which allows for the attachment of different boring heads and enables
application in a wide range of length-to-diameter ratios.

Aliakbari et al. [27] investigated the effect of an anti-vibration toolholder on chatter
suppression in long boring bars. However, due to material uncertainties and geometrical
tolerances, the results of dynamic analysis were not repeatable. Takahashi et al. [28] enhanced
the stiffness of boring tools by formulating the dependency of chatter stability on structural
dynamics and utilizing an anisotropic structure. FEM analysis confirmed the enhancement of
dynamic stiffness. Iklodi et al. [29] showed that one of the issues encountered when using
TMDs is displacement constraints during regenerative cutting forces. It also highlighted the
impact of collisions in TMDs on system performance and emphasized the importance of
preventing collisions in enclosed TMDs.

Hintze et al. [30] proposed the use of tuned mass dampers (TMDs) with small diameter slender
boring bars to achieve more accurate and precise boring operations. Analytical, FEM, and
experimental investigations confirmed the improvement of the process, with reduced noise
amplitudes and improved dynamic compliances when using TMD-equipped slender bars.

In another study, the influence of passive impact dampers and tuned mass dampers on the
dynamic stability and surface roughness of the workpiece was investigated through the

development of mathematical models. The importance of overhang in utilizing these two types



of dampers was demonstrated, and the results revealed that passive impact dampers (PIDs) are

more effective than TMDs in higher length-to-diameter ratios [31].
1.4 Surface Roughness and Geometric Errors in Boring Process

Since hole enlarging process using miniature tools employs to generate precise holes in
workpieces, the holes geometric and dimensional precision comes to be very important issue.
In this section a literature survey on the effective parameters on the surface roughness and
geometric errors of bored holes during hole enlarging process has been provided.

The production of accurate mechanical parts such as engine blocks, hydraulic actuators, and
pumps need to be generated by high precision finish boring. Since the precision of cylindrical
components has a substantial impact on the final product's performance, their accuracy needs
to be measured by cylindricity. The specification of cylindricity tolerance is characterized by a
tolerance zone that is limited by two concentric cylinders. It is within this zone that the surface
is required to conform. In relation to the engine's power, oil consumption, and piston ring
friction, it is vital to recognize the significance of cylindricity, particularly when considering
the engine block's cylinder bore [32-35].

The circular and cylindrical characteristics constitute fundamental geometric attributes in
machinery. The fitting specifications for cylindrical parts have important implications for the
performance of precision products and are determined by size tolerances and geometric
anomalies, such as the cylindricity error of the interfacing components [36].

Compensating for machining errors to achieve precise boring operations has been a challenging
problem since the beginning. In a study by Gao et al. [37], the utilization of a servo system
with piezoelectric actuators was proposed for real-time error compensation in the system of a
designed small overhung boring bar. Their results demonstrated a 40% improvement in
roundness errors.

A monitoring method has been developed for monitoring tool wear and surface finish quality
in deep hole boring operations. This method utilizes the frequency band energy ratio around
the natural frequency of the boring bar to monitor surface quality [38].

In another research study, Singh et al. [39] focused on improving surface roughness and flank
wear by suppressing chatter during the boring operation using particle-damped boring bars.
Additionally, Serby [40] introduced a slender boring bar equipped with a strain sensor to absorb
vibration and enhance the precision of internal turning operations for boring bars with high

overhang ratios (up to 14).



In another study, Lotfi et al. [41] investigated the use of 3D elliptical ultrasonic-assisted boring
operations, both numerically and empirically. The analysis results were compared with
conventional boring operations, and it was found that employing this method resulted in a
reduction in surface microstructure change and the impact of cutting parameters on surface
roughness. Furthermore, Ghongade et al. [42] examined the influence of overhang ratio in
boring operations on deflection, vibration, and tool wear.

The effect of chucking methods on the roundness error of bored holes was investigated by
Kahng et al. [43] using curved-beam theory to analytically model the deformation of the
workpiece under various conditions of chucking and using different materials. The test results
showed that although increasing the number of chucking points can enhance the roundness
error, increasing the chucking force also increases the roundness error. Based on the
experimental and FEM simulation results of a finish boring process, Lei et al. [44]
demonstrated that workpiece thermal expansion and deformation, caused by cutting and
clamping forces, as well as spindle radial error motion, are key factors contributing to the
deviation of cylindricity. Although several factors impact the cylindricity of the bored hole, the
most significant one is the spindle radial error, which accounts for more than 50% of the
cylindricity error.

Korkut et al. [45] conducted several cutting tests with different cutting parameters, boring tool
materials, and overhang ratios to find optimized parameters for achieving better circularity of
bored holes. The circularity was enhanced at higher depths of cut, while an increase in overhang
length at small depths of cut resulted in a higher deviation from circularity in bored holes.
Using machining conditions and considering the kinematic motion deviation of the boring
process, a surface roughness simulation model has been developed to predict the surface quality
after the boring operation. As a result, this model can predict geometric anomalies for a simple
boring process under various cutting conditions and kinematic deviations [46].
Chandrasekhara Sastry et al. [47] investigated the effect of cooling conditions on the cutting
temperature, cutting force, workpiece surface roughness, cutting speed, and feed rate during
the boring process of a hole using gunmetal as the workpiece material. It was found that
cryogenic cooling condition was the most effective in reducing the cutting temperature. Dry
cutting condition had the most significant effect on reducing cutting forces and surface
roughness. Achieving the hole with minimum geometric errors (circularity and cylindricity)
was possible with cryogenic cooling condition. Furthermore, cutting speed played a vital role
in determining surface roughness in both dry and wet boring, while feed rate affected surface

roughness in cryogenic boring.



In another study [48], the aforementioned parameters were investigated for the boring of HSLA
ASTM A36 steel. The experimental results demonstrated a significant reduction in cutting
temperature and force during cryogenic boring. Cutting speed was identified as a key factor in
determining cutting force in dry, wet, and cryogenic environments. The values of circularity
and cylindricity decreased with the transition from dry to wet to cryogenic cutting

environments.
1.5 Objective

This thesis aims to investigate the precision of tiny holes generated by miniature boring
tools. In the literature survey, numerous analytical, numerical, and empirical models have been
developed and proposed to investigate the mechanics and dynamics of boring processes. Most
of the dynamic analyses of the boring process have been conducted on long boring bars used
for deep hole boring operations, as they tend to cause chatter. These analyses aim to gain a
deeper understanding of their dynamics and propose new methods for chatter suppression in
long boring bars. However, in this thesis, miniature boring tools are used to enlarge small holes
and enhance their precision in terms of surface roughness, circularity, and cylindricity.
Therefore, the investigation in this thesis does not focus on the impact of overhang ratio of the
boring bars on the chatter problem. Instead, the effect of the geometrical properties of the
boring tool and the clamping stiffness of the tool-holder configuration are examined.
Regarding the investigation of the precision of bored holes, it is noted that the literature review
explores the effects of various variables such as cutting conditions, cooling environment, and
clamping issues on the surface roughness, circularity, and cylindricity of the holes. However,
the effect of the geometrical properties of the boring tool edge has not been thoroughly
investigated.

The aim of this study is to investigate the effect of the geometrical properties of the tool edge
on the precision of the produced small holes. To achieve this, an analytical force model has
been developed based on the geometrical properties of the tool edge. The main objective of
this model is to optimize the design of miniature boring tools by minimizing the radial force
responsible for tool deviation, chatter, and poor surface roughness. Therefore, the force model
is utilized to predict the cutting forces accurately during the hole enlarging process using highly
accurate chip geometry area.

The study investigates the effect of different geometrical properties on the value of radial

forces, and design ideas based on these findings have been communicated to the manufacturer.



An experimental setup for the hole enlarging process using the produced tools has been
prepared, and the experimental and simulation results have been analyzed to determine the
optimal values for the geometrical parameters of the tool edge, aiming to achieve more precise
holes in terms of surface roughness, circularity, and cylindricity.

1.6  Thesis Layout

The thesis is organized as follows:
In Chapter 2, the mechanics of the boring process analysis is provided. An explanation of a
precise uncut chip thickness calculation for different tool-workpiece engagements is given, and
a force model based on this calculation is proposed. Additionally, an experimental validation
section is included at the end of the chapter, where the validation test setup and the comparison
of simulation and test results are explained.
Chapter 3 focuses on the dynamic analysis of the boring process. A chatter stability model
based on the tool edge geometry is adapted, and an experimental validation test setup is
described. The investigation of the clamping stiffness of the tool-holder configuration is
discussed through stiffness tests, measured FRF, and modal analysis.
In Chapter 4, a discussion about simulation results is provided, considering different cutting
conditions and geometrical properties and their effects on cutting forces. Furthermore, the test
results obtained from cutting tests using boring tools produced with different geometrical
properties are investigated. Optimum values for the geometrical properties of the boring tool
are sought to achieve good geometric accuracy and surface roughness after the hole enlarging
process.
In Chapter 5, the contributions of the thesis to the literature, the conclusions and the future

work are provided.



