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SUMMARY

The deep hole drilling process using single-lip drill is incapacitated by the
rapid tool wear, frequent tool breakages, and straightness deviation when
employed to machine high aspect ratio hole in Inconel-718 required for oil-
field equipment. Tool breakage or excessive hole straightness deviation
(exceeding 1 mm per 1 m) lead to expensive reworking or scrapping of the
workpiece. The major causes for excessive straightness deviation and tool
breakage are improper machine setting parameters, excessive drilling thrust
forces, and chip clogging. Although, an optimization of the machine setting
parameters and drilling thrust forces is needed; it is expensive and time

consuming if conducted experimentally.

In this thesis, a comprehensive predictive approach for straightness deviation
is proposed. The three major components of the predictive framework are the
predictive modelling of the single-lip drilling forces, quantification of the
effect of chip morphologies on the drilling thrust force and the predictive
straightness deviation modelling considering the effect of machine set-up

parameters.

Initially, a benchmarking study on the single-lip drill engagement was
conducted to identify and avoid the causes of cutting edge chipping in the
single-lip drill engagement. Hence, a new parameter, ‘Drilling Engagement
Ratio’ was introduced to quantify the effect of instability on the drill edge
chipping. The benchmarking study also provided the guidelines for the further

experiments.

viii



Secondly, a detail predictive model for single-lip drilling forces was
developed considering the effect of cutting edge radius. The model was also
used to predict the distribution of the drilling forces along the cutting edges.
The predicted results were found to be in good agreement with experimental

results for a wide range of drill geometries and drilling parameters.

Thirdly, an experimental study to quantify the effect of chip morphologies on
the drilling thrust force was conducted for a wide range of drill geometries and
drilling parameters. The mechanism for chip formation and chip breaking
were studied using novel high-speed photography set-up.  Moreover,
guidelines for selection of the drill geometry and the drilling parameters were

provided to avoid chip clogging.

Finally, a predictive hole straightness deviation model considering the effect
of misalignments at multiple supports, varying support distances and thrust
force was developed and experimentally validated. The predicted and the
experimental hole straightness deviations were found to be in good agreement.
Based on the analysis conducted using proposed model, a novel movable
bearing housing was developed and tested successfully for the straightness
control.  The predictive framework for straightness deviation not only
predicted the deviation with reasonable accuracy but also successfully used for

the straightness control to achieve deviation within the limit of 1 mm per 1 m.
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Introduction

Chapter 1: Introduction

1.1  Background

One of the most common subtractive manufacturing processes used for hole
making is drilling. However, when the length to diameter ratio (also called
aspect ratio, L/D) is more than 10, the holes are categorized as deep holes.
The machining process employed to make these deep holes is called ‘deep

hole drilling’ (DHD).

The deep holes are required in many applications such as aerospace, nuclear
power, hydraulics and oil-field industries. These deep holes cannot be drilled
using normal twist drills due to the problems of poor chip evacuation and
inferior hole surface quality. Hence, an asymmetrical single-lip drill (SLD) is
used to manufacture deep holes. The drill was invented during the American
civil war to manufacture high aspect ratio holes for gun barrels. Hence, the

drill is also called ‘gundrill’ and the drilling process is called ‘gundrilling’.

The gundrilling process is then successfully developed and used in other
industries over a century. The gundrilling process used as a DHD method is
capable of drilling precise and large aspect ratio holes. It yields excellent
result while drilling conventional materials such as steels, cast iron, aluminium
etc. However, some of the new difficult-to-machine materials such as Nickel-
Chromium alloys used in oil-field and aerospace industries call for a fresh

look into the DHD processes.
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1.2 Motivation

Nickel-Chromium alloys are heavily used in oil-field industries for drill collar
used for oil-well downhole assembly. In addition, these are also used in the
aircraft industry for engine components where 50% jet engine weight is
attributed to Inconel 718 which is a Ni-Cr alloy [1]. In the oil-field industries,
new developments such as ‘measurement while drilling (MWD)’ and ‘logging
while drilling (LWD)’ require drill collars that can sustain high temperature,
corrosive environment, and high mechanical loading with non-magnetic
properties. Nickel based alloys such as K-Monel, Inconel, waspaloy are the
best suited options for these applications [2]. These alloys are also called
superalloys because their excellent high hot hardness, corrosion resistance,
and high yield strength. One of the key requirements for the oil-field Inconel-
718 drill collar is the deep holes on the circumference to ensure a passage for
data transmission cables from the MWD and LWD sensors as shown in Figure
1.1. Usually, these holes are 8 mm in diameter and 1 to 5 m in length (Aspect

ratio : L/D ~125 to 625).

Figure 1.1 Drill collar with high aspect ratio hole [3]
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However, the deep hole drilling in Inconel-718 is incapacitated by three major

problems —

1. Excessive tool wear

2. Tool breakage due to chip clogging

3. Hole straightness deviation

The Inconel-718 is an expensive material moreover the deep hole drilling
process is costly as well due to the higher tooling cost and low productivity
because of difficult-to-machine properties of Inconel-718.  Straightness
deviation 1 mm per 1 m or tool breakage inside the hole may result in
discarding or reworking of the expensive Inconel-718 workpiece. In addition,
it is economically not feasible to test all the parameters experimentally for the
optimization of deep hole drilling process as it is affected by many parameters.

Hence, a predictive framework for straightness control is needed.

1.3 Research Scope

‘ Prediction of Deep Hole Straightness Deviation |

‘ Machine set-up ‘ Thrust force ‘ Hole wall deformation |
| |
|

| | | | |
Workpiece ‘ Drill set-up | ‘ Drill geometry| ‘ Material properties ‘ ‘ Radial forces ‘
set-up
Drilling
parameters

Figure 1.2 Predictive framework for hole straightness deviation

The hole straightness is mainly affected by machine set-up, thrust force, and

the hole wall deformation as shown in Figure 1.2. The deep hole drilling

3
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process in Inconel-718 is generally carried out at very low feed rates to avoid
straightness deviation. However, at lower feed rates the micro-geometry
features of the cutting edges such cutting edge radius influence the cutting
drilling forces due to the size effect [4]. Hence, the effect of cutting edge
radius must be considered while predicting the drilling forces. Moreover, the
chip morphologies have a significant effect on the drilling thrust force which

needs to be quantified for deep hole drilling of Inconel-718.

In addition, the hole straightness in deep hole drilling is greatly influenced by
the machine setting parameters. It is economically not feasible to quantify the
effects of multiple machine setting parameters on the hole straightness
experimentally. Hence, a predictive analytical approach is needed to model
the effects of machine setting parameters in order to control the straightness

deviation.

The main objective of this research is to develop a predictive framework for
hole straightness control in deep hole drilling of Inconel-718. Based on this

framework following objectives are set for the research,

e Development of a comprehensive predictive model for single-lip drill

drilling forces considering the effect of edge radius.

e Quantification of the effects chip morphology on the thrust force, in
addition to the study of chip breaking mechanism in deep hole

drilling of Inconel-718.
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e Development of a predictive model for the hole straightness
deviation considering the effect of thrust force and other machine

setting parameters.

e Development of a mechanism for straightness control using

predictive framework for deep hole drilling.

1.4 Outline of the Thesis

This thesis is organized in six chapters as follows-

Chapter 2 reviews the literature related to deep hole drilling and Inconel-718
drilling. It also includes the review of studies related to modelling of the deep

hole drilling process.

Chapter 3 describes the challenges related to pilot hole preparation and its
effects on tool-work engagement, especially during initial penetration. A
quantitative method is proposed to prevent tool chipping during the
engagement, which also standardized the drilling methodology for the further

studies.

Chapter 4 includes a predictive analytical model for drilling forces in the
single-lip deep hole drilling. The model considers the effect of the tool edge

radius on the ploughing forces and uses Johnson and Cook material model.

Chapter 5 presents the results of an experimental study on the effect of tool
geometry and feed rate on chip morphology. The effects of chip morphologies

on the drilling thrust forces were quantified in this chapter.
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Chapter 6 presents a predictive model of hole straightness deviation for deep
hole drilling process which considers the effects of various machine setting
parameters such as support distances, support misalignments, and drill lengths.
Moreover, development and testing of a novel straightness control mechanism

IS presented in this chapter.

Chapter 7 summarizes the major finding of the research and proposes possible

future works.
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Chapter 2: Literature Review

2.1 Introduction

The deep hole machining is used for machining hole with very high aspect
ratios (usually>10). There are three deep hole drilling techniques which are
mainly differentiated on the basis of coolant supply and mechanism of chip

removal. The machining processes are,

1. BTAddrilling

2. Ejector drilling

3. Gundrilling or Single-lip deep hole drilling

The BTA stands for ‘Boring and Trepanning Association’ drilling technique
which is used for holes with a diameter more than 15mm. The ejector drilling
technique can be used for holes with a diameter more than 12 mm, however, it
cannot be used for materials which produce difficult to break chips as the
pressure available to push chips is very limited. For small and precise holes,
gundrilling is the most favorable method as it provides a wide range of
diameters from 1.5mm to 40mm. In this research, the focus is concentrated on

the gundrilling process with a diameter range of 6mm to 10mm.

In the following section, deep hole drilling machine set-up and drill geometry

of the single-lip drill is explained.
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2.2 Overview of Single-lip Deep Hole Drilling Process

2.2.1 Single-lip deep hole drilling machine

Workpiece Pilotbushing  DrillShank  ¢oglant supply chamber

S

| i /

1
Single-lip drill \

Steady Tool holder

; i Drill Ti
Workpiece spindle p rest Chip box

Figure 2.1 Single-lip deep hole drilling machine set-up [5]

In gundrilling, high-pressure coolant is supplied internally from spindle which
passes through the shank and reaches the cutting region at the bottom of the
hole. The high-pressure coolant dissipates the heat from cutting region and
flushes out the chips through V-shape straight flute of the drill. The chips are

collected in the chip box and the coolant is recirculated after filtering.
2.2.2 Basic single-lip drill geometry

The gundrill is also known as a single-lip drill (SLD), straight flute drill and
self-piloting drill (SPD) because of its unique asymmetrical geometry. The
gundrill has three main components 1.carbide tip 2.steel shank and 3. driver as
shown in Figure 2.2. In general, the carbide tip is brazed on the steel shank
and the length of the shank depends on the drilling depth. However, for
smaller diameter gundrills, the entire shank can be made from carbide material

to increase the stiffness of the drill. The carbide tip is ground to form inner
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Figure 2.2 Geometry of single-lip drill
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cutting edge and outer cutting edge with angles ¢; and ¢, respectively. The
cutting edges meet at apex point and the distance of apex is measured from the
center the drill as c,. The other angles provided on the face of carbide tip
ensure that, only the cutting edges are in contact with bottom surface of the
hole. Unlike the twist drill, the forces in radial and tangential directions are
not balanced, hence guide pads are provided on the cylindrical side of the
carbide tip. The guide pads are also called bearing pads or support pads and
depending on the workpiece material the location and the shape of the guide

pad changes. The various bearing pad configurations are shown in Figure 2.2.

2.3 Literature on Deep Hole Gundrilling

The deep hole gundrilling literature can be divided into three major categories

as,

e Gundrill force system and stability

e Chip control

e Hole accuracy and straightness.

2.3.1 Gundrill force system and stability

2.3.1.1 Self-piloting in gundrills

The self-piloting action of deep hole gun drills was explained by Sakuma et
al.[6] where it was referred as ‘self-guiding action’. According to Astakov
[5], the resultant of tangential and radial force is balanced by the supporting
pads as shown in Figure 2.3, which provide additional machining operation

known as burnishing. The term self-piloting means drill guides itself by
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machining the bush due to burnishing. The burnishing action is possible as

the bearing pads are located behind the cutting edges.