2. Mechanics of Boring Process

In this section, a force model for precise hole enlarging processes using miniature boring
tools has been proposed. The model is based on the oblique transformation and includes the
nose radius effect on the cutting forces. This force model uses a more precise computation of
the chip area, which leads to estimations of the cutting force that are more accurate.
Additionally, it proposes different configurations for the chip area based on negative and
positive approach angles. However, the model does not take into account the effect of the hone
radius and its impact on edge forces, as well as the variation of edge forces along the nose
radius. The modeling of edge forces based on hone radius is not yet complete for this operation,
despite the fact that it is known that increasing the hone radius will increase the edge forces
and consequently the total forces; In the future, more study will be done to incorporate edge
force modeling of miniature boring tools.

Since the depth of cut and feed rate values in precise hole enlarging processes are small, the
tool nose and its geometric properties play a crucial role in determining the cutting force
amounts. The model has been developed based on these geometric parameters and can be used
to predict cutting forces for the boring process using various miniature boring tools with
different geometric properties. To study the effect of geometric properties of the cutting edge
on the cutting forces, a precise chip area has been calculated using the proposed model. Then,
by using orthogonal data for a specific material and applying the oblique transformation,
cutting forces have been calculated. A validation test setup using miniature boring tools has
been prepared, and the model has been verified using the test results.

Depth of cut (b), nose radius (), oblique angle (i), rake angle («), approach angle (Cs), and

feed rate (f) are values define the precise hole enlarging process.
2.1 Kinematics of Boring Process

The precise hole-enlarging process is a boring process in which the tool used is a
miniature boring tool. Miniature boring tools are tools with inclined cutting edges that consist
of rake, oblique, approach, and back-approach angles (see Figure 2.1). In the precise boring
process, the tool follows a linear path along the interior hole of the workpiece (z-axis), while

the workpiece rotates on the spindle of the lathe machine (see Figure 2.2).
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Figure 2.1. Geometric properties of a miniature boring tool.

As can be seen from Figure 2.2, the tangential, radial, and feed forces act in the x, y, and z
directions respectively. Since it is a precise machining process and the final quality of the hole

is of utmost importance, the cutting forces, particularly the radial force, play a crucial role (see
Figure 2.3).

Figure 2.2. Schematic of boring process by Atabey [1]

Consequently, when modeling the cutting forces based on chip geometry, calculating the
precise chip area becomes crucial. This section explains the uncut chip geometry and the

kinematics of the process, which will be utilized for the development of the force model.



Feed direction
>

Figure 2.3. Tangential, radial, and feed forces (F%, F;, Fy) acting on the tool tip.

The workpiece rotates at a spindle speed of n (rev/min), and the tool moves along the z-axis
with a constant feed rate of f(mm/rev). As a result, during each revolution, the tool removes
unwanted material, creating a chip whose geometry is affected by the depth of cut, feed rate,

nose radius, and cutting tool angles (see Figure 2.4).

Previous pass

Approach angle: Cg

Current pass

Figure 2.4. The uncut chip area in boring process using a miniature boring tool.
2.2 Modeling of Chip Geometry

Due to the presence of a nose radius, the chip thickness varies along the curved edge of
tool, thereby adding complexity to the overall geometry. Furthermore, the cutting tool's angles
undergo changes throughout the nose region of the tool.

The combination of parameters such as the depth of cut, feed rate, nose radius values, and
approach angle gives rise to different configurations for the tool and workpiece engagements.
Consequently, these variations in engagement lead to different chip geometries (refer to Figure

2.5).
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C;<0,f >r,b<r C;<0,f >r,b>r

C,<0,f <r,b<r C,<0,f <r,b>r
f

C;>0,f >r,b<r Cs>0,f >r,b>r
f

o

Tool

—_—
Feed direction

C;>0,f <r,b<r C;>0,f <r,b>r

Figure 2.5. Illustration of eight different uncut chip area configurations defined with approach angle (C), depth
of cut (b), feed rate (f), and nose radius of the tool (r).

The scallops on the workpiece, which are marks left by the feed rate, result in poor surface

quality (see Figure 2.6) also it is crucial to maintain high precision in this type of boring
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operation using a miniature boring tool. Therefore, it is necessary to employ small values for

the feed rate to prevent these issues.

———" Feed rate marks
Tool passes Feed rate marks

Feed value

Tool passes —
Feed value

(a) (b)
Figure 2.6. Scallop marks left on the workpiece in successive passes due to feed rate a) bigger than nose radius

b) smaller than nose radius.

Considering the practical geometric characteristics of miniature boring tools and the
requirement for small feed rate values, two configurations from the aforementioned options
have been selected to explain the chip geometry modeling (see Figure 2.7). As depicted in
Figure 2.7, the chip geometry has been divided into four sections based on the geometric

properties of tool nose and directions of the cutting forces.

«Z
y
E!
-
2 k b '
Fy
Section 1 b
Section 2 <
F, 3
v b
4 Ry?
Section 3 «——! 1y ifi
E*
] v
Section 4 «———
(a) (b)

Figure 2.7. Normal and friction forces acting on the uncut chip area whena) C; >0,f <r,b>r b)(; >0,
f<r,b<r

Each section has been further subdivided into smaller elements with slight variations but
following the same logical approach. Each of these elements is considered as a cutting edge,

and the objective is to calculate the cut chip thickness for each of them (see Figure 2.8). To
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accurately model the chip area, we have utilized the proposed model by Altintas [49] and made

appropriate adaptations.

(b)

(a)
Figure 2.8. division of the uncut chip area into elements whena) C; >0, f <r,b>r b)(;>0,f <r,
b<r

Depth of Cut higher than Nose Radius
The first configuration for the uncut chip area occurs when the depth of cut is higher than

23
the nose radius: In this case, the proportional engagement of the tool and workpiece results in

all four sections being cut. Each of these sections is then subdivided into smaller elements,

enabling the calculation of the elemental chip thickness in each segment.

Elemental chip thickness for section 1
Section 1 is the region that is formed by the contact points of the new and previous

2.3.1

passes at the top of the nose (see Figure 2.8).

For calculating the elemental chip area following elemental values are needed and calculated

by 2.1-2.6):
1 T o1 fy g1 82
0 =2 — cos (ZT),HJ- =7 2.1
2.2
2.3

1 I 14
1 _ ] 1 1 o 7l 1

! 1 1 1 ,
Al = (56/1%), A) = Agrpr = GTO}TO}, sin(6}))
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TO} = i/fz + 72— (2frcos(2})) 2.4

007 ) To"
sin (n — ((g — (9].1(]-1 —-1))) + le)) sin (n - (% - (9}.1(]'1 — 1)))) 2.5
0} = S+ (O} - 1) - sin‘1(£ sinG = (6} = 1)) 2.6

where 0, j1, f ,and 7 are total arc angle for section 1, number of elements for section 1, feed

rate, and nose radius respectively. A} is the elemental chip area of section 1. To calculate the

elemental chip area, first, the area of the circle's arc has to be calculated. The area of OTT' can

be calculated by approximating it as a triangle. Then, the elemental area will be the difference

between them.

2.3.2 Elemental chip thickness for section 2 and 3

For the chip area calculation of sections 2 and 3, the same procedure has to be

followed. However, the difference lies in the total angle of the arc. In section 2, the total angle

is 90 degrees since it represents a quarter of a circle. In section 3 (refer to Figure 2.8), the total

angle is equal to the tool's approach angle. For further calculations see Appendix.

( 92 = E
2
6? = 6_2
SR 2.7
j2
A% = ZA-Z
y ~
and for section 3 the equations will change as below
(63 =C
93
3 _
0 = —
3 2.8
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2.3.3 Elemental chip thickness for section 4

This section can be considered as a straight cutting edge (refer to Figure 2.8), so there

1s no need to divide it into smaller elements.

W, =r+rsinC 2.9
At = 4% 4 g 2.10
AY = bf —Wf , A" = (T0%)sin(C) 2.11

where A%, A*', and A*''represent the total area of section 4, the area of the rectangular section,
and the area of the triangular section, respectively. Section 4"’ has a tiny rounded edge that can
be considered almost a triangle. r denotes the nose radius, while C and f represent the approach

angle and the feed rate value, respectively.