Figure 2.3 Self-piloting action

2.3.1.2 Force modelling in gundrilling

In the study conducted by Griffiths et al.[7], a force system consisting of 23
forces was developed for deep hole drilling tools as depicted in Figure 2.4.
The forces were divided into four groups namely oil forces, cutting forces,
burnishing forces and frictional forces. The relation between the forces was
defined by coefficients which were determined by conducting series of
experiments. In the second part of the study, power and energy requirement

based on frictional and burnishing coefficient were studied [8].

Later, Astakhov et al.[9] analytically evaluated cutting forces in self-piloting
drilling using shear zone model with parallel boundaries. The model
satisfactory predicted the forces along the cutting edges. The calculated forces

were then used for optimizing the pad location on the tool. They also pointed
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out that there was no trend in error values for calculated forces and measured

forces owing to inaccuracies in regrinding process [10].

Figure 2.5 Force modelling of gundrilling using slip-line theory by Astakov et
al.[9]
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Figure 2.6 Gundrilling force system proposed by Jung et al.[11]

Jung et al.[11] proposed a gundrilling force model. The model not only
considered cutting and frictional forces but also included hydrodynamic
forces. Cutting forces were calculated using calibration method developed by
Chandrasekharan et al.[12]. However, the predicted values of thrust force
differ from the measured values by 39 to 59 %.The experimental torque values
were found to be in better agreement with the predicted results as compare to

force values.

Wang et al.[13] proposed a gundrill force system using specific cutting energy
model and evaluated the performance of ‘welded carbide gundrill’ to cut AISI
1045 steel. An extensive set of experiments was carried out for cutting speed
and feed rates. It was reported that the axial force increases with increasing

feed rate and reduced cutting speed.

The previous models were developed and tested for conventional materials
such as steels, aluminium etc. For these materials, feed rate, cutting speeds
are very high and the uncut chip thickness is relatively very high as compare
the cutting edge radius of the tool and cutting mechanics is mostly dominated

by shearing action. But, for most of the difficult-to-machine materials such as
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Inconel 718 conservative feed rates are used to reduce thrust force and drill
straightness deviation. According to leading gun drill manufacturer [14-16],
feed rates for drilling Inconel-718 are suppressed between 8.95 to 23.3
mm/min. Combining with low rotational speeds between 873 to 1650 rpm. As
a result, the uncut chip thickness reduces to micron scale between 8.9 to 14.1
um. Moreover, commercial gun drills cutting edge radii were found in the
range of 6-9 um which were measured by the author on the gun drills from
four different manufacturers. It was clear that the uncut chip thickness to
cutting edge radius ratio (t,/r,) becomes less than 1, hence the effect of
cutting edge radius cannot be neglected and needs to be consider in force

modeling for deep hole drilling in Inconel-718.

2.3.2 Chip control in deep hole drilling

The chip control in deep hole drilling has been studied by many researchers
over the years. Chin et al. [17] proposed a computer simulation and
experimental analysis for chip monitoring in single-lip deep hole drilling. It
was reported that the chips flow can be simulated as slug flow for normal
chips and for compact chips a new model was proposed. The focus of the
study remained on the chip transport model rather than chip formation

mechanics.

Astakov et al. [18] proposed a novel approach for single-lip deep hole drill
based on the experimental analysis of coolant flow and its effectiveness on
chip removal. It was observed that, for particular drill geometries a vacuum
region was generated near bottom hole irrespective of coolant flow rate. The

vacuum region reduced the chip breaking efficacy of the coolant and chips

14
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were more likely to be long. Based on the analysis, a new drill design was

proposed in which a dub-off angle value 0 was found to be effective.

Mellinger et al. [19] developed a mechanistic model for chip evacuation forces
and predicted chip clogging based on the torque criteria for twist drills.
Calibration tests were performed to determine the frictional coefficients for
tool-chip and chip-work contact. The model was used for pecking cycle
prediction and prevention of tool breakage. Later, the same model was

extended to different drill flute geometries [20].

Potthast et al. [21] developed an ultrasonic piezoelectric actuator for deep hole
drilling. The application of the developed apparatus was limited to 0.9 to 6
mm diameter holes for relatively shorter drills with stiff shanks. The similar
concept was used by Heisel et al. for deep hole drilling in electrolytic copper
ECu 57[22]. They reported improvement in surface roughness on the hole wall
surface of 5 mm diameter hole. It is important to note that the drills used in
these experiments were solid carbide shank or drills with stiffer shanks and
high rigidity. The similar vibrations if applied to the long drill with steel
shanks might yield different results due absorption of vibrational energy due

to lower stiffness hence may not be useful for the drill which is 1 m or longer.

Some of the recent studies adopted a conventional approach to understand
chip formation and breaking mechanics. Wang et al [23] conducted deep hole
drilling studies on forged steel S48CS1V TiAlIN-coated gun drills. It was
reported that the chip surface becomes rougher as the tool wear increases and
the chips become thicker with increasing bluntness of tool due to ploughing

action.
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Biermann et al. [24] used high-speed camera to monitor chip formation in
deep hole drilling of Inconel 718 and 20MnCrMo7. They observed that
Inconel-718 produced longer chips as compared to 20MnCrMo7 due to high
tensile strength. However, these studies were conducted on with 2mm
diameter drills. For bigger diameter holes the mechanism of chip formation
might change. Klocke et al. [25] developed an innovative optical sensor for

chip transport monitoring.

The chip control research in deep hole drilling mostly focuses on monitoring
of the chip transport and evacuation for conventional materials. Therefore,
there is a need to understand the mechanism of chip formation and chip
breaking in deep hole drilling of Inconel-718 to develop better tools.
Moreover, it is important to quantify the effect chip morphology on the thrust

force which might lead to tool breakage.

2.3.3 Hole accuracy and straightness in deep hole drilling

The hole accuracy in deep hole drills is defined by diametrical accuracy and
straightness of the hole. The straightness in deep hole drilling affected by
various factors such as support location, support misalignments, pilot bushing
misalignments, vibrations, wall deformation etc. In early attempts to model
straightness in deep hole drilling, Sakuma et al.[6] considered the effect of the
pilot bushing and intermediate support misalignment on straightness profile.
However, the effect of axial force was completely ignored and the deflection
profile was predicted by considering only geometrical parameters. Katauki et
al.[26] studied the influence of workpiece geometry on the axial hole deviation

in deep-hole drilling. They also conducted theoretical and experimental
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analysis and suggested that tool geometry imbalanced the cutting forces and
caused hole deviations. Further studies conducted by Katsuki et al. [27] were
focused on the effect of workpiece geometry on hole straightness deviation.
The results for the effect of the inclined workpiece on straightness are shown
in Figure 2.7. These studies revealed that hole deviation was affected by hole

wall thickness and rose aggressively after reaching a certain value.

200

-100 -50 0 150 200 250

-50

N .
-100 For Drilling Depth of 200mm

Figure 2.7 Effect of workpiece geometry on hole straightness studied by
Katsuki et al. [27]

|
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Figure 2.8 Bell mouth formation in deep hole drilling due to large clearance at
pilot bush
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Astakov [28, 29] studied the effect of pilot bush clearance on bell mouth
formation. He concluded that the higher clearance at pilot bush may lead to
premature failure of drill moreover, it may also lead to widening of the hole
entry diameter as shown in Figure 2.8 (also called bell mouth formation). It
was recommended to use dual supporting pads for automotive applications and

the supporting pads’ locations were optimized based on the force balance.

Al-Ata et al. [30] also studied the bell mouth formation for three working
conditions rotating work-stationary tool, stationary work- rotating tool, and
counter rotation . However, they could not conclude the study with any

definitive recommendation due contradictory observations.

Deng et al. [31] studied the effect of support misalignment on hole
straightness deviation based on Euler’s beam theory. The model considered
the effect of axial thrust force which was neglected by Sakuma et al. [6].
Straightness deviation profile was obtained using iterative process and verified
against a large set of experiment. However, the experiments were limited to
the drilling depth of 200 mm and the obtained hole straightness profile was
linear. Chin et al. [32] compared the straightness deviation model by Deng et
al.[31] with finite element model and found that the finite element model

performs better in the absence of pilot bush misalignment.

The hole straightness deviation literature is limited to the effect single
intermediate support however in practice, multiple supports are being used for
deep hole drilling. Hence, a new straightness deviation model is required
which considers the effect of misalignments at multiple supports and varying

distances between supports during the drilling process.
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2.4 Drilling in Inconel-718

Inconel-718 is a Ni-Cr based superalloy which has excellent corrosion
resistance, high hot hardness, and non-magnetic properties. Because of its
superior mechanical and chemical properties, it is being used in extreme
environments such as jet engines[1] and oil-field equipment [2]. However, it is
one of the most difficult-to-machine material. The responsible properties for

poor machinability of Inconel 718 alloy are [33]-

1. High strength at high temperature.

2. High strain sensitivity which leads to work hardening and causing

further tool wear.

3. Poor thermal conductivity resulting in high temperature up to 1200°.

4. Presence of abrasive carbide particles causes abrasive tool wear

5. High chemical affinity towards tool materials one of the causes for

diffusion type wear.

6. Cutting forces are higher due to high strength which may cause tool

chipping

The detrimental properties of Inconel-718 do not only cause severe tool wear
but also lead to excessive surface damage, due to the production of high
residual stresses[34]. The high temperature and plastic deformation change
material structure and it was found that frictional heat and deformation of
surface layer during machining change micro-hardness leading to micro cracks

on the machined surface[35].
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Unlike turning and milling processes, Inconel drilling has received limited
attention in the literature. The literature on drilling is mostly focused on the

surface integrity of drilled hole and tool wear on twist drills.

Chen et al.[36] conducted series of experiments to study tool wear mechanism
in drilling operation on Inconel-718. In their study, multi-layer TiAIN PVD
coated tungsten carbide twist drills were used to drill multiple holes of 30mm
depth. They found four stages of tool wear. In the first stage, coated layer was
abraded followed by the second stage of built-up edge formation. In the third
stage, the tool was weakened by propagation of micro-cracks leading to the
fourth stage of serious flank and crater wear. During stage four long chips
produced due to extrusion mechanism. However, tool life found to be

improved by the addition of nanoparticles in the coolant.

Liao et al.[37] studied the feasibility of ultrasonic vibration in the drilling of
Inconel-718 using modified chuck with piezo actuators. Tool life was found
increased for low-frequency low amplitude vibrations. Also, force values were
reduced and easy chip evacuation was reported. However, high amplitude

vibration had a negative effect on tool wear.

Sharman et al.[38] evaluated performance of commercially available TiAIN
multilayer PVD coated and uncoated drilling tools for aerospace applications.
They found that, tools with a curved cutting edge and radius on the periphery
show higher tool life as compered to drills with straight or concave cutting
edges and sharp periphery. However, hole integrity was not sufficient for
aerospace requirement due to smearing effect. They recommended the use of

reaming and mill boring for better surface and dimensional integrity.
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Deep hole drilling studies conducted by Woon et al.[39] pointed out that
inefficient cooling due long chips lead to catastrophic failure of single flute
gun drill. They conducted CFD analysis of coolant flow and found that
thermal fatigue caused tool failure. In another study [40], straightness profiles
of holes with aspect ratio more than 100 were investigated. It was concluded
that dimensional inaccuracies during resharpening process were responsible

for deviation of straightness profiles.

Imran et al.[41] studied micro-drilling of Inconel-718 alloy. However, the
scope of the work was limited to surface integrity and comparative study of
tool wear mechanism. The experiments were conducted at dry and wet

drilling conditions using micro-drills of diameter 300 to 500 um.

2.5  Concluding Remarks

Following research gaps were found after the thorough literature review.

e There is limited literature available for deep hole drilling in Inconel-
718 moreover, there are no clear guidelines for drilling in difficult-to-
machine materials like Inconel-718. The effect of tool geometry and
pilot hole bottom during engagement was neglected. Hence, there is a
need to quantify the efficacy of tool-workpiece engagement to avoid
chipping which was observed in the initial phase of experiments

conducted by the author.

e The force models are semi-empirical in nature, which require
expensive experiments to determine force coefficients. Moreover, the

models do not consider the effect of cutting edge radius on the thrust
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force which is significant at lower feed rates employed while drilling

in Inconel 718.

e Mechanics of chip formation and mechanism for chip breakage was
not studied for single-lip deep hole drilling of the high strength
Inconel- 718. Also, it is necessary to quantify the effect of chip
morphologies on the drilling thrust force to avoid catastrophic drill

failure and expensive repair work.

e Most of the hole accuracy studies were focused on the hole diametrical
accuracy and surface integrity. Very few studies were done on
straightness prediction or control. The current straightness prediction
models cannot be applied to the multi-support deep hole drilling

machines.

Hence, it is important to develop a predictive framework for the straightness
control in deep hole drilling of Inconel-718 which includes predictive force
model considering the effect of cutting edge radius and predictive straightness

deviation model.
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Chapter 3: Benchmarking of Single-lip Drill Engagement

In the initial experimental studies, it was observed that the deep hole drilling
using a single-lip drill (SLD) without a starting bush induces a severe cutting
edge chipping if the pilot hole profile is not selected properly. In this chapter,
a geometrical model for tool-work engagement is explained and verified
experimentally. Finally, a range of parameters is provided to avoid tool

chipping and standardized the drilling methodology for further drilling tests.

3.1 Background

The drill geometry for SLD is selected on the basis of the workpiece material,
favorable chip shape, hole surface integrity and accuracy requirements of the
hole. However, for difficult-to-machine materials such as Inconel-718, the

effects of SLD geometries have not been sufficiently understood.

Workpiece

Workpiece

1 — Conical Pilot Hole 2
__________________ /L B . v |
(o P

z////% Flat Pilot Hole

(a) (b)

Figure 3.1(a) Deep hole drilling set-up with pilot bush (b) Deep hole drilling
with flat or conical pilot hole profile

In conventional deep hole drilling using SLD, a pilot bush is used as shown in
Figure 3.1(a) when a special purpose deep hole machinery is available. For
smaller components, installation and mounting of a pilot bushes are difficult,
time consuming and expensive. Moreover, inner diameter tolerances of guide

bushes are difficult to control. If the tolerance is excessive, drills will not be
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guided properly. During the preliminary engagement, the drill will slip
randomly over the entrance face also known as ‘the walking phenomenon’
which will ultimately result in ‘bell-mouth formation” where the entrance hole
diameter is unnecessarily widened [28, 29]. On the other hand, if the tolerance
is insufficiently provided, drills will be overly constrained and often break

catastrophically upon engagement.

In the absence of specialized deep hole drilling machines, general purpose
machining centers and lathe machines can be used alternatively for drilling
deep holes. Here, the pilot bush is replaced with pilot holes to guide SLD into
the workpiece as shown in Figure 3.1(b). These pilot holes are necessary to
facilitate the self-piloting action of SLD during preliminary tool-work
engagement. However, preliminary engagements of SLD are not stable
because the cutting edge is in partial contact with the workpiece. Moreover,
drilling of Inconel-718 produces higher forces than conventional materials
which increase the tendency of chipping formation on cutting edges during

tool-work engagement if pilot hole geometry is not established properly.

Conventional drilling setup using guide bushes was previously studied by
Astakov [28]. It was reported that gundrilling stability during engagement was
influenced by the type of guide pads, the diameter of pilot bush and geometry
of SLD. Moreover, when pilot holes are made to replace the use of guide
bushes, the geometry of pilot holes be it flat or conical (Figure 3.2 (b)) will
affect tool-work engagement efficacy, as well. In this chapter, the effect of

pilot hole geometry on the tool-work engagement efficacy is studied.
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3.2 SLD Engagement

3.2.1 Stability during engagement
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Figure 3.2 Thrust force variation during engagement

The engagement of the SLD with a pilot hole can be divided into two phases
as shown in Figure 3.2. The cutting starts when drill touches the workpiece
and at the end of Phase-I, one of the edges completes the engagement. Phase-
I ends when both the edges are completely engaged with the workpiece. The
time required for this engagement has a significant influence on the thrust

force and eventually on the tool chipping.

The rate of change of thrust force during engagement is defined by Slope-I
and Slope-I1 for Phase-I and Phase-11 respectively. If one of the edges engages
quickly with the workpiece, the sudden change in the thrust force will cause
chipping on the cutting edges. However, this phenomenon is unexplored and
often subjected to the experience of the machine tool operator. Here, a new

parameter is introduced for selection of pilot hole for the given drill geometry.
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3.2.2 Dirilling engagement ratio

To compare the performance of SLD during the engagement, a new parameter
called ‘Drilling Engagement Ratio’ (DER) was introduced. It can be defined
as the time required for completion of Phase-I divided by total engagement

time.

DER = % (3.1)

e

Where, t,; is the time required for completion of Phase | and ¢, is the time
taken to complete engagement of both the cutting edges. The ratio lies in the
range of 0 to 1. The DER has direct influence on the Slope-I of thrust force.
The cutting edge will be suddenly engaged with workpiece when DER is near
0 and Slope-I will be near 90°. Whereas, cutting edges will engage smoothly
when DER is near one meaning the time taken for completion of Phase-I and
total engagement time are equal. For smoother engagement, DER near one is
preferred. The DER can be calculated based on the combination of tool and

pilot hole geometry.
3.2.3 Engagement times

Depending on tool geometry and pilot hole profile, the engagement can be
classified in four different ways. The four cases are as depicted in Figure 3.3-
3.6. The dotted line in the figures represents drill location at the end of
complete engagement and total distance travelled by drill before total
engagement is given by L,. The drill geometry was defined by four
parameters; inner cutting edge angle (¢;), outer cutting edge angle (¢,),
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location of drill apex point from center (c,) and radius of the drill (R). The
pilot hole geometry was characterized by angle of conical bottom (6,). For
each case, the Phase-I completes when point ‘c’ reaches point ‘r’ and the time
required for completion of Phase | is given by t,; and can be calculated using
Eq.(3.2)-(3.9) where distance travelled by drill depends on the combination of

pilot hole and drill geometry.

3231Casel: l;+1.>1,; L, =1; +1,

Initially, the apex point will come in contact with the hole bottom, at the end
of Phase-1 outer edge will be in complete contact with the workpiece. Once,
the point ‘a’ on drill reaches the point ‘p’, the engagement completes. The

time taken for completion of Phase-1 and complete engagement is given as,

0
o lo (tan Q, — cot7c) (3.2)
O f f
L, ©p (tan @; + cot% ) (33)
t, =— =
°f f

3232Casell: ;+1.<l,;L, =1 +1,

In this case, the apex point will come in contact with the hole bottom,
however, at the end of Phase-1, inner edge will be in full contact with the
workpiece. The time taken for completion of Phase | and complete

engagement is given as,
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O,
o L+ 1, _ Cp (tan Q; + cot7) (3.4)
el
f f

L, (R=q)(tang, = cotF ) (35)

- f

t, =

3233 Case ll1: 2> @5 Le =i+ 1.+ I,

Contrary to Case | and Case Il, the outermost point engages first with the hole
bottom and at the end of Phase-1 outer edge is completely engaged with the
hole bottom. The time taken for completion of Phase-l and complete

engagement is given as,

I, (R—cp) (cot% — tan goo) (3.6)
S 7
t +cotdy + (R - tde ¢
, _ Golangi+ ot 2 ) (cot 5 — tan @,) 37)

3.2.3.4 Case IV: 6 = 180° (Flat bottom pilot hole), L, = [,

In this case, the pilot hole bottom is kept flat where the apex point engages
first and at the end of Phase-I inner cutting edge is in complete contact with
the workpiece. Especially, this condition is very commonly encountered in
the case of supported deep hole drilling machine where pilot bushes are used.
The time taken for completion of Phase | and complete engagement is given

as,
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poobi_Gtane: (3.8)
O f f

. _L_e_(R—cp)tampo (3.9
T f f

3.3 Experiments

Experimental studies were carried out on DMU 80P duoBLOCK® five-axis
machining center. A combination of four SLD geometries and three pilot
holes were tested. The feed rate (f) and the RPM were kept 8 mm/min (0.010
mm/rev) and 800 respectively. In addition, coolant pressure of 4MPa was
used. Total 12 distinctively different combinations were used during the

experiments as depicted in Figure 3.7.
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C130 6=130° C130-DA C130-DB C130-DC C130-DD

Figure 3.7 Experimental conditions for SLD engagement study

The conical pilot holes, C140 and C130 were drilled using self-centering twist

drills with lip angle 140 and 130 respectively. The twist diameter was 7.8 mm
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and pilot holes were drilled up to the depth of 1.5D i.e. 12 mm. The holes
were reamed to a final diameter of 8 mm. End-mill was used to machine four
flat bottom pilot holes. The diameter and roundness values of the reamed
holes were measured by CMM and found to be in the tolerance range of IT7 in
order to eliminate the effects of pilot hole finishing on the engagement
behavior. Two repetitions were performed for each drilling condition. The

mechanical properties of workpiece material are given in Table 3.1.

The cutting forces were acquired using Kistler Type 9257B multicomponent
dynamometer and vibrations were captured using accelerometer sensor Kistler
Type 8762A50. The SLD was inserted into the pilot hole up to the length of 8
mm without any rotation. Then the feed was given along with coolant supply.

Drilling was continued up to the length of 8 mm to simulate the engagement

process.
Table 3.1 Mechanical properties of Inconel-718 workpiece.
Yield Point Tensile Elongation Area Hardness
(MPa) Strength Reduction
(%) (HRC)
(MPa) (%)
1058 13275 10 20 42-45

3.4 Results and Discussions

The DER calculated based on the geometrical model can provide qualitative
criteria for selection of appropriate pilot hole. The critical range of values for

DER has to be found based on Slope-I and its effect on the tool. In this
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section, the calculation for Slope-I/-11 and its relation with DER are explained.
Finally, a range of DER values for Inconel 718 was recommended based on

observations on tool chipping during the engagement.

3.4.1 Calculation of Slope-1 and Slope-II

For calculating the Slope I, the thrust force was plotted against time using
MATLAB. The times required for completing Phase | and Il were calculated
based on the experimental conditions using Eq(3.2)-(3.9). The values of forces
at the completion of Phase | and Phase Il were manually determined at the
respective timing. The procedure is illustrated in Figure 3.8 for experimental
condition C140-DB. For C140-DB, the apex point touches the pilot hole
bottom first and the Phase | completed when the outer edge was completely
engaged with the workpiece. The time required for completion of Phase I and
complete engagement of both cutting edges were calculated using Eq. (3.2)

and (3.3).

600 r T T ! T

(8]
-
o

Thrust Force, (N)

Time, (s)

Figure 3.8 Calculation of Slope-1 and Slope-1i
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The force values were determined from the graph at the calculated ts; and t..

Slope-1 and Slope-11 were calculated using force values and time.