2.3.4 Elemental Angles of each Section

Due to presence of nose radius, rake, oblique and approach angles change along the

curved shaped of the cutting edge (see Figure 2.9).

Straight )
cutting edge /

Figure 2.9. 3D representation of the local cutting angles on the insert [50].

The elemental angles are calculated by Eq. (2.12-2.15)

(. 0%
Wi = 2r| sin 1/2 i=1273
j 2.12

9
| Wi=b-W, i=4
k;i = sin_l(r cos(Bji(ji - 1)) — cos(Bjiji))/Wjii i=1,23
) , 2.13
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e

a;i = sin"l(sin(kjii) sin(ay,) + cos(kjii) sin(i)) i=1
S a}i = sin™? (cos (k]ﬂ) sin(a,) + sin(k]".l-) sin(i)) i=2,3 2.14
\ a]f'i = a, i=4
( i;i = sin‘l(cos(kjii) sin(a,) + sin(kjii) sin(i)) i=1
3 i]ﬁ- = sin~! (sin (kjii) sin(ay,) + cos(k]i.i) sin(i)) i=23 2.15

where W]ll denotes the elemental depth of cut, k;i denotes the elemental approach angle, a;i

denotes the elemental rake angle and ijii denotes the elemental inclination angle for each

section. a, and i represent the normal rake angle and the inclination angle respectively.
The second configuration is when the depth of cut is smaller than nose radius: When depth of
cut is smaller than nose radius just the section 1 and a segment of the section 2 are in cut,

therefore the calculation of chip area in section 2 is a little bit more complex geometrically (see

Figure 2.8.(b)).
2.4 Depth of Cut smaller than Nose Radius

The second configuration occurs when the depth of cut is smaller than the nose radius.
In such a scenario, just section 1 and a portion of section 2 are involved in the cutting process.
As a result, the computation of the chip area in section 2 becomes somewhat more complex

from a geometrical perspective.

2.4.1 Elemental chip thickness for section 1

The calculation of the chip area in section 1 remains the same as in the previous

scenario.
(1 _F_
6" = 5~ cos (Zr)
ol = o

J j = jl 2.16

j1
A=
\ 1

17



2.4.2 Elemental chip thickness for section 2

The logic for calculating the elemental chip thickness remains the same as before,

but there is a distinction in the calculation of the area for the first element compared to the other

elements.

Area calculation for the first element and other elements are provided in Eq. 2.17 and Eq. 2.18

respectively. Detailed elemental area calculation is provided in Appendix.

A2 = A2 — 42" j=1 2.17
T 1 "
(62 =2 - (6" +6°")
02 = 9—2
X J G2-1) j=23,..,j° 2.18
j2
A=
\ 1
2.4.3 Elemental Angles of each Section
Again, the elemental angles are calculated using Eq. (2.192.22):
. 6
lei=2r<sin(’/2>> i=12 j2+#1
2.19
i , i ,
Wj‘i=2r(sm<9 /2>) i=2 j*=1
k;i = sin"(rcos(6/ (' - 1)) — cos(@}ji))/VI/}.ii i=1

ki = sin™t (rcos (87 +6%") + 6/ — 1)) — cos((6" + 6'") + 8}j)) /W) i=2 j2#1 220

k;i = sin™(r cos(Gi”) — cos(0! + Bi”))/Vl/jii

a;i = sin"l(sin(kjii) sin(a,) + cos(kjii) sin(i))
a;i = sin~?! (cos (k].ii) sin(a,) + sin(k]i.i) sin(i))

~

i = sin‘l(cos(kjii) sin(a,) + sin(k;i) sin(i))

sin™ 1t (sin (kjii) sin(a,) + cos(k]i.i) sin(i))

.

—~ ~

~.
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2.5 Cutting Forces

Since each small element is considered as a cutting edge, the cutting forces are calculated
for each of them, and the summation of these forces will give the total force.
After calculating the elemental chip thickness, depth of cut, and cutting angles, the cutting force
coefficients need to be calculated for the calculation of cutting forces. In this model, formulas
for the oblique transformation of orthogonal data have been used. However, it is necessary to
calculate elemental cutting force coefficients.
To maintain the continuity of the chip, the shear angle has been assumed to be the same for all
elements. Additionally, the same chip flow angle, which is equal to the global oblique angle,

has been used for all elemental calculations.

. t(cos(B, — ab) + tani! tann, sin 5,)) .
Kic; = - - i=1,234
sin @y, \/cosz((pn + L, — a}) + (tan?n.sin?B,)
. Tsin(B, — al)
i _ J -
! Knej = , , i=1,234 3
cos if sin gy, Jcosz(¢n + Bn — af) + (tan?n.sin?B,)
. T(cos —a)) tani! —tann, sin
Kfc;- _ (cos(Bn — ;) j Ne Sin Br) i=1234
\ sin @, Jcosz(wn + B — aji) + (tan?n,sin2pB,)

After calculating the elemental cutting force coefficients, the elemental cutting forces can be
obtained. Although summing these elemental forces will result in total forces, there is a need
to convert these forces to the machine coordinates (X, y, z) by utilizing the elemental approach

angle using Eq. (2.25) before summing them up.

Ficy = Kic (A} i=1,234
Frci = Knc A i=1,234 2.24
chj', = Kfcj,Aj. i=1,23,4
F, = ZFtcj. i=1,234
F, = Z Fncj. sink} + chj, cos kj i=1,234 2.25
E = 2 Fncj. cosk! + chj, sink/ i=1,234
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2.6 Solution Procedure

For the proposed model, the first step involves calculating orthogonal data based on the
workpiece material. Then, based on the engagement of the tool and workpiece, the active
sections of the chip geometry are determined. Subsequently, the equivalent cutting angles are
calculated through oblique transformation for each section.

Equations (2.1-2.22) are used to calculate the elemental chip thickness and cutting angles for
each section of the chip area. The chip flow angle is assumed to be equal to the oblique angle
for all elements. By utilizing the calculated elemental cutting force coefficients, the elemental
cutting forces can be determined in the tangential, normal, and friction directions for each
section.

The calculation of the elemental approach angle for each active section is necessary and is
based on the elemental depth of cut. These elemental approach angles are then used to convert
the elemental cutting forces in the tangential, normal, and friction directions into the elemental
forces in the tangential (x), radial (y), and feed (z) directions.

Using Eq. (2.23-2.25) the summation of these forces in each section yields the total forces for
that section. Finally, by summing up the forces from all active sections, the total cutting forces

for the boring process can be obtained.
2.7 Experimental Verifications:

Cutting tests were conducted using miniature boring tools on the MORI SEIKI NL1500
lathe machine, with AISI 1050 and Ti-6Al-4v selected as the workpiece materials. The utilized
tools had a 14° rake angle, 6° oblique angle, and a 0.2 mm nose radius. The other geometric

parameters of the tools can be found in Table 2.1.

Table 2.1. Geometrical and Material properties of miniature boring tools

Rake  Oblique Clearance Approach Nose Honing

Tool
Material Coating angle angle angle angle radius  time
code
(degree) (degree) (degree) (degree) (mm) (min)
T-038 TC402 TiN 14 6 10 8 0.2 3

The tests were performed at a cutting speed of 110 m/min and a feed rate of 0.03 mm/rev. Two
different depths of cut were used, one smaller and the other larger than the nose radius, to

validate the proposed model. The cutting conditions are shown in Table 2.2.
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Table 2.2. Cutting conditions of validation tests

Cooling Cutting Speed Feed Rate Depth of Cut
Material .
condition (m/min) (mm/rev) (mm)
Dry
1050 Steel 110 0.03 0.12,0.25
machining
. Dry
Ti-6Al-4v 60 0.03 0.12,0.25
machining

To measure the cutting forces, a Kistler micro dynamometer was employed. Due to cylindrical
shape of the tool holder, a fixture was required to clamp the tool holder onto the dynamometer
(see Figure 2.10).

~=!
v
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/v/

g ?@"’
g

(b)

Figure 2.10. a) The fixture used for clamping tool holder on the dynamometer. b) Measuring forces using
dynamometer

The proposed force model for boring process was developed as a simulation code, and for
verification of the proposed model, simulations were conducted. In the simulations, the edge
force coefficients (Kte, Kne, Kfe) for the tangential, normal, and friction forces were
incorporated. These coefficients were determined from previous cutting tests conducted for
each material (orthogonal data).