Table 3.2 Calculated DER, Slope-I and Slopes-11 values for experimental

conditions
Case Experimental tei te DER Slope-1  Slope- Il
No. Condition @) ©)
C140-DA 0 9.5 0 90 52.05
C140-DB 3.19 109 0.29 77.25 35.67
C140-DD 213 5.40 0.39 80.60 69.42
I
C130-DB 167 1245 0.13 78.76 38.64
C130-DC 5.6 8.3 0.67 68.78 37.12
C130-DD 111 6.47 0.17 82 70.04
I C140-DC 6.75 7.13 0.94 67.34 41.35
" C130-DA 153 1243 0.12 84.18 21.27
F-DA 401 5.46 0.73 75.15 67.33
F-DB 545 8.66 0.62 70.06 52.95
v
F-DC 131 1258 0.10 83.80 50
F-DD 1.76 1154 0.15 78.11 54.23
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Similarly, the force signals for all the experimental conditions were analyzed
and the slopes were calculated. The results were categorized into four classes

based on the engagement conditions. The results are summarized in Table 3.2.

3.4.2 Relation between DER and Slope-1 /Slope-1I

Slope-I and 11 were plotted against DER and it was observed that the Slope-I
decreases linearly with respect to DER. The relation between DER and Slope-
| signify the importance of the DER and its effectiveness for performance
evaluation during the engagement. However, Slope-Il did not show any

relation with DER.

100 : : : !
¢ ! i i i
_ 80 |-meess Fe——— oo ERRREEEEEE dAmmoom oo R
= ! . i o
8 ' | | M. b e
g 60 [ . : : :
2 B e A
g 1 1 ] 1 ’.
S 40 pe------ D RO dommmmeaes e - m e --
v .o ! - :
g- 1 1 |
o ! ! : # Slope |
“ 38 e _ SO RS- | SEREIRE. - SRS .
5 i E ® Slope 1
; i i i ;
0 0.2 0.4 0.6 0.8 1

Drilling Engagement Ratio (DER)

Figure 3.9 Slope-I and Slope-1I plotted against Drilling Engagement Ratio

As it can be seen in Figure 3.9, Slope-1l is always smaller than Slope-1 for all
the experimental conditions. The effects of pilot hole geometry on the Slope-I
and tool chipping is shown in Figure 3.10. When drill DC was used with a flat

pilot hole (F-DC), the inner edge quickly engaged with the workpiece (DER=
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0.1) causing a sudden increase in thrust force on the inner edge. As a result,
the Slope-1 was 83.80 and inner edge experienced heavy chipping. Whereas,
the same drill geometry when used with a conical pilot hole (C140-DC), both
edges engaged gradually (DER=0.94) hence the change in thrust force was not
drastic (Slope-l1= 67.34). Hence, no chipping was observed in the case of
C140-DC. The opposite effect of pilot hole geometry was found in the case of
drill DB. It did not experience any chipping when a flat pilot hole was used
(Figure 3.11 (i )). However, the same tool experienced chipping on the outer
edge when used with conical bottom pilot hole (6,=130 and 140) as shown in

Figure 3.11(d)&(qg).

600 ! Phase-1 : :
Phase-I1
~ 500 F-DC After Complete Engagement
g: DER=0.10
o 400 -
8 Slope-1 =83.80
] SoneIT =
= 300 Slope-11 =50
-
w
E 200 - C140-DC
e P | DER =0.94
100 | r Slope-1 =67.34
L/ Slope-II =41.35
n o L 1
0 5 10 15
Time, (s)

Figure 3.10 Effect of pilot hole geometry on Slope-I/Il and cutting edge
chipping for drill DC

It was found that for DER < 0.4, chipping was severe on the edge which
engaged first with the workpiece as compared to the other edge. However, for
DER> 0.6 uniform wear was observed along both the cutting edges. The tool
wear study showed that drills with an inner angle less than 10° were
susceptible to chipping when used with flat bottom hole, whereas, other tools

showed smooth engagement with flat pilot hole. The range for smooth
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engagement for drilling alloy 718 was defined as 0.6 < DER < 1. These

observations were also consistent with the second set of experiment.

DER=0.1
Outer Edge

C130-DA C140-DB
DER=0.13 SER DER=0.29

W o \\ Outer Edge Qumr Edge
DER ~ 0 L = ‘ o
Outer Edge ‘i > :

@ ‘.65 : 3 - o

(a)

T

C140-DC : ~ F-DA C130-DC 7 F-DB
DER =0.94 DER =0.73 === DER =0.67 DER =0.63

Figure 3.11 Effect of Drilling Engagement Ratio on tool edge chipping (a)
Unstable Engagement and severe chipping on the cutting edge for 0<DER<0.4
(b) Smooth Engagement and uniform wear along cutting edges for
0.6<DER<L1.

3.5  Concluding Remarks

Based on the analysis and experimental results following conclusions are

derived for the too-work engagement efficacy.

e The pilot hole has to be reamed to IT7 diametrical tolerance as the

conventional twist drills fail to meet the requirement.

e |t is important to consider the effect of pilot hole bottom geometry on
the deep hole drilling process in addition to the diametrical accuracy of

the pilot hole.
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The drilling engagement ratio provides a quantitative approach to
avoid the probability of drilling edge chipping during engagement
phase. The DER should be kept in the range of 0.6 to 1 to reduce the

probability of cutting edge chipping during the engagement.

The SLD with an inner angle less than 10 should not be used with a
flat bottom pilot hole. This is an important finding which is not only
applicable in unsupported but also in supported deep hole drilling
process where the pilot bush and the workpiece form the flat bottom

hole case.

The study provided guidelines for conducting further experiments used

in this research.
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Chapter 4. Predictive Modelling of Drilling Forces

In this chapter, a comprehensive predictive model for single-lip drill (SLD)
drilling forces considering the effect of edge radius is proposed. Initially, a
detail geometrical model for tool geometry is presented followed by the drill
force system. A wide range of drilling experiments was carried out to check

the accuracy of the predictive model.

4.1 Modelling Framework

The modelling framework for single-lip drilling is summarized in Figure 4.1.

Single-lip drill
| Material model l ‘Drilling parameters eleein on
geometry
, , }
‘ Johnson-Cook model | * Feed rate, * Macro geometry
*  Cutting speed (Cutting angles, apex location)
* Micro geometry
(Edge radius)
y
Predictive model

combining shearing
and ploughing forces

}

‘ Drilling forces ‘

Figure 4.1 Modelling framework for the single-lip drilling forces

There are three main input categories required for the thrust force prediction-
material properties, drilling parameters and SLD geometry. In this study,
unlike the previous models as reviewed in the section 2.3.1 a new parameter,
cutting edge radius is added. The material behavior is modeled using the
Johnson and Cook (J-C) material model. The shearing and ploughing
components of the drilling forces are predicted and combined in order to

obtain the total drilling forces.
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4.2 Force System

4.2.1 Coordinate systems

A rotating frame of reference (x.y;z;) is defined at the center of the drill,
where z; axis is parallel to the drill axis. The x;, axis passes through the apex
point of the drill and y, axis is perpendicular to the x; and z; axes. The
workpiece coordinate system (XYZ) is a fix co-ordinate system parallel to the
dynamometer co-ordinate system where the Z axis is parallel to z, and normal

to x,y; plane. The angle of rotation for (x;y,z;) with respect to the (XYZ) is

br-

X¥Z:Inertial coordinate system for
workpiece

X¢ V¢ Z¢: Rotation coordinate system
for drill

¢, : Angle of rotation

Figure 4.2 Inertial and rotational coordinate systems for SLD

4.2.2 Drill geometry

The drill geometry of the single-lip drill is defined as shown in Figure 4.3. The
major macro parameters are inner cutting edge angle (¢;), outer cutting edge

angle(¢,), apex point (c,) and tool cutting edge rake angle (a) in addition to
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the micro geometry parameter cutting edge radius (). The effective rake
angle (a,) is influenced by the ratio (t,/r.) of uncut chip thickness (t,) to the

cutting edge radius (7).

The effective rake angle («,) can be calculated using the method suggested by

Bissacco et al. [42] as follows.

t
a, = sin~! (r_o — 1) fort, < tiim
e

(4.1)
A, =afort, > tym
Where t;;,, is calculated using Eq.(4.2).
tim = 1.(1 + sina) (4.2)

4.2.3 Drilling forces

The drilling forces on cutting edges were determined by dividing the edges
into m; elements at inner cutting edge and m, elements at outer cutting edge
of length dr each. The cutting element dr is considered as the orthogonal

cutting element. The width of cutting element along the cutting edge is,

dr

dw; = at inner cutting edge and
co

14

dw, = codr at outer cutting edge.

Po
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ith

element .

J
< &w\.'
Po
P N dw,
dF;
dF;

Figure 4.3 Drill geometry and drilling forces
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The shearing components of the forces acting on the cutting elements are
(dF.)s and (dF;)s. The elemental force (dF,), is parallel to the direction of
cutting velocity (V,) at any given radius (r) whereas (dF;), is normal to the
plane containing cutting velocity and cutting edge.  The ploughing
components were added to the shearing components to get total elemental

forces in cutting anf feed directions are,

dF; = (dFt)s + (dFe)p (4.3)

dF, = (dFy)s + (dFy)p (4.4)

Where, (dF,), and (dF;), are the ploughing components in cutting and feed
direction respectively. The elemental forces in the tool coordinate system are
given as EQs.(4.5)-(4.7) for outer cutting edge and Egs.(4.8)-(4.10) for inner

cutting edge.

|dF;o| = |dF| cos @, (4.5)
|dFyo| = |dF| sin g, (4.6)
|dE,o| = |dF,| (4.7)
|dF,;| = |dF| cos ¢; (4.8)
|dFy;| = |dF¢| sin g; (4.9)
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|dF,;| = |dF,| (4.10)
The total drilling forces in tool coordinate system are given as,

mitmo (4.11)
Fye = Fyi — Eo =Z(de1)] z (deo)j
Jj=

j=m;+1

mi+mo (4.12)

Fyt:(Fyi+ ) Z(dFyl)J+ Z (dFyO)

j=m;+1

mi+mo (4.13)
Fe = Fyi+ Fo = Z(dFZoﬁ > W@k,

j=m;+1

Finally, the forces are transformed into inertial frame of reference using

following transform matrix,

Fx cosp, sing, 07|Fxt
Fy|=|-sin¢p, cos¢p, 0||Fyt
FZ O O 1 th

4.2.4 Material model

In this study, Johnson and Cook (J-C) material model is used to define flow
stress of the work material. In J-C model, the flow stress (o) is defined as the
function of the yield strength, strain rate and change in temperature [43] as

Eq.(4.14).
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T—T, ]m)

2 4.14
T T (4.14)

o= (A +Bs")(1 + angi)u _ [

Where, ¢ is the average shear strain, ¢ is the average shear strain rate and &, is
the reference plastic strain rate, T is the instantaneous temperature of the
workpiece, T, and T, are the melting temperature and the room temperature
respectively. Moreover, A is the yield strength of the material, B is the
strength coefficient, C is the strain rate constant, n is the strain hardening
coefficient and m is the temperature exponent. The material parameters used

by various researchers for Inconel-718 are summarized in Table 4.1.

Table 4.1 The J-C material parameters for Inconel-718

Reference A B C n m e Heat
(MPa)  (MPa) (s  Treatment
Ref. [44] 450 1798  0.0312 0.9143 0 1.0  Annealed

Ref. [44] 1350 1139  0.0134 0.6522 O 1.0 Aged

Ref. [45] 450 1700 0.017 065 1.3 0.001 Annealed
Ref.[46] 1241 622 0.0134 0.6522 O 1 Aged
Ref. [47] 1241 622 0.0134 0.6522 1.3 1 Aged
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The average yield strength of the age hardened Inconel-718 used in this
analysis is 1300 MPa. Hence, the material properties used by Lorentzon et al.