The model predictions and experimental results for different verification tests are presented in
Figure 2.11 and Figure 2.12. In the first case, the selected workpiece material was 1050 Steel,
and cutting tests were conducted at two depths of cut: one smaller than the nose radius (0.12
mm) and the other larger than the nose radius (0.25 mm) (see Figure 2.11). In the second case,
the cutting conditions remained the same, but the workpiece material was changed to Ti-6Al-

21



4V (see Figure 2.12). As observed from the results, the predicted and measured force values

exhibit good agreement.
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Figure 2.11. The simulations and experimental results for 1050 Steel workpiece material in a) tangential (x), b)
radial (y), and c) feed (z) directions
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Figure 2.12. The simulations and experimental results for Ti-6Al-4V workpiece material in a) tangential (x), b)
radial (y), and c) feed (z) directions
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3. Dynamics of Boring Process

In this chapter, a stability model for the hole enlarging operation using miniature boring
tools was adapted from Budak et al. [51]. The model proposed in their study is based on
dynamic chip thickness and cutting forces. Additionally, the proposed model includes the nose
radius and the negative approach angle effect of inserts. However, since the most commonly
used approach angles in the production of miniature boring tools are positive values, our
adapted stability model investigates the effect of positive approach angles, in addition to
negative and zero approach angles.

Depth of cut (b), nose radius (), oblique angle (i), rake angle (@), approach angle (Cs), and

feed rate (f) are values define the precise hole enlarging process.
3.1 Analytical Modeling of Chatter Stability in Boring Process

In this chapter, the chatter stability model proposed in [51] for the boring process was
adapted to include positive approach angles. The hole enlarging process using miniature boring
tools is a highly precise machining operation, with very small values for the depth of cut and
feed rate. Additionally, the ratio of the depth of cut to the nose radius and the approach angle
greatly impact the modeling of chatter stability.

As mentioned in section 2.2, the combination of parameters such as the depth of cut, feed rate,
nose radius values, and approach angle gives rise to different configurations for the tool and
workpiece engagements (refer to Figure 2.5).

The previously proposed model considered chatter stability for tools with negative approach
angles. However, this study proposes a chatter stability model for positive values of approach
angles, which are more commonly used in the hole enlarging process. Therefore, this section
investigates the modeling of chatter stability for configurations with positive approach angles.
Moreover, the reduced 1D eigenvalue problem is utilized to formulate the stability model for

this process.

3.1.1 Dynamic Chip Thickness and Cutting Forces

Modeling the dynamic cutting forces is based on dynamic chip thickness; thus,
formulating the dynamic chip thickness is the first step in the development of the stability

model. Dynamic chip thickness is generated due to the vibration of the tool and workpiece
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during the hole-enlarging process. Since the dynamic displacement in the x-direction does not
affect the dynamic chip thickness, it can be formulated as a 2D problem.

For this configuration of dynamic chip thickness, resulting from the change in the direction of
cutting forces, the dynamic chip thickness is divided into three sections. By observing Figure
3.1, one can deduce that the dynamic chip thickness formulation for section 1 is different from

the formulation for sections 2 and 3.

Figure 3.1. Direction variation of dynamic chip thickness of section 1, 2, and 3.

The dynamic chip thickness formulation is provided in Eq. 3.1:

h' (£) = f cos Cg + (Ze(t) = Zy(t) — Zo(t — T) + Z,,(t — T)) cos C; i=1
+(Y:(0) = Yy (&) = Ye(t = T) + Y, (t — 7)) sinCy

h (8) = f cos Cg + (Z(t) = Zy(t) — Z(t — ©) + Z,,(t — T)) cos Cs + i =2,
(Y.(®) = Y () = Yo(t — 7) + Y, (t — 7)) sinC;

3.1

where the variable f is utilized to denote the feed per revolution. Moreover, the dynamic
displacements of the cutter and workpiece for the current pass are represented by Z.(t) , Z,, (t)
and Y,(t), Y,,(t) respectively. In addition, the respective dynamic displacements of the cutter
and workpiece for the previous pass in the z and y directions are denoted by Z.(t — 1),
Z,(t— t)and Y.(t — 1), Y, (t — 7). The delay term, denoted by T, is equivalent to the spindle
revolution period in seconds. It is noteworthy that the feed term in Equation 3.1 signifies the
static component of the chip thickness. Since this static chip thickness does not have any impact
on the regeneration mechanism of chatter problem, it can be ignored in the context of stability

analysis.
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Therefore, the dynamic chip thickness in turning can be defined as follows:

{ h,' = —AZ cos C; — AY sin Cg i = 35
h,' = —AZcos C; + AY sin C, i =23 '
where:

AZ = (Z(t) — Z,() — Z(t— ©) + Z,(t — T)) \s

AY = (Y.() — V() — Y. (t— D) + Y, (t— 1))

3.1.1 Effect of Nose Radius and Positive Approach angle

In most hole enlarging processes, the depth of cut utilized is smaller than or at least
equal to the nose radius. Consequently, the stable depth of cuts in boring is comparable to the
insert's nose radius, making the effect of the insert nose radius critical. Therefore, the stability
model must incorporate the tool nose effect. Additionally, miniature boring tools are produced
with a positive approach angle, which causes the forces to differ in terms of direction along the

curved shape of the tool nose.
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Figure 3.2. Division of chip thickness by trapezoidal elements

As mentioned before, the chip area is divided into three sections, and each section is further
subdivided into small elements with a constant elemental depth of cut (see Figure 3.2). The
required parameters are then calculated based on the elemental depth of cut.

The elemental values can be defined as follows:
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b] = b] = jz L= 2,3
bl = b}/ coskj 3.5
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K= T tan-t 1/. | =1,2
=g < S}) l 3.6

| ji 2 ni-1
Sp= |r?— r—;(r—rsinCs) - Z S;i 3.7

where b} represents elemental depth of cut, bfi ; 1s the edge length of the trapezoid, r is the nose

radius and k} is the angle that defines the orientation of an element edge for each section.

3.2 Stability Limit Solution

It is shown that the stability model in boring operations reduces to a 1D eigenvalue
problem by the help of a reduced transfer function matrix and solved analytically even
including the insert nose radius effect [51].

The dynamic chip thickness is calculated and its relation with dynamic forces is provided in

Eq. 3.8:

Fi
Yil — pifai1{AY
{F l..} = b}[A]] {AZ} 3.8
Zj
where:
. A A sink! cosk! K .
[4]] = l Jill Jilzl = l f . ]il Knc] [-tank; -1] =1
Az Az coskj —sink;j|L%fc

AJ‘:11 A}lzl B I— sinkji coskjil K.

Al =1 : ]—t ki 1 =23
[ ]] lA}21 A]l'zz Kfc [ an ] ] l

cos k} sin k;

We know that [A]l] and {22

displacements in y and z directions.

} represent the directional coefficient matrix and total dynamic
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where m stands for the total number of chip area elements and the assumption is that the transfer
function matrix [G(iw.)] only contains the transfer function in the y direction because, in
almost all boring operations, the tool and the workpiece are much more rigid in the z (feed)

direction and can be ignored. Consequently, the following is the transfer function matrix:

m
[Flei@et = bi(1 = e~ @) [4][G w0 Y [F] et 3.12
j=1

if and only if its determinant is zero, Eq. 3.12 has a non-trivial solution, which results in:

det[[I] + A[Go(iw)]] = 0 3.13
[Go(iw)] = [4]][G(iw)] 3.14
A= bj(1—eoe) 3.15

The stability limit can be computed using Eq. 3.16 because the stability model has been

simplified to an eigenvalue problem.

1
_EAR(1+/12) 3.16

J lim
where:

1= /1, _ SinwT 3.17
Ap  1—cosw.t '

One can deduce that the bj”mis the elemental stable depth of cut and the total stable depth of

cut can be obtained by multiplying it with the total numbers of elements.
3.3 Solution Procedure

In the first step, the dynamic chip thickness in the machine tool coordinates is formulated.

Then, the elemental depth of cut is obtained by dividing the nose radius value into small
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elements, and this elemental depth of cut is assumed to be equal for all sections. The elemental
approach angle is calculated using the length of each trapezoid, as shown in Eq. 3.6.

Equation 3.8 demonstrates the relation of elemental forces and dynamic chip thickness. By
summing all the elemental forces along the chip area and multiplying them with the transfer
function matrix, the total dynamic displacement can be calculated. Then, using Eq. 3.12, the
problem is transformed into an eigenvalue problem. By solving the eigenvalue problem, the
elemental stable depth of cut is calculated. The total stable depth of cut is obtained by

multiplying the elemental depth of cut by the total number of elements.
3.4 Experimental Analysis of Miniature Boring Tools Dynamics

In this project, the main objective is to enhance the design of a miniature boring tool.
This will be achieved through process modeling and attempts to modify the geometrical
properties of the tool's cutting edge, ultimately reducing the forces, especially radial force.
Therefore, measuring the forces during the cutting process is of utmost importance for
experimental validation of the force model.
Due to the cylindrical shape of the tool and tool holder, a fixture is necessary to clamp them on
the dynamometer, resulting in a flexible tool-holder-fixture-dynamometer configuration.
Moreover, the physics of the boring process itself makes it susceptible to vibrations,
necessitating a dynamic analysis of the boring process.
Two tool holders, varying in terms of tolerance and length, were produced by the tool
manufacturer, and sent for experimentation. Additionally, two sets of tools with different
lengths were also provided (refer to Table 3.1). Consequently, four different configurations
(see Figure 3.3) for the tool-holder were investigated by two experimental setups which were

prepared to measure the stiffness and modal analysis of the structures.