[47] were selected for the calculation purposes.

The thermal conductivity and specific heat capacity are defined as the function
of temperature. The variation of these properties with respect to temperature
is shown in Figure 4.4 and Figure 4.5. The Eq.(4.15) and Eq.(4.16) are
obtained by the curve fitting of the data for thermal conductivity and thermal

specific heat capacity of Inconel-718 respectively.

K = 0.016T + 6.67 (4.15)

Cp, =290.92 -9 x 107127 5 + 3 x 1078T% — 3x 107573 + (4.16)

0.0102T2 — 0.9215T

[ g] w [F8]
€3] o [$a]
1

o]
=

[EEY
(&2}

K=0.016T+6.67

=
2] =
1 1

Thermal Conductivity, W/mK

=

290 490 690 890 1090 1290 14390
Temperature, K

Figure 4.4 Variation in thermal conductivity (K) with respect to temperature
for Inconel-718[48]
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Figure 4.5 Variation in specific heat capacity (C,) with respect to temperature
for Inconel-718 [49, 50]

4.3  Prediction of the Drilling Forces

The framework for the prediction of the drilling forces is depicted in Figure
4.6. A MATLAB program was written to automate the iterative process.
Initially, J-C material model related parameters, thermal properties and
mechanical properties were given as input. In addition, the tool geometry
parameters such as cutting edge radius on the inner edge (r,;), cutting edge

radius on the outer edge (,,,) were updated in the program.

The number of cutting elements at inner cutting edge (m;) and outer cutting
edge (m,) were calculated considering the length of each cutting element
(dr). The other parameters such as cutting edge width (dw) and uncut chip
thickness were calculated at inner and outer cutting edges separately. The
prediction of (dF,)s, (dF,)s, (dF;), and (dF,), is discussed in the following

sections.
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Material Properties: J-C parameters, Thermal
and mechanical properties
Drill Geometry: @;, @, R, Cp, Teis Teo
Drilling Parameters: f, RPM
dr = 0.2 mm

v Y

Inner cutting edge: Outer cutting edge:
dw; = dr/cos @; dw, = dr/cos @,
Loi = f COS @; too = fCOS @,

Y A A

Prediction of (dF,),, (dF;)s and k,p

[+ 1 v

Prediction of (dF.),, (dF:),

A 4

Calculate dF, and dF;

No

Calculate Fy, Fyr and Fy;
using Eqgs.(4.11)-(4.13)

Figure 4.6 Flowchart for prediction of the drilling forces
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4.3.1 Prediction of (dF,)s and (dF;),

The shearing forces in cutting and feed direction were calculated using
parallel-sided shear zone theory developed by Oxley. The predictive
analytical model developed by Oxley [51] used power law material model for

flow stress calculations.

o =0 (4.17)

Where, o is flow stress and ¢ is strain, the constants ¢; and n are strength and
strain hardening coefficients respectively. The constants depend on the
velocity modified temperature. However, the power law material model is
available for the limited number of materials such as low carbon steels and
few aluminum alloys. Hence, Amir H. Adibi-Sedeh et al. [52] extended the
predictive modelling theory to use other material models such as J-C model.
The extended model was improved by Lalwani et al. [53] by modifying the
strain hardening constant. In this study, extended Oxley’s predictive model for
J-C developed by Lalwani et al. [53] is used to predict shearing force

components in the cutting and thrust direction.

The primary shear zone (PSZ) was modelled as parallel-sided with line AB as
straight slip line which is depicted in Figure 4.7. The tool-chip interface is
also called the secondary shear zone (SSZ) which is assumed to be of constant

thickness for simplifying the analysis.
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Primary shear Zone

Secondary Shear Zone (PSZ)

(SSZ)

Figure 4.7 Oxley’s parallel sided slip-line model

Qe

Work material dF, V
r

Figure 4.8 Elemental forces acting at PSZ and SSZ
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Input values for t,, V., dw, 1, @ » Compute @, using Eq.(4.1) —l

v
Range for § =0.001 to 0.2 (Incr. 0.002) |« Incr. §
-
»  Range for C, =2 to 10 (Incr. 0.1)
»  Range for ¢ =2 to 45 (Incr. 0.1)

+

Compute: lyz = t,/sin¢; Vi, &4p and &,

+

Assume Typ =T,

»l

-
Calculate NewT}; from Eq.(4.25) where the values of C, and K is calculated
from Eq.(4.15) and Eq.(4.16) for the given temperature.

Yes Calculate
dR; dNg; (dF,)s;
(AF) s, by Tine: Eines Eine

TAB =NEWTAB NEWTAB - TAB< 0.1?

AT,=T, +AT,,

—  AT.=NewAT,

Calculate NewAT = T, + AT, + AT, where AT,is calculated using Eq.(4.45) and
values of C, and K is calculated from Eq.(4.15) and Eq.(4.16)

Yes Calculate
ATy Tines kchip

NewAT, — AT.<0.1?

Yes No Compare
Incr. ¢ 0 Tine and kg for
selecting ¢

Yes l

Incr. C, Compute gy and o'y l
' = Yes
Compare gy and a’y for 0
selecting C,

No

Compute (dF,)s kg for further use }Qi Finalize § when (dF,), is minimum

Figure 4.9 Flowchart for prediction of (dF.)s and (dF;)s
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In order to predict the forces, shear angle (¢) must be determined with two
other constants, C, and §. The strain rate constant, C,(= l,5/As;) relates
shear strain rate with the length of primary shear zone whereas §(= As,/t.) is
the ratio of plastic zone thickness (As,) at tool-chip interface and the chip
thickness (t.). The shear angle (¢), constants C, and § are determined by an
iterative process as shown in Figure 4.9 where the following three conditions

are met. A MATLAB program was written to automate the iterative process.

Condition 1: For determination of shear angle, the shear stress (t;,;) at tool-

chip interface should be equal to the shear flow stress in the chip material

(kchip)-

Condition 2: For finalizing the value of C,, the normal stress (o) at tool-chip

interface should be equal to the normal stress (o' ) at point B.

Condition 3: The value of § is finalized where (dF,) is minimum.

The resultant force acting on at PSZ is in equilibrium with the resultant force
acting at SSZ as shown in Figure 4.8. The relation of the forces is given by

EQs.(4.18)-(4.23)

_dF, (4.18)
€ cos@
dF; = dR, sin A (4.19)
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dN. = dR,.cos A (4.20)
(dF.)s = dR.cos(1 — a,) (4.21)
(dFy)s = dR,sin(A — a,) (4.22)
dF; = kyplapdw (4.23)

The flow stress (k,5) at the primary shear zone is calculated as,

O4B 1

o Tys — T, ™ (4.24)
kAB - \/§ \/g ] )

€4B
A+ Belp) 1+ Cln—)(1 — |——
(A+Beyp)(1+Cln 3 )( T —T

The parameters required to calculate the flow stress are determined as follows.

The average temperature in the primary shear zone (T,p) is given as,
Tyg =T, +nAT, (4.25)

The average rise in the temperature at primary shear zone (ATs,) is given by
Eq.(4.26) where, dF; is the shearing force, V; is the shear speed, p is the
density of the material, V. is the instantaneous cutting speed, dw is the width
of cut and C, is the specific heat capacity of the work material. The
temperature factor n accounts for the part of total shear energy appearing as

sensible heat. In this analysis, the value of 7 is considered as 0.9.
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(1= B)dFs Vs (4.26)

AT, = ——
¥ pVt.dwC,

The portion of the heat conducted (8) to the workpiece from the shear zone

varies for different ranges of (R tan ¢) as follows.

B = 0.5—0.35 log,o(Rr tan ¢) for 0.04 < Ry tan¢ < 10

(4.27)
B =0.3—-0.15 log;o(Rr tan¢) for Ry tang¢ > 10
The non-dimensional thermal parameter can be calculated as,
PVrto Gy (4.28)

Where, K is the thermal conductivity of the material and ¢, is the uncut chip
thickness. The uncut chip thickness can be calculated for inner and outer
cutting edges as shown in Figure 4.6. The shear velocity (V;) can be

determined by using Eq.(4.29)

v Cosd (4.29)
* Sin(¢ - ae)

The equivalent shear strain (¢,5) and the equivalent shear strain rate (é45) at

AB is calculated using von Mises criterion.
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V3
- YaB (4.31)
AB — T =

V3

The shear strain (y,5) at PSZ is given by

_ cos a, (4.32)
Yas =3 sin¢ cos(¢ — a,)

Whereas, the average shear strain rate (y,5) at PSZ is given as

C,Vs (4.33)

lap

Yag =

Considering the stress boundary at B (Figure 4.8), the normal stress (¢'y) at B

is calculated using Eq.(4.34) which is modified for J-C material model.

r_ T 4.34
UN—kAB(1+E—2a—2COneq) (4.34)
Whereas, the normal stress (ay) at tool-chip interface is calculated as,

dN, (4.35)

N = hdw

The shear stress at tool-chip interface is calculated as
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dFs (4.36)
Tint = 300

The plastic deformation at the secondary shear zone is influenced by the
secondary shear zone thickness (As,) and the too-chip contact length (k). The

shear strain rate at tool chip-interface is given as,

Vint (4.37)

Eint = Ve

Ve
5t,

@l =

The chip speed (V/.) and the chip thickness (t.) are calculated using Eq.(4.38)

and (4.39) respectively.

_ Vsing (4.38)
¢ cos(¢p —a.)
t, cos(¢p — a,) (4.39)
t. = -
sin ¢

Whereas, the equivalent shear strain at the tool-chip interface is,

_ Yint _ 2vap +0.5yy (4.40)
Eint = \/§ - \/g

Where, yy = % and y,5 can be calculated using Eq.(4.32).

The tool-chip contact length (k) is calculated as,
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4.41
t, sin@ CoNeq ( )

~ cosA sin® +3(1+2(%—¢)_Coneq)

In Eq.(4.41), the strain hardening constant (n.,) is modified for the J-C model

as suggested by Lalwani et al. [53] in Eq.(4.42).