Table 3.1. Tool and tool holder’s length and tolerance.

Length
Component Tolerance
(mm)
Tool holder1 (long) 100 Loose
Tool holder2 (short) 57 Tight
Tooll (long) 25 -
Tool2 (short) 15 -
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Figure 3.3. four tool-holder configurations a) tooll-holderl b) tool2-holder1 c) tooll-holder2 d) tool2-holder2

3.4.1 Stiffness Measurement of Miniature Boring Tools for Different Tool-Holder

Configurations

An experimental setup has been prepared to measure the stiffness of the tool for
different configurations (see Figure 3.3). By exerting a constant value of displacement on the
tip point of the tool and measuring the applied force, the stiffness graph of the tool is obtained.

Stiffness graphs for four different tool-holder configurations can be seen in Figure 3.4 and

Figure 3.5.
Stiffness of Tooll-Holder1 configuration in X Stiffness of Tooll-Holder1 configuration in Y
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Stiffness of Tool2-Holder1 configuration in Y Stiffness of Tool2-Holder1 configuration in Y

direction direction
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Figure 3.4. Force-displacement curve used to compute stiffness of tool using tool holder! (tool holder with loose
tolerance).
Stiffness of Tooll-Holder2 configuration in X Stiffness of Tooll-Holder2 configuration in Y
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Figure 3.5. Force-displacement curve used to compute stiffness of tool using tool holder2 (tool holder with tight

tolerance).

The stiffness of the tool can be calculated using the force-displacement curve which is obtained

from experiments. Tool’s stiffness can be calculated using Eq. 3.18 as follow:
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5= i_i 3.18
where U, AF, and Av represent the stiffness, force, and displacement difference respectively.
The stiffness values are calculated for each tool-holder configuration in x and y directions.
Results showed that the tool is more rigid in the x direction. The reason for this rigidity is the
shape of the tool at its tip point (see Figure 3.6). One can deduce that the cylindrical shape of
the tool is cut in the y direction, which makes it more flexible in the y direction than in the x

direction.

Figure 3.6. a) top and b) side view of a miniature boring tool.

Additionally, a holder with tight tolerances and shorter length results in higher rigidity for both
long and short tools. With tighter tolerances, the holder firmly secures the tool, leading to
higher clamping stiffness. Furthermore, if we consider the structure as a cantilever beam, a
shorter length contributes to higher stiffness. As mentioned, a shorter length of the tool leads
to increased rigidity. Consequently, the shorter tool (Tool2) clamped by the shorter holder
(Holder2) exhibits higher stiffness and rigidity.

3.4.1 Modal Analysis of Miniature Boring Tools for Different Holder-Tool Configurations

Modal test setup was prepared to investigate the dynamics of miniature tools for
different tool-holder configurations (see Figure 3.7). The modal test setup consists of an impact
hammer, an accelerometer, and a data acquisition system. The objective is to measure the tool
tip’s FRF and utilize the modal values in the developed chatter stability model. The data is
collected and analyzed by CutPro [52].
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Figure 3.7. Modal test setup and examples of measured FRFs’ graphs.

As can be seen in Figure 3.7 the tool tip FRF was measured in y direction for four different

configurations. Mode shapes for tool-holder configurations are provided in Figure 3.8.
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Figure 3.8. Mode shapes for a) Tooll-holderl b) Tool2-holder1 c) Tooll-holder2 d) Tool2-holder2
configurations

By further investigation one can deduce that these mode shapes (see Figure 3.8) are related to
the tool which are the most flexible component of each configuration.

Table 3.2. Modal stiffness of different Tool-Holder configurations measured by modal tests.

Modal stiffness

Tool-Holder configuration

(N/m)
Tooll_Holderl 3.35x 10°
Tool2_Holderl 9.72x 10°
Tooll_Holder2 1.08x 107
Tool2_Holder2 3.62x 107

In addition, by comparing their stiffness values measured through modal tests (refer to Table

3.2), it becomes evident that the Tool2-Holder2 configuration is the most rigid structure.
3.5 Model Verification

Two strategies are taken into consideration in order to validate the modified model. The
first strategy is to use data from the literature to validate the model. The second approach
involves conducting chatter tests during the hole enlarging process using miniature boring

tools, and experimental data is used to validate the model.

3.5.1 Model Verification from Literature

As mentioned earlier, the proposed model in Section 3.1 is adapted from [51]
stability model. The analytical model is used to develop a simulation code for predicting the
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stable depth of cut. The parameters used in [51] (refer to Table 3.3) are employed to verify the

proposed model in this study.

Table 3.3. Parameters used in the verification of boring chatter experiments in [51].

Approach Cutting force Natural Stiffness of the
angle coefficient, K¢ frequency of the tool Damping ratio
(degree) (Mpa) tool (Hz) (N/m)
0 700 3690 2.3x 107 0.012
0,5
@ Budak's Model
= 04 New Model
E
S 03 *
S
o
8 0,2 ’
g 01
0
0,6 0,8 1 1,2 1,4

Insert Nose Radius (mm)
Figure 3.9. Comparison of the predicted stable depth of cut by Budak’s and adapted model.

As can be seen from Figure 3.9 the newly developed stability model’s simulation results are in

good agreement with previously predicted and experimentally verified values.

3.5.2 Model Verification with Experiments

In order to acquire the dynamic system's absolute stability limit experimentally
during hole enlarging operation, chatter experiments were carried out.
Due to the lower spindle speeds and single cutting tooth used in boring operations, the stability
lobes are much narrower than those used in milling operations. The depths of cut used in the
chatter experiments were chosen to confirm the stable and unstable cutting zones. The
experiments therefore aim to confirm the predicted absolute stability limits.
Experiments were done on the MORI SEIKI NL1500 lathe machine. In experiments miniature
boring tools with 14° rake 6  oblique angles and a rigid workpiece were used. Also, A feed rate

of 0.03 mm/rev was used for all tests.
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The most important part of these experiments is that they were conducted for four
configurations of the tool-holder. Figure 3.10 shows the experimental and predicted stable

depth of cut for each of the tool-holder configurations.

Holderl with Loose Tolerance Holder2 with Tight Tolerance
0,05
@ Experiment ® Experiment
Predicted Predicted
= 0,04 gl 5 !
£ £
3 0,03 3
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= =
g 002 g ¢
@ 2
g 05
» 0,01 ] @ [ )
o
0 0
Tool2 (short) Tooll (long) Tool2 (short) Tooll (long)
(a) (b)

Figure 3.10. Chatter test and simulation results for stable depth of cut using tooll and tool2 clamping with a)
Holder1 b) Holder2.

The predicted values and experimental results are in good agreement, allowing us to obtain the
stable depth of cut for miniature boring tools with positive approach angles. As can be seen,
the stable depth of cut is higher for both tool holders when clamping a shorter tool. Additionally,
the stable depth of cut is significantly higher when using a holder with tight tolerance for both
tools (Tooll and Tool2), which is a result of its clamping rigidity.
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4. Design Improvement of Miniature Boring Tools

4.1 Simulation Results

For the calculation of cutting forces, an analytical force model has been developed based
on different chip geometries resulting from various engagements between the tool and
workpiece. Cutting tests, as mentioned in Section 2.7, were conducted to validate the force
model, and the results showed good agreement. Therefore, we can utilize the force model in
simulations to extract forces under different cutting conditions and explore various geometrical
properties for optimizing the tool edge geometry.

The geometrical properties of the cutting tool edge, depth of cut, and feed rate play a significant
role in chip shape generation, making it more complex to calculate the chip area for certain
configurations (see Figure 2.5). To investigate the effects of different parameters, simulations

have been performed, and the results are presented in the graphs below.
4.1.1 Effect of Nose Radius and Approach Angle on the Forces

To examine the impact of approach angle and nose radius on the forces, the depth of
cut plays a crucial role in determining their respective engagement proportions. Consequently,
three different depths of cut have been selected, and their effect on approach angle and nose
radius has been investigated under the desired cutting conditions, as outlined in Table 4.1. For
this study, 1050 steel has been chosen as the workpiece material, and the cutting conditions
have been carefully selected based on the requirements specified by the tool manufacturer

(refer to Table 4.2).