_ nBegg (4.42)
ea = Ay Ben

The angle between resultant of cutting and thrust force (dR.) and shear plane

is,

0 =tan"'(1+2 (3 §) — Cymey) (4.43)

The friction angle (1) between the normal force (dN.) and resultant force

(dR.) at tool-chip interface is,

A=0—¢+a, (4.44)
The average temperature at tool-chip interface is,

Tine = T, + ATy, + YATy, (4.45)

Where, the temperature factor v is 0.9 and the maximum rise in temperature

ATy, is calculated using Eq.(4.46) as suggested by Boothroyd [54].
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4.46)
AT, Rrt Ryt (
logys (ﬁ) — 0.06 — 0.195 8 TO € 4+ 0.5logy, ( i C)
The average temperature rise in the chip is,

dF;V, (4.47)

AT = ————
€7 pVt, dw Gy

Once the equivalent shear strain, the equivalent shear strain-rate and
temperature at the tool-chip interface is known, the flow stress at SSZ can be

calculated as,

1
kchip = ﬁ

Tyg — T, 4.48
A ] ) ( )

2
A+ Bejg)(1+ Cln— 1—[
(A +Befa)(1+ Cin=2)(1 = |2

Once the value of (dF,) is obtained, the corresponding flow stress at PSZ

(k4p) was saved for the further use.
4.3.2  Prediction of (dF,), and (dF;),

The next step is to determine ploughing forces. The ploughing components
are determined using slip-line model proposed by Waldorf et al. [55] as shown
in Figure 4.10. The ploughing component in cutting and feed direction are

determined by the Eq.(4.49) and Eq.(4.50) respectively.
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(ch)p = kABdW[COS(Znn) COS(d) ~—TYn + nn) + (1 + Zen + Yn

) ) (4.49)
+ Sln(znn) )Sln(¢ —Vnt Tln)]CA
(dFt)p = kABdW[(1 + 29n + Yn + Sin(znn) ) COS(¢ —Vn + nn)
_ (4.50)
— cos(2n,) sin(¢ — v, + 1,)]CA
a
e
Tool
te
B
B ¢
r, R /Jﬁ/p n
2 OnJbo
C
Mn v
Yn r
‘—
Workpiece
Figure 4.10 Slip-line model for ploughing [55]
The parameters are calculated as follows,
N = 0.5cos™t s (4.51)

Where, u,,_; is the tool-workpiece friction co-efficient. Its value varies from
0.8 to 0.4 in the velocity range of 1 to 20 m/min as experimentally determined
by Zemzemi et al [56]. In this analysis, an average value of 0.6 is used for the

calculations.
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Yo = Nn + ¢ — sin"}(V2 sinp, sinn,) (4.52)
s
On = 2 Pn— ¢ (4.53)

Where, p,, is prow angle and assumed as 1° for this analysis.

CA= (4.54)

Where, R,, is determined by solving the implicit Eq.(4.55).

2

T « V2 R, cos
R, =sinn, || . tan (— + —e) ;—Pn + 2[R,, sin p,]? (4.55)
42 tan (7 + ae)

The above mentioned steps were performed till the complete drill radius is
covered. The total drilling forces calculated by summarizing the elemental

forces using Egs.(4.5)-(4.10).

4.4 Experimental validation

The experiments were conducted in two parts. In the first set of experiments,
the predictive model was tested for the effects of micro and macro geometry in
addition to varying feed rate on the thrust force. Whereas, the effect of
variation of cutting speed on drilling forces along the cutting edges was

verified in the second set of experiments.
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4.4.1 First set of the experiments

Four nose grind designs with 8 mm diameter were selected for the first part of
the study as listed in Table 4.2. The drilling parameters such as feed rate (f),
the average cutting edge radius (r,) and drill macro geometry type used for
drilling experiments are summarized in Table 4.3. The cutting edge radii were
measured using Alicona InfiniteFocus at three points on inner and outer

cutting edge each as depicted in Figure 4.11.

Table 4.2 Details of drill geometries

Drill type O, Po cp Bearing pad (6, 6,)
A 15 20 D/2 G (55°,165°)
B 20 30 D/2 G (55°,165°)
C 5 40 D/2 G (55°,165°)
D 10 40 D/3 G (55°,165°)

The cutting edge radius for fresh SLDs is found to be in the range of 5 to 8
um. However, sharp drill cutting edges are susceptible to chipping during
engagement due to high hardness of Inconel-718 as discussed in Chapter 3.
The cutting edges were honed to 7, = 20 + 3 um and 50 + 2 um on both the

cutting edges to study the effect cutting edge radius on the drilling thrust force.
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l I Outer Cutting Edge
Edge radius measurement
at six points.

Inner Cutting Edge

Figure 4.11 Sample measurements of cutting edge radii at inner and outer
cutting edges for the honed drill.

Table 4.3 Drilling parameters for the first set of experiments

Test No. Drill Type f (um/rev) 7, (um)

1 A 20 20
2 B 20 20
3 C 20 20
4 D 20 20
5 B 30 20
6 B 10 20
7 B 20 50
8 B 20 8
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The experimental setup for the first set of experiments is depicted in Figure
4.12. Two repetitions of the drilling tests as listed in Table 4.3 were

conducted at the fix RPM 800.

Accelerometer

Figure 4.12 Setup for the first set of experiments

4.4.2 Second set of the experiments

The second part of the study was carried out using a different experimental
setup as shown in Figure 4.13. A ring of 1 mm thickness and 20 mm outer
diameter was mounted on the spindle. A short SLD was mounted on the
dynamometer with eccentricity. The eccentricity can be varied to change the
location of cutting edge in contact with the workpiece. The tests were
conducted at four cutting speed values as 2.5, 7.5, 12.5 and 17.5 m/min which
resemble with the cutting speed variation on the single-lip drill cutting edges
at the drill radius of 0.5, 1.5, 2.5 and 3.5 mm respectively. The cutting speeds
were achieved by changing the spindle speeds. Two repetitions were

conducted with Type B drill at the feed rate of 20 um/rev. The chip thickness
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was measured using Keyence VHX-1000 Series optical microscope for which
molds were prepared. A detailed procedure for the mold preparation is

described in Section 5.2.2.

Single -lip drill

Workpiece / =)

e

=

r/ / z

nlr ] B _ B

o prmm] =

=1 . — < 2

o, : ®

5 [ —— E o D

> ccentricity ~

Figure 4.13 Set-up for second set of experiments
45  Results and Discussions
4.5.1 The effects of drill geometry on the thrust force
600 -
I T T I
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£ 300 -
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E 200 A B Pred
100 A
0 ]

Drill-A Drill-B Drill-C Drill-D
Drill Geometry

Figure 4.14 Effect of drill geometry on the thrust force
(f=20um/rev, re=20 um)

Figure 4.14 shows the variation of thrust force with respect to the drill

geometry when the feed rate and cutting edge radius are kept constant.
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Figure 4.14 shows the variation of thrust force with respect to the drill
geometry when the feed rate and cutting edge radius are kept constant. As the
outer cutting edge angle increases the thrust force decreases. As the outer

cutting edge angle increases the component of F;, in the Z direction decreases.

4.5.2 The effect of feed rate on drilling thrust force

As the feed rate increases the thrust force increases due to increasing chip load

on the cutting edge as shown in Figure 4.15.
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1 1

Thrust force, N

f=10 =20 =30
Feed rate, pum/rev

Figure 4.15 Effect of the feed rate on the drilling thrust force
(re=20 pm, Drill-B)

It was observed that the difference between measured and predicted results
also increases with increasing feed rates. It can be attributed to the frictional
force generated due to long and thick chips at higher feed rates which were not
considered in the predictive model. The details of this phenomenon are

discussed in Chapter 5.
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4.5.3 The effects of cutting edge radius on the thrust force

The thrust force increases for same feed rate (f = 20 um) when the cutting
edge radius (r,) increases as shown in Figure 4.16. The increase of thrust
force is attributed to the increasing ploughing force due to the edge radius
effect. The ratio (t,/r.) of uncut chip thickness to cutting edge radius changes
from 2.5 to 0.4 as the cutting edge radius changes from 8 um to 50 wm. The
effective rake angle (a,) was calculated using Eq.(4.1) and it was found to be
-23.57° for the cutting edge radius of 50 um. The increased negative rake
angle causes excessive ploughing which leads to increase in the thrust force.
It was also observed that the predictive model overestimates the thrust force
for negative rake angles. Similar observations were also reported by Adibi-

Sedeh et al. [52].

900 -
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Edge radius, um

Figure 4.16 Effect of the cutting edge radius on the drilling thrust force
(f=20um/rev, Drill-B)

66



Predictive Modelling of Drilling Forces

4.5.4 Force distribution on the cutting edges

The drilling forces decrease along the cutting edge as the radius increase as
shown in Figure 4.17. The change in cutting forces can be attributed to the
thermal softening effect. As the drill radius increases the cutting speed also

increase which causes an increase in temperature at primary deformation zone.

300 -
250 A
200 4
z
8“ 150 _’_Fxt EXp
2 —=— Fy Exp.
LE 100 A th EXp
%o = <—-F, Pred.
T 50 4 -@-F, Pred.
a E,; Pred.
0 ,
4
50 -
-100 -

Drill radius, mm

Figure 4.17 Variation in F,,, F,; and F,, with respect to radius.

As a result, flow stress value decreases leading to decrease in the drilling
forces. Moreover, the frictional coefficient is higher at lower cutting speed as
reported by Zemzemi et al. [56] which also causes an increase in drilling
forces at lower cutting speeds. The different between the predicted and the
measured results was found to be in good agreement at higher cutting speeds
as compared to the lower cutting speeds. The error can be further reduced at
lower cutting speeds by modeling the tool-workpiece frictional coefficient
(ue—w) as a function of cutting speed. The distribution of the drilling force

along the cutting edge can be further used for optimization of bearing pads
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configuration to ensure stable burnishing process. Moreover, the finding can
be used in analysis of wall deformation during machining of thin walled deep

holes as studied experimentally by Biermann et al.[57].

4.5.5 Variation in shear angle and chip thickness
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Figure 4.18 Predicted change in shear angle along drill radius
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Figure 4.19 Change in chip thickness along the drill radius
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The shear angle increases as the drill radius increases as depicted in Figure
4.18, as a result, the chip thickness decreases along the drill radius as shown in
Figure 4.19. The average error in the predicted and experimental values was

found to be less than 20 %.

4.6 Concluding Remarks

A comprehensive predictive model was developed which considers the effect
of edge radius on single-lip drilling forces for Inconel-718. The effects of tool
geometry, feed rate, and cutting edge radius on the drilling forces were
predicted and experimentally validated. In addition, variation in the force
distribution along the cutting edges was also predicted. The major findings

are summarized as follows.

e Micro geometry has a higher influence on the drilling thrust force as
compared to the macro drill geometry, especially at lower feed rates.
The cutting mechanism is dominated by ploughing when the ratio of
uncut chip thickness and cutting edge radius is below one leading to

higher thrust forces.

e The drilling cutting forces are higher on the inner cutting edges as
compared to the outer cutting edges which has significant implications

for drill stability.

e As the cutting speed increases along the cutting edge the shear angle

increase and the chip thickness decreases.
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e The predicted results show good agreement with experimental results
with an error less than 20%. Hence, the developed model can be used

for the prediction of thrust force required in the straightness analysis.
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Chapter 5: Chip Morphologies in DHD of Inconel-718

In this chapter, mechanics of chip formation in the single-lip drilling of
Inconel- 718 is discussed. A novel method was introduced to observe real
time chip formation using high-speed camera. The effect of tool geometry on
a chip morphology is explained in addition to chip breaking mechanism.

Finally, the effect of chip morphology on thrust force is quantified.

5.1 Background

A limited number of studies is available for chip formation in deep hole
drilling of Inconel-718. The studies are mostly experimental in nature and
report few observations based on the chip in hand. As reported earlier,
Biermann et al. [24, 58] studied the single-lip drilling of Inconel-718 and chip
formation using high-speed camera for 1.5 and 2 mm diameter holes. They
observed that Inconel-718 chips are difficult to break and chip curling plays a
major role in chip breaking. However, these studies were conducted at smaller
diameter with microscopic feed rates hence the results may not apply to the
drills with a bigger diameter such as 8 mm. Hence, in this study, a
comprehensive set of experiments was performed to understand the effect of
drill geometry on chip morphology and chip breaking. Moreover, it was
reported in Chapter 4 that the chip morphology at higher cutting feed rates

affects the drilling thrust force which needs to be quantified.

The chip morphology is governed by the factors listed in Figure 5.1.

Moreover, the factors are interlinked and it is hard to separate their effect on
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the chip morphology. Understanding of interdependence of these factors is

important for chip control in deep hole drilling of Inconel-718.