Table 4.1. Depth of cut, nose radius and approach angle values used for simulations.

Depth of Cut Nose Radius Approach angle
(mm) (mm) (degree)
0.05 0.1,0.15,0.2,0.25,0.3 -10,-5,0, 5, 10
0.15 0.1,0.15,0.2,0.25,0.3 -10,-5,0, 5, 10
0.25 0.1,0.15,0.2,0.25,0.3 -10,-5,0, 5, 10
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Table 4.2. Cutting tests’ conditions used for simulations.

Cutting Speed Feed Rate
Material
(m/min) (mm/rev)
1050 Steel 110 0.03

Case 1: 0.05 mm Depth of Cut

As depicted in the graphs below (Figure 4.1), it is evident that the depth of cut is smaller than
all the selected tool nose radii. Consequently, the part of the tool edge with the approach angle
does not engage with the workpiece. Therefore, altering the approach angle in this case has no
impact on the cutting forces.

Furthermore, it is observed that the tool with the largest nose radius exhibits the highest cutting
forces due to its larger chip area, while the tool with the smallest nose radius results in the
lowest cutting forces.

Additionally, it can be observed that the forces in the radial direction surpass those in the feed
direction. This phenomenon is demonstrated in Figure 2.7, where the directions of radial and
feed forces continuously change along the nose radius. The compensation of forces in the feed

direction ultimately results in the dominance of the radial force.
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Figure 4.1. Acquired forces a) in x direction, b) in y (radial) direction, and ¢) in z (feed) direction from
simulations using various nose radius and different approach angles for 0.05 mm depth of cut.

Case 2: 0.15 mm Depth of Cut

In this case, the approach angle does not significantly impact the direction of the tangential
force. However, it does lead to minor variations in the chip area, which in turn cause small
changes in the tangential forces.

When the approach angle is negative, the radial forces compensate each other. However, this
results in an increase in the feed force, as they now act in the same direction and contribute to
a higher total feed force.

Changing the approach angle from -10 to 10 reduces the forces in the radial direction due to
compensation. However, as mentioned earlier, when the depth of cut is small, the engagement
proportion becomes the determining factor for the effect of the approach angle. While the
approach angle does not significantly impact the force magnitude, a slight change can be
observed in cases where the nose radius exceeds 0.1 mm, specifically in the -10 and -5 approach
angles. This can be attributed to geometric factors. In these two cases, the chip area includes a
very small section of the approach angle, which influences the forces. As the area is extremely
small, the calculated approach angle in the analytical model remains the same for both cases,
resulting in a similar effect on the forces.

Similar conclusions can be drawn for the feed force. However, in contrast to the radial forces,

the feed forces will increase when the approach angle changes from -10 to 10.
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Figure 4.2. Acquired forces a) in x direction, b) in y (radial) direction, and ¢) in z (feed) direction from
simulations using various nose radius and different approach angles for 0.15 mm depth of cut.

Case 3: 0.25 mm Depth of Cut

Similar to the previous case, the tangential force remains unaffected by the change in approach
angle. However, minor changes can be observed due to variations in the chip area resulting
from the adjustment of the approach angle.

In this particular case, where the depth of cut exceeds the values of most nose radii, the
influence of the approach angle on the cutting forces becomes apparent. When the approach
angle is changed from -10 to 10, the radial forces compensate each other due to their direction

along the cutting edge. As a result, the radial forces decrease, while the feed forces increase.
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Figure 4.3. Acquired forces a) in x direction, b) in y (radial) direction, and ¢) in z (feed) direction from
simulations using various nose radius and different approach angles for 0.25 mm depth of cut.

4.1.2 Effect of Oblique and Rake Angle on the Forces

To investigate the effects of the rake and oblique angles on the forces, two depths of
cut (0.12 and 0.25 mm) have been chosen. For each depth of cut, all other parameters remain
constant while the oblique and rake angles vary within the specified limits. The workpiece
material selected for the study is 1050 steel, and a cutting tool with a 0.2 mm nose radius and
an 8-degree approach angle has been utilized.

The geometrical properties of the cutting tool edge and the specific cutting conditions

employed for simulations are detailed in Table 4.3 and Table 4.4, respectively.
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Table 4.3. Depth of cut, oblique and rake angle values used for simulations.

Depth of Cut Oblique angle Rake angle
(mm) (degree) (degree)
0.12 0,2,6,12,16, 20 0, 5, 10, 14, 20, 25, 30
0.25 0,2,6,12, 16,20 0, 5, 10, 14, 20, 25, 30

Table 4.4. Cutting tests’ conditions used for simulations.

Cutting Speed Feed Rate
Material .
(m/min) (mm/rev)
1050 Steel 110 0.03

Increase in the rake angle leads to a decrease in forces in all directions, primarily due to the
reduced resistance of the rake face during chip collision with it.

Generally, an increase in the oblique angle is expected to cause an increase in the radial force
and a decrease in the feed force. However, in cases where the depth of cut is smaller than the
nose radius, the engagement of the tool's nose with the workpiece occurs near the top of the
nose. As a result, the rake angle becomes dominant in this region. Since an increase in the rake
angle reduces the forces, the variation of rake and oblique angles in this specific engagement
area contributes to force reduction.

Conversely, when the depth of cut exceeds the nose radius and both the nose and the straight
cutting edge of the tool engage with the workpiece, the effects of oblique and rake angles
become more pronounced. The radial force increases while the feed force decreases with an

increase in the oblique angle.
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Figure 4.4. Acquired forces a) in x direction, b) in y (radial) direction, and c) in z (feed) direction from
simulations using various oblique and rake angles for 0.12 mm depth of cut.
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Figure 4.5. Acquired forces a) in x direction, b) in y (radial) direction, and ¢) in z (feed) direction from
simulations using various oblique and rake angles for 0.25 mm depth of cut.
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In another scenario, the effect of the rake angle has been investigated when it does not impact
the orthogonal data but solely affects the geometrical properties of the tool edge. All parameters
remain the same as before, except for the rake angle, which has been changed from 14 to 20
degrees (refer to Figure 4.6 and Figure 4.7).

As observed from graphs below, in both cases where the depth of cut is higher or smaller than
the nose radius, when the rake angle solely impacts the geometric properties of tool edge
without affecting the orthogonal data (shear angle, friction angle, and shear stress), the
reduction in forces is less pronounced compared to situations where the rake angle influences
both the orthogonal data and geometric parameters. However, this phenomenon is not evident
in the radial and feed forces. Therefore, we can conclude that the effect of geometric properties

on these two forces is more dominant than the effect of orthogonal data.
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Figure 4.6. Acquired forces a) in x direction, b) in y (radial) direction, and ¢) in z (feed) direction from
simulations using 14 and 20 degrees of rake angles affecting and without affecting orthogonal data for 0.12 mm
depth of cut.
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Figure 4.7. Acquired forces a) in x direction, b) in y (radial) direction, and c) in z (feed) direction from
simulations using 14 and 20 degrees of rake angles affecting and without affecting orthogonal data for 0.25 mm
depth of cut.

4.1.3 Effect of Feed Rate

Increasing the feed rate leads to an increase in forces for both high and small depths
of cut, primarily due to the enlarged chip area, as illustrated in the graphs below. Additionally,
higher feed rate values result in scallop marks on the workpiece, which is undesirable in

precision machining processes.
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Figure 4.8. Acquired forces a) in x direction, b) in y (radial) direction, and c) in z (feed) direction from
simulations using various feed rates for 0.12 mm and 0.25 mm depths of cut.

4.1.4 Discussion on Simulation Results

The results obtained from simulations conducted under various cutting conditions
using different tool edge geometric parameters reveal the following findings:

o Higher values of feed rate and nose radius lead to increased cutting forces.

e When the depth of cut is smaller than the nose radius, the approach angle has no effect on
the forces. However, when the depth of cut exceeds the nose radius, higher approach angles
result in lower radial forces.

e Although the combination of rake and oblique angles leads to reduced forces in all
directions when the depth of cut is smaller than the nose radius, when the depth of cut
exceeds the nose radius, higher oblique angles increase the radial forces.

In conclusion, the aim of these simulations is to provide optimal parameters for tool edge

geometric properties to achieve more precise bored holes. Based on the simulation results,

manufacturers' requirements, and ease of production, certain geometric parameters have been
suggested to the manufacturer. In addition, miniature boring tools are employed for hole
enlargement, mostly with a maximum diameter of 6 or § mm and a small cutting edge.