Cutting speed
Feed rate
Chip thickness
Tool edge radius
Rake angle
=
2 Radius of curvature Inner & Outer edge
E and pitch angle
°
= Chip breaker
g
g Yield stress of material
by Mechanical
= properties of chip Modulus of elasticity
< material
Strain limit of material
Lubrication
Coolant Properties Coolant pressure
Drill dub of angle

Figure 5.1 Relation between different factors and chip morphology in single-
lip deep hole drilling.

5.2  Experimental Study

5.2.1 Dirilling parameters

To understand the effect of various parameters on the chip morphology a
comprehensive set of experiments was conducted. Three nose grind designs

with increasing outer cutting edge (¢,) angle and one drill with D/3 apex
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location were selected. The details of the drill geometries are given in Table

5.1. To avoid chipping, the cutting edge radii for all the drills were honed to

20 um.
Table 5.1 Drill geometries used for chip morphology study
Drill @:(") @0 (") cp(mm) D (mm)
A 15 20 2
B 20 30 2
8
C 5 40 2
D 10 40 1.33

The experiments were conducted on DMU 80P duoBLOCK® five axis
machining center with maximum coolant pressure of 4 MPa. The tests were
conducted at three levels of feed rate (f) as 10, 20 and 30 um/rev. The
spindle RPM was set as 800 for all the drilling conditions. The forces were
recorded using Kistler Type-9257B three-component dynamometer and

LabVIEW software. The pilot holes were machined based on guidelines

described in Chapter 3.

Table 5.2 Mechanical properties of Inconel-718 used for chip morphology

study
Yield Point Tensile Elongation Area Hardness
(MPa) Strength Reduction
(%) (HRC)
(MPa) (%)
1058 1327.5 10 20 42-45
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The mechanical properties of the Inconel-718 workpiece are listed in Table 5.2.

5.2.2 Chip characterization

The spiral chips were characterized based on chip diameter (d.), length (l,),
pitch (p.) and thickness (t.) whereas only chip thickness was used for snarled

and elemental chips because of their irregular shape.

Figure 5.2 Parameters for chip characterization

The measurements were performed on 10 randomly selected chips for each
experimental condition. Epoxy molds were prepared for the chip thickness
measurements. Method for mold preparation is depicted in Figure 5.3 where
initially a chip is placed in the epoxy mold and the mold was polished till the
half diameter of the chip is reached. Keyence VHX-1000Series microscope

was used for the measurements.

Before polishing After polishing Top view

Figure 5.3 Mold preparation for chip thickness measurements
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5.3 Results and Discussions

The chips generated during single-lip deep hole drilling in Inconel-718 are
shown in Figure 5.5. The chips were classified based on the simplified 1SO

chip classification [59] as shown in Figure 5.4.

L (a) Elemental chips J ; (b) Snarled chips ! (c) Spiral chips 1

0.03mm/rev

~
»
[
e
o
£
E
N
=
(=]

f=

0.01mm/rev

Drill-A Drill-B Drill-C Drill-D

J

Figure 5.4 Classification of chips for deep hole drilling in Inconel-718: (a)
Elemental chips, (b) snarled chips and (c) spiral chips

The chips generated during deep hole drilling in Inconel-718 can be divided

into three main categories:

1. Spiral chips

2. Snarled chips

3. Elemental Chips
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Figure 5.5 Chip morphologies in single-lip deep hole drilling of Inconel-718

The chips observed in the present experiments were dominated by the spiral
chips unlike the chips reported by Biermann et al. [24, 58]. The mechanics of
chip formation and reasons for the variation in chip morphologies are

explained in the next sections.
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5.4 Mechanics of Chip Formation

In the following sections mechanism of chip formation and chip breaking for

elemental, snarled and spiral chips are discussed.

5.4.1 Elemental and snarled chip formation

A novel experimental set-up was used to visualize the real time chip
formation. Inconel-718 bar of 8 mm diameter was fixed on the spindle while
8 mm diameter drill was fixed on the machine table. An acrylic tube with 8
mm internal diameter and 2 mm thickness was used to cover the drill and the
Inconel-718 workpiece. High-speed camera was used to record the chip

formation. The schematic of the set-up is shown in Figure 5.6.

Transparent Tube

Inconel718 workpiece

Spindle

Camera

/ Trigger

High
Speed

I | Camera
—
Computer

Figure 5.6 Visualization of chip formation using high-speed camera

The experiments were conducted without any coolant supply to maintain a
high level of visibility for high-speed photography. However, pressurized air
was circulated during the experiments to simulate the effect of coolant

pressure. Drill geometry B (¢; = 20°, ¢, = 30°,¢, = 2 mm) was used with
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feed rate of 10 um/rev at 400 RPM. The average cutting edge radius for drill
was 7.5+ 2um. It was observed that the elemental and snarled chip

formation follows three steps.

5.4.1.1 Step 1: Chip formation starts

The chip formation starts as the apex point of the drill engages with workpiece
material. During the engagement, the cutting edges are not in full contact with
the workpiece. The high-speed video was recorded once the engagement had
completed. Initially, the chip was not visible in the image as the view was

obstructed by the unique profile of the hole bottom.

Workpiece

SLD-
Dia.=8mm

Invisible region: Hole bottom profile

Figure 5.7 Step 1: Chip formation starts

5.4.1.2 Step 2: Separation of chip from tool rake surface

As the chip continues to form, chip separates from the rake face and up-
curling start due to internal stress induced on the both sides of the chips. In
general, the up-curling is hard to achieve without any chip breakers [60]
however, in the single-lip drilling the up-curling at the low feed rate is caused

by ploughing phenomena. At lower cutting feed rate the ploughing action
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dominated the chip formation as the cutting edge radius is comparable to the

uncut chip thickness.

|| Obstru

ction by hole wall

e o

Chip up-curl

Figure 5.8 Step 2: Up-curling of the chip

The chip experiences very high compressive load on the free side of the chips
as the effective rake angle becomes negative in some cases Figure 5.9(a). As a
result, chip thickness ratio was higher for low feed rates as shown in Figure
5.11. The up-curl radius for the chip before reaching the hole wall is r,,; as
shown in Figure 5.8. The tool-chip separation due to chip up-curling is visible

in Figure 5.9(b).
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Figure 5.9 (a) Negative rake angle at lower feed rates (b)Tool-chip separation
region for Drill-A at f=10 um/rev (c) Backbone of a chip

79



Chip Morphologies in DHD of Inconel-718

The cutting edge angles also play an important role in defining the chip up-
curling. The chip flow direction at the inner cutting edge and the outer cutting
edge differ significantly at apex point forming a ridge which is called the
backbone of the chip as shown in Figure 5.9(c). It was observed that the chip
up-curling is smaller if the difference between the inner and outer cutting

angle is higher.
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Figure 5.10 Measured chip thickness
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Figure 5.11 Measured chip thickness ratio
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The difference in chip morphologies can be observed for chips generated by
Drill-A and Drill-B which have more up-curling as compared to the chips
generated by Drill-C at f = 10um/rev as it can be seen in Figure 5.4.
However, there was no adiabatic shear band formation as reported by Pawade
et al. [61] which can be attributed to the lower cutting speeds used while

drilling.
5.4.1.3 Step 3: Elemental chip breaking

According to Nakayama et al. [62] the chip breaking starts when the
maximum strain (&,4,) on the free side of the chip crosses a threshold strain
(&crit) Which depends on the chip up-curl radius . Initially, the chip has up-
curl radius of r,,;, however, the up-curl radius increases and reaches r,,, when
chip is obstructed before reaching the critical stain threshold. The increase in

strain on the free side of the chip is given by,

t. /1 1 5.1
Agchip = = (— — —) ( )

2 Tu1 Tu2

Force applied by
coolant pressure
or by obstruction Fﬂ_>

Tu1

Chip breaking
starts on the free
surface

Ty1 < Ty

Figure 5.12 Increase in up-curl radius due to coolant pressure leading to chip
breaking
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In single-lip drilling, the obstruction can be caused either by the wall of the
hole or by the coolant flow. For the current experiments, the coolant flow was
not available hence the increase in the chip up-curl radius was induced due to

obstruction by a wall of the hole as it can be observed in Figure 5.13.

— e

| Obstruction by hole wall

Figure 5.13 Step 3: Elemental chip breaking

As discussed earlier, the cutting edge angles also influence the up-curl radius
significantly. Larger up-curl radius in case of Drill-C at lower feed rates
combined with smaller chip thickness induces higher tensile strain in the chip.
The additional increase in up-curl radius caused by the coolant flow was

sufficient to break the chip hence the elemental chips were generated.

5.4.1.4 Snarled chip formation

Inconel-718 has very high tensile strength, moreover, it has a very high
threshold for ductile failure hence higher elastic strains are needed to initiate
chip breaking. In the case of Drill-A and Drill-B while drilling at lower feed
rate the chip up-curl radius are smaller and the chip thickness is higher as

shown in Figure 5.10. The required chip up-curl radius for reaching the
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critical tensile strain cannot be induced by the applied coolant pressure hence
snarled chips are generated. This was also observed during the high-speed

photography experiments as shown in Figure 5.14.

The chips continue to form despite obstruction and multiple cracks can be
found on the free side of the chip as shown in Figure 5.15. However, it only
breaks when the surface area becomes sufficiently large to exert required force

due to coolant pressure to break the chip.

Snarled Chip

\. _,

N o e

Figure 5.15 Cracks formed on the snarled chip

The elemental and snarled chips were characteristics of the drilling feed rates
up to 10 um/rev as seen in Figure 5.5. It is important to note that there was
no coolant used for the visualization experiments hence snarled chips were

formed due to the lack of sufficient coolant pressure. However, at higher feed
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rates the chip morphology changes and spiral chips are formed thought coolant

is used.

5.4.2 Mechanism of spiral chip formation

The spiral chip formation could not be visualized using the method proposed
in the previous section. After several unsuccessful attempts, it was concluded
that the acrylic tube was unable to sustain higher drilling forces at higher feed
rates. Moreover, the experiments were conducted without any coolant which
caused excessive heat build near the cutting edge leading to melting of the
tube material and making it opaque which made visualization impossible.
Hence, a model was proposed based on the observations made on the drills
and spiral chips in hand to explain chip formation and breaking mechanism.

The spiral chip formation is divided into three steps as follows.

5.4.2.1 Step 1: Side-curling of the chip

(a)

Figure 5.16 (a) Step I: Chip side curling (b) Chip marks and tool-chip
separation line for Drill-A at f= 30 um/rev, (c) Chip marks and tool-chip
separation line for Drill-C at f= 30 um/rev

The mechanics of chip formation changes as the feed rate increases. The chip

up-curl is not guaranteed without the chip breaker when the uncut chip

84



Chip Morphologies in DHD of Inconel-718

thickness is higher than the cutting edge radius of the drill cutting edge [60].
In single-lip drilling, the chip formation starts when the drill engages with the
workpiece and the chip then continues to move on the rake face as the drill is
fed. Unlike the chip formation at a lower feed rate, the chip shape is
dominated by the side curling and the up-curling is latent in this region. The
chip continues to be in contact with the rake face until it reaches the wall of
the V-flute on the drill. This is evident from the marks generated by the chip
on the drill rake face which were observed on the various drill geometries as

shown in Figure 5.16.

The chip flow angles on the inner and outer cutting edges change significantly
however chip side curling is dominated by the chip flow angle on the outer
cutting edge angle as the material flow is two times higher on the outer cutting

edge.