It has been demonstrated that smaller tool radii result in smaller forces, but the strength of the

tool nose is also reduced. Therefore, a nose radius of 0.1-0.3 mm has been recommended as a

compromise between the two factors. When the depth of cut exceeds the nose radius, higher

approach angles decrease radial forces, but excessively high values can weaken the tool tip.

Hence, an approach angle of 8-15 degrees has been suggested for cases where high depth of

cut is desired. Rake angle has a greater impact on forces compared to oblique angle and is

dominant when the depth of cut is smaller. Additionally, when the depth of cut exceeds the nose
radius, higher oblique angles increase radial forces. Therefore, oblique angles of 6-15 degrees,

for easy chip removal, and rake angles of 10-20 degrees have been recommended.
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Furthermore, the model does not investigate the effect of clearance angle, back approach angle,
and hone radius. However, it is necessary to have a clearance angle and back approach angle
to reduce friction between the new workpiece surface and the tool. It should be noted that
excessively high values of both parameters can weaken the tool tip. Additionally, due to the
small values of the feed rate, the back approach angle does not significantly affect the forces.

Moreover, hone radius enhances the strength of the cutting edge, improves the quality of the
cut surface, and has a positive impact on vibrations. However, it also increases the cutting
forces and influences the minimum chip thickness that can be removed. Taking all these factors
into consideration, along with considerations of production feasibility, the tool manufacturer
has produced 5 different tools with varying geometric properties. Experiments have been
conducted using these tools, and the results will be further investigated in the subsequent

section.
4.2 Experimental Results

Cutting tests were conducted using sharp tools to investigate the effect of tool edge
geometrical properties on the cutting forces, surface roughness, cylindricity, and circularity of
the workpiece. Tests were performed under the desired cutting conditions as presented in Table
4.5.

The chosen workpiece material for the study was 1050 Steel. Five tools with different tool edge
geometrical properties were selected (see Table 4.6). The first tool in Table 4.6 was selected as
the reference tool, and the geometric parameters of the other tools were adjusted based on it.
Each tool had only one parameter that differed from the reference tool, allowing for the
examination of the specific parameter's impact on the cutting forces, surface roughness,

cylindricity, and circularity of the workpiece.

Table 4.5. Cutting test conditions for experiments

Workpiece Cooling Cutting speed Feed rate Depth of cut
material condition (m/min) (mm/rev) (mm)
AISI 1050
Dry machining 110 0.03 0.12
Steel
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Table 4.6. Geometrical and material properties of miniature boring tools

Rake  Oblique Clearance Approach Nose Honing

Tool Material Coating  angle angle angle angle radius  time

code (degree) (degree) (degree) (degree) (mm) (min)
T-038 TC402 TiN 14 6 10 8 0.2 3
T-042 TC402 TiN 14 6 10 8 0.2 6
T-043  TC402 TiN 14 12 10 8 0.2 3
T-046 TC402 TiN 20 6 10 8 0.2 3
T-047 TC402 TiN 14 6 10 12 0.2 3

To measure the cutting forces using a dynamometer during the boring process, a fixture was
required to clamp the tool holder onto the dynamometer, as depicted in Figure 4.9 (a).

Given that these miniature boring tools were primarily used for precision hole enlarging
processes, the depth of cut selected was generally small. Similarly, to achieve low levels of

surface roughness, the feed rate was set to small values.

ENE gn EEE @08 7
BBE 8F SED EEe

Figure 4.9. a) The fixture used for clamping tool holder on the dynamometer. b) Measuring forces using dynamometer

Cutting tests were conducted in a dry machining condition using sharp tools on the MORI
SEIKI NL1500 lathe machine, and the cutting forces were measured using the dynamometer
(see Figure 4.9 (b)). After each cutting pass with five different sharp tools (Table 4.6), the
workpiece's surface roughness, cylindricity, and circularity were measured using Mahr and

CMM machines to evaluate their respective values (see
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Figure 4.10). The surface roughness of the hole was measured at four different points, and the
average value was recorded. The circularity of the hole was measured using CMM machine at
different heights and the cylindricity of the workpiece was obtained by comparing the

circularity of these circles (see Figure 4.11).

&

(b)

Figure 4.10. a) Measuring the surface roughness of the hole using MarSurf. b) Measuring the circularity and
cylindricity of the hole using CMM machine.
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(b)

Figure 4.11. a) Measuring the circularity of hole in different height levels. b) measuring the cylindricity of hole
by comparing the circularity of circles using CMM machine.

The measured forces from experiments are shown in Table 4.7.

Table 4.7. Measured forces in 3 directions from experiments using 5 different boring tools.

Tool Measured forces from
code experiments

F, R F,

(N) N) N)
T-038 13.30 4.50 3.32
T-042 13.38 5.00 3.25
T-043 13.72 5.21 3.63
T-046 13.66 5.13 3.59
T-047 12.63 4.51 3.39
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Tool T-038 is selected as the control group for comparison with other tools' geometric
properties effect on forces and geometric errors. Tool T-042 has a higher hone radius due to a
longer honing time, while tools T-043, T-046, and T-047 have higher oblique angle, rake angle,
and approach angle, respectively.

Tool T-038 is selected as the control group for comparison with other tools' geometric
properties. Tool T-042 has a higher hone radius due to a longer honing time, while tools T-043,
T-046, and T-047 have higher oblique angle, rake angle, and approach angle, respectively.
We anticipate higher forces when using tool T-042 due to its larger hone radius, as indicated
in Table 4.7.

We expect lower forces when using T-043 and T-046 compared to the forces of tool T-038, but
there is a slight increase. Since these force values are small, various factors such as
measurement accuracy, noise from other machines during measurement, and variations in hone
radius along the cutting edge may contribute to this discrepancy.

As anticipated, since the depth of cut is smaller than the nose radius, the increase in approach
angle does not affect the forces when using tool T-047.

Additionally, tool T-038 has a rake angle of 14 degrees, while tool T-046 has a rake angle of
20 degrees. These are high values for the rake angle. Therefore, the increase in forces observed
with tool T-046 may be attributed to the fact that a higher rake angle results in a smaller plastic
region and a dominant elastic region. In the elastic region, the friction coefficient is higher,
potentially leading to increased forces instead of reduction.

The investigation of forces aims to establish a relationship between them, the tool edge's
geometric properties, and the surface roughness, cylindricity, and circularity of the final hole

after the boring process.

4.2.1 Surface Roughness, Cylindricity, and Circularity

According to the literature on surface roughness, cylindricity, and circularity, the

most influential parameters are cutting speed, feed rate, and depth of cut. Each of these
parameters has varying effects depending on different cutting conditions, such as the cooling
environment, chucking and clamping force, etc.
In our specific case, we conducted the machining process in a dry environment, with a constant
feed rate and cutting speed for a particular material. The aim was to illustrate the impact of tool
edge geometric properties on surface roughness, cylindricity, and circularity, as shown in Table
4.8.
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Table 4.8. Measured geometric errors and surface roughness from experiments.

Tool ' Surface
Geometric errors
code roughness

Circularity 1 ~ Circularity 2 Cylindricity Ragyg

pm) (pum) (um) (um)
T-038 1 1 1 0.392
T-042 1 1 1 0.807
T-043 1 2 2 0.86375
T-046 1 1 1 0.48375
T-047 1 1 1 0.61575

By examining Table 4.8 it becomes apparent that the geometrical properties do not have an
impact on the cylindricity and circularity of the hole. This observation could potentially be
attributed to the small values of depth of cut and feed rate employed, which contribute to a
more precise boring process.

However, when considering surface roughness, the effect of the tool's geometrical properties
becomes evident. Tool T-038, which exhibits the lowest radial force, achieves the lowest
surface roughness. Conversely, tool T-043, with a larger oblique angle and higher radial force,
yields the highest surface roughness. Additionally, tool T-043 leads to increased circularity and
cylindricity errors, indicating that a higher oblique angle is not suitable for improving the tool's

performance.

4.2.2 Effect of Tool Wear

The impact of tool wear on the surface roughness, cylindricity, and circularity of the
bored hole was experimentally investigated. Two tools (T-038 and T-042) were utilized for 10
passes of cuts at two different depths. The identical cutting conditions were applied, and after
10 passes, the tool wear condition was assessed using a microscope (see Figure 4.12).
Furthermore, the surface roughness, cylindricity, and circularity of the bored holes were

measured and recorded (refer to Table 4.9).
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(a) b)

Figure 4.12. a) Wear in the nose of tool T-038 b) Wear in the nose of tool T-042 after 10 passes of cut with 0.12
mm depth of cut

Table 4.9. Measured geometric errors and surface roughness from experiments for worn and sharp tools.

Wear

Tool Depth of cut Ra,,y  Circularity 1 Circularity 2 Cylindricity
condition

Code (mm) oftogl (R (um) (hm) (um)
T-038 0.12 Sharp 0.392 1 1 1
T-038 0.12 Worn 0.446 3 3 4
T-038 0.25 Sharp 0.403 1 1 1
T-038 0.25 Worn 0.511 1 1 1
T-042 0.12 Sharp 0.807 1 1 1
T-042 0.12 Worn 0.868 5 3 5
T-042 0.25 Sharp 0.803 1 1 1
T-042 0.25 Worn 0.892 2 3 3

Based on the microscope images used to investigate the tool wear condition, it is evident that
the most significant wear occurred when tool T-042 was utilized with a depth of cut of 0.12.
Consequently, this tool produced the worst circularity and cylindricity results. This can be
attributed to the fact that when the depth of cut is smaller than the nose radius, the forces exerted
on the tool nose are concentrated, leading to increased damage and wear. As a result, higher
levels of geometrical errors are observed.

Additionally, the results indicate that tool T-038, when used with a depth of cut greater than
the nose radius, yields better geometrical errors. Although a depth of cut higher than the nose
radius improves cylindricity and circularity, it also leads to increased surface roughness. When

the depth of cut is high, a larger amount of material is removed from the hole surface, resulting
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in reduced geometrical errors. However, higher values of depth of cut generate increased
cutting forces, particularly the radial force, which has the most significant impact on surface

roughness. Consequently, higher cutting forces result in lower surface quality levels.

4.2.3 Summary of Experimental Results

Experiments were conducted to investigate the influence of tool edge geometrical
properties on cutting forces, surface roughness, cylindricity, and circularity during hole
enlarging processes using miniature boring tools. Five different tools were selected, with Tool
T-038 acting as the control group for comparison. The cutting tests were conducted using sharp
tools under specific cutting conditions and 1050 Steel as workpiece.

Experimental results demonstrated that the geometric properties of the cutting edge had a
significant impact on surface roughness. The tool identified as T-038, which exerted the least
radial force, resulted in the lowest level of surface roughness whereas the tool named T-043,
with an increased oblique angle and greater radial force, produced the highest level of surface
roughness. Besides, Tool T-043 led to increased circularity and cylindricity errors, which
implies that a higher oblique angle did not contribute to the improvement of the tool's
performance.

Tool wear was also experimentally investigated, and it was evident that the most significant
wear occurred when using Tool T-042 with a depth of cut of 0.12 mm. This resulted in worse
circularity and cylindricity values due to concentrated forces on the tool nose leading to
increased damage and tool wear.

Furthermore, it was found that Tool T-038 yielded better geometrical errors when used with a
depth of cut higher than the nose radius, and the hole's cylindricity and circularity improved.
However, this also led to increased surface roughness due to higher forces.

Overall, the study demonstrated the importance of tool edge geometrical properties in

influencing cutting forces and surface finish quality after hole enlarging process.
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5. Contribution of the Study

This study focuses on investigating the precision of tiny holes generated by miniature
boring tools. Unlike previous research on long boring bars, this study explores the effect of the
geometrical properties of the tool edge on hole precision and the clamping stiffness of the tool-
holder configuration. An analytical force model has been developed to optimize the design of
miniature boring tools by minimizing radial forces that can cause tool deviation and poor
surface roughness. The study suggests design improvements to the manufacturer based on the
investigation's findings. Experiments and simulations are conducted to determine the optimal
geometrical parameters of the tool edge, aiming to achieve more precise holes with improved

surface roughness, circularity, and cylindricity. These contributions can be summarized as

below:

o The effect of the tool’s geometrical properties on hole quality was explored for the first
time.

J A positive approach angle was considered for the first time in the force and chatter
stability model.

J Clamping stiffness for various tool-holder configurations was investigated.

J The design of miniature boring tools was improved using the model.
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6. Future Work

Following are the recommended studies for extending the capabilities of the models

proposed in this study:

J In the development of the force model, an edge force model could be included to further

investigate the impact of hone radius along the nose radius on forces.

o The force model could also be extended to incorporate a tool wear model, which can be

subsequently examined through experimental validation.

o Moreover, additional geometrical properties, such as wipers, could be integrated into
the tool design. Investigating the effect of wipers on chip geometry and, consequently, on
cutting forces could be accomplished through experimental analysis. Furthermore, the impact

of wipers on surface roughness can also be studied experimentally.

o To enhance the chatter stability model, the inclusion of mode coupling and process

damping effects could be considered.

o A feed rate compensation method during the machining operation could be suggested

by analyzing the effect of chuck clamping forces along the entire length of the workpiece.
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7. Conclusion

J In this study, an analytical force model is developed based on various configurations of
uncut chip geometry. The uncut chip geometry is influenced by the geometrical properties of
the cutting tool edge. The model provides accurate predictions of force values through precise
chip area calculations. Using this model, the aim was to investigate the effect of tool

geometrical properties on cutting forces.

. The main geometrical properties of the cutting edge that affect cutting forces are nose
radius, rake angle, oblique angle, and approach angle. The impact of the approach angle
becomes evident when the depth of cut exceeds the nose radius. Higher values of positive

approach angle lead to lower radial forces.

o The chatter stability model was adapted to predict the stable depth of cut for miniature

boring tools with positive approach angles.

o Stiffness measurements and modal analysis of four different tool-holder configurations
reveal that the length of the holder and the tool itself influence the stiffness of the tool.
However, the most significant factor affecting the rigidity and stiffness of the tool, and
consequently the stable depth of cut, is the tolerance of the tool holders used for this type of

tools.

. Based on this information, efforts have been made to enhance the design of miniature
boring tools by reducing the force values. The objective is to achieve more accurate and precise
holes in terms of surface finish quality and geometric errors, such as cylindricity and circularity.
By optimizing the geometrical properties of the cutting edge and considering the influence of
tool holder tolerance, the aim is to improve the overall performance of the hole enlarging

process and achieve higher machining precision.

o The experimental results showed that the geometric properties of the cutting edge

significantly influence surface roughness.
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o The tool with the least radial force, T-038, resulted in the lowest surface roughness,
while T-043, with an increased oblique angle and radial force, produced the highest roughness.
T-043 also led to increased circularity and cylindricity errors, suggesting that a higher oblique

angle did not improve the tool's performance.

. Tool wear was investigated experimentally, and it was evident that the tool with a depth
of cut of 0.12 mm experienced the most significant wear. This depth of cut is smaller than the
nose radius, resulting in worse circularity and cylindricity values due to concentrated forces on

the tool nose.

o In general, it can be proposed to use a depth of cut higher than the nose radius to take
advantage of the positive approach angle in reducing radial forces and achieving lower levels
of tool wear. This leads to improved surface finish, circularity, and cylindricity, as well as a

longer tool life.
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A. Appendix

A. Depth of Cut Higher than Nose Radius
1) Elemental chip thickness for section 1

Section 1 is the region that is formed by the contact points of the new and previous
passes at the top of the nose (see Figure 2.8).
For calculating the elemental chip area following elemental values are needed and calculated

by Eq. (A.1-A.9):
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2) Elemental chip thickness for section 2 and 3

For the area calculation of sections 2 and 3, the same procedure has to be followed.
However, the difference lies in the total angle of the arc. In section 2, the total angle is 90
degrees since it represents a quarter of a circle. In section 3 (refer to Figure 2.8), the total angle

is equal to the tool's approach angle.
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And for section 3 the equations will change as below:
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3) Elemental chip thickness for section 4

A27

This section can be considered as a straight cutting edge (refer to Figure 2.8), so there is

no need to divide it into smaller elements.
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B. Depth of Cut smaller than Nose Radius
1) Elemental chip thickness for section 1
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The calculation of the chip area in section 1 remains the same as in the previous scenario.

s f
91 — _ =177
> cos (Zr)
1 o'

1 a1 o
A~ Al - A
Al’ — _61 2)

n 1
A = Aprpr = (EToj TO0},, sin(6}))

TO} = z\/fz + 72— (2frcos(2}))

00// _ TOII

sin (n - (G-©rgr -+ n})) " sin (r- G- @}t - 1))

, T 1,1 - f LU 1/:1
0 = E+(¢9j(] — 1)) —sin (;XSm(E—(Bj(] — 1))

61

A32

A33

A34

A35

A.36

A37

A38

A.39

A.40



2) Elemental chip thickness for section 2

The logic for calculating the elemental chip thickness remains the same as before, but
there is a distinction in the calculation of the area for the first element compared to the other
elements.

Area calculation of first element:
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Area calculation of other elements:
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