5.4.2.2 Step 2: Up-curling of the chip

i/ Hole wall

(a) (b)

Figure 5.17 (a) Step 2: Up-curling of the chip (b) Chip up-curl due to
obstruction from drill flute wall and hole wall.
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The chip starts to up-curl once the chip reaches the wall of V-flute. The chip
continues to curl as it comes in contact with hole wall as shown in Figure 5.17.

The combined effect of side-curl and up-curl leads to spiral chip formation.

5.4.2.3 Step 3: Spiral chip formation

As the chip continues to form, it reaches the rake face of the drill and
completes a loop of the spiral. The subsequent loops are formed as the chip

continues to form before breaking.

‘?‘\(S‘\OOQ

(a) (b)

Figure 5.18 Step 3: Spiral chip formation (a) Completion of first loop of the
spiral chip (b) Subsequent loop formation of the spiral chip.

The chip moves forward relative to the drill flute with the velocity vector vy.

The cutting velocity for drill is given as,

V=RXw (5.2)

Where R is the radius vector and w is the angular velocity of the drill.
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The drill feed velocity is v, and the absolute chip velocity with respect to

workpiece is v, which is calculated using following Eq.(5.3).

Vew= V=V + Vg (5.3)

For smooth removal of the chip, the angle ¢, between v, and v.; should be
as small as possible. The value of v., and v is affected by chip

morphology as follows.

Figure 5.19 Velocity analysis of spiral chip.

The maximum possible chip radius (r;) for the given single-lip drill can be

calculated using Eq.(5.4).

tan (%) (ca +VR—-1)2 - rcz) =1, (5.4)
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Figure 5.20 Maximum chip radius for the single-flute drill.

Where, 1, is the maximum possible spiral chip radius which can be calculated
by solving the implicit Eq.(5.4) derived based on the geometrical model
shown in Figure 5.20. The V-flute angle (8,) was 120° and the clearance (c,)
was 0.5 mm for the drills used in this analysis. The maximum chip diameter

(dc—max) Was found to be 3.82 mm.

6
f=10um/rev [ ] f=20pum/rev ] f=30um/rev
5 _____________________________________

Chip diameter, mm
w

Drill-A Drill-B Drill-C Drill-D

Figure 5.21 Measured chip diameter for spiral chips.

However, the measured diameters as shown in Figure 5.21 for the spiral chips

exceed the calculated value for d._,,4, Which can be attributed to the elastic
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recovery of the chip. It was also found that the thicker chips experienced
more elastic recovery leading to bigger diameter once evacuated from the

flute.

The spiral chip exerts normal forces at point C;,C, and C5 as F,,q, Fyc, and
F, .5 for each loop of the spiral chip due to elastic recovery inside the hole.
The magnitude of these forces depends on the extend of elastic recovery which
is defined by thickness of the chip. Moreover, the chip is obstructed by the

corresponding frictional forces (Ff.4, Fr, and Fy.3) acting at the contact points

as shown in Figure 5.22.

Fouco
"2 Normal force Fn(;Z FnCZ

: J‘Z__ due to chip l

Elastic recovery
causes chip
expansion

expansion

. /=
FfC3 T ch3

Workpiece F,
ne3
Facs Facs F nc3

Figure 5.22 Normal and frictional forces acting on spiral chip due to elastic
recovery

As the number of loops increases the contact points also increase causing

increasing frictional forces which increase the ¢, as the v decreases.

According to Feng et al.[63], the spiral chip speed with respect to drill flute

can be approximately calculated as,

Rw (5.5)

ch =
tctrndc—max
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Where, t.. is the chip thickness ratio, p. is the pitch of the spiral chip, R is

the drill radius and w is the angular speed.

f =10 um/rev f =20 um/rev . f =30 um/rev

o

W

[Ne]

Chip pitch, mm

—

Drill-A

Drill-B Drill-C Drill-D

Figure 5.23 Measured chip pitch for spiral chips.

880 Chip formation Chip
starts breakage
840 |
; Increase in trust Lt
I force due to
:§ 800 friction : AF,,
- 1
Tt
=
= 760 {
IR e B W {
1 Al
720

76

80 84 86
Time, s

Figure 5.24 Increase in thrust force due to chip clogging for Drill-A at

f =30um/rev
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It is clear from Eq.(5.5) that the smaller pitch decreases the v, leading to
difficult chip removal. It was also observed that as the outer cutting edge
increases the pitch of the chip increases but decreases as the feed rate
increases which can be seen in Figure 5.23. Increase in fictional force due to
smaller pitch and larger diameter can cause chip clogging leading to increase
in thrust force profile as shown in Figure 5.25 for Drill-A at f = 30um. The
increase in thrust force due to chip friction is summarized in Figure 5.25. The
chips generated by Drill D at f = 10um did not increase the thrust force

because its diameter was smaller than maximum possible chip diameter.

6 - - 120
C]l —e =20um/rev [ - f=30um/rev

5 4 | Maximum chip diameter | - 100
E 4 4 - 80
3 =
=3 6()[_5
L <
S 2 L 40

1 - 20

Type A Type B Type C Type D
Drill geometry

Figure 5.25 Increase in thrust force due to chip friction

5.4.3 Mechanism of spiral chip breaking

The total normal force and the frictional force increase with an increase in a
number of loops of the spiral chip as the chip is in contact with drill and hole
wall at more points. At the same time the surface area of the chip also

increases. If the force exerted by the coolant is sufficiently high the chips are
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broken. This condition was observed for spiral chips which were produced at
f =20um/rev and at f = 30um/rev for Drill-B and Drill-C. However,
chip breaking mechanism changes at f = 30um/rev for Drill-A and Drill-D.
At particular point when the frictional force is very high the v, becomes zero
and the chip stops to move. The chip formation continues at the cutting edge
which pushes the chips but resisted by the preexisting chips in the flute. At
this point the chip starts to unwind which increases the pitch and the up-curl of
the chip. As a result, the tensile strain on the free side of the chip increases
and eventually reaches the critical limit due to chip straightening as shown in

Figure 5.26.

Straightening of the last loop N_ ,
‘r\ i X

|
Increase in pitch

Figure 5.26 Increase in chip pitch and straightening of the chip

— Chip clogging

— Hole wall

— Broken drill

Drill- Type B, Feed rate- 40um/rev

Figure 5.27 Broken drill due to chip clogging at f = 40 um/rev
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The new chips in addition to the coolant pressure then push the broken chips.

This particular condition is undesirable in deep hole drilling as the drilling

depth increases, it may lead to tool breakage as shown in Figure 5.27.

5.5

Concluding Remarks

In this chapter, a comprehensive experimental study was presented to study

the mechanics of chip formation in the single-lip drilling of Inconel 718.

Based on the analysis following conclusions are drawn —

The mechanism of chip formation changes with increasing feed rate

and variation in tool geometry.

At lower feed rates the elemental chips were produced which were

easily broken by the available coolant pressure.

At higher feed rates, spiral chips are formed which are difficult to

break.

The spiral chips with higher pitch are broken easily and the pitch is
controlled by the outer cutting edge angle. Higher the outer cutting

edge angle higher the pitch of the chips.

The thicker chips experience greater elastic recovery hence exert

greater frictional force which destabilizes the drilling process.

To prevent chip clogging outer cutting edge angle should be more than
20° and the feed rate should be less than 20 pm when coolant pressure

is 4 MPa.
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Chapter 6: Straightness Control in Deep Hole Drilling

In this chapter, a predictive hole straightness deviation model for multi
supports deep hole drilling process is introduced. The model considers the
effect of misalignment at whip guides in addition to the effects of the varying
distance among the supports. The model also considers the effects of the
thrust force and the drill lengths. Furthermore, the model was experimentally
substantiated. Based on the understanding of misalignments and its effect on
the straightness, a novel support module was developed to actively change the

misalignment for the straightness control.

6.1  Drilling Strategy

The deep hole drilling process follows steps depicted in Figure 6.1.

» Setting of workpiece
» Setting of drill Drilling
. . . d th
» Setting of drilling SebTae
parameters
Drilling Drilling cycle | |
starts completes il i Drilling
+ reached? completes
h f Yes
Changeo
4
drill
Drill No lergthof
regrinding carbide tip?

A

Yes

Figure 6.1 Deep hole drilling strategy

The drilling process starts once the workpiece, drill and machine parameters

are set. Initially short drills are used as the long drills are prone to buckling.
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The drilling process is divided into multiple cycles due to tool wear. Once the

cycle completes, the drill has to satisfy two conditions.
Condition 1: Is effective drilling depth reached?
Condition 2: Is sufficient carbide tip is available for regrinding?

Based on the observation, the decision is made whether to change or regrind
the drill. The information related to machine set-up and definition for various

parameters is given in the next section.
6.2  Deep Hole Drilling Machine Setup

The deep hole drilling machine has intermediate supports to prevent the drill
from whipping hence the supports are also called whip guides. The width of
support base is Iy, = lg, = L3 = I;. In addition, the chip box and pilot bush
holder has combined length of I.,. The effective drilling length (l.,) for the

drill of length L with ng, number of supports is,

legg =L —ngls— g (6.1)

In this study, the support distances are measured from the initial position of
the spindle when the drill is about to enter into the workpiece as shown in the
Figure 6.2. The supports are numbered from the spindle to the drill bush in
ascending order. The lengths 14,1, and [, are the distances of first support,

second support and the fixed chip-box support from the spindle respectively.
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Figure 6.2 Deep hole drilling machine with multiple supports
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The support has three main components as whip guide bush, circlip and

bearing housing as shown in Figure 6.3.

Bearing

Whip guide bush

Circlip

Bearing housing

Figure 6.3 Components of drill support

The whip guide bush is made of polymers which suppress the vibrations and
increases the hole accuracy. Due to its elastic properties, the whip bush
stretches over the carbide tip and contracts on the drill shank e.g. 7.5 mm
whip bush is used for 8 mm SLD. However, the drill has to be frequently
removed from the drilling machine for the regrinding due to faster tool wear
while drilling Inconel-718. As a result, wear and tear occurs at the whip guide
bush leading to misalignment at the support with respect the spindle axis.
Improper setting of bearing in the housing may also cause the support
misalignment. Deng et al.[31] studied the effect of drill bush and support
misalignment on straightness which was limited to the single support without
mentioning the cause of misalignment. However, in practice more than one
supports are employed for the deep hole drilling process. Hence, a new model

with multi-support misalignment is necessary to predict straightness deviation.
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Figure 6.4 Damaged whip guide bushes
6.3  Predictive Modelling of Hole Straightness Deviation
6.3.1 Considerations for the modelling

6.3.1.1 Consideration 1

‘§\§ Drill bush %\&

|A

—

@ 8mm

&\\% Caride ti

Shank”

Figure 6.5 Difference in diameter of carbide tip and shank of SLD with respect
to pilot bush diameter

98



Straightness Control in Deep Hole Drilling

The drill shank has a smaller diameter than that the drill bush diameter, as a
result, once the carbide tip has passed the bush, the shank loses contact with
the pilot bush. The immediate support is the support at chip box that has a
greater influence on the deviation as compared to the pilot bush. To consider
this effect in the model, the unsupported length is increased by [, once the
drill tip passes the bush. However, this has to be considered only in the

beginning of the drilling process simulation.

6.3.1.2 Consideration 2

During the drilling process, the distance between the first support and spindle
decreases continuously as the drilling depth increases. The spindle reaches the
first support after traveling length [; as shown in Figure 6.6(a). It starts to
push the first support as depicted in Figure 6.6(b). The drilling process
continues until all the supports reach the chip box as shown in the Figure
6.6(d) after drilling depth of [, which can be calculated using Eq.(6.1). For
the modelling purpose, the spindle location conditions can be divided into

three cases.

e Case I: Before reaching the first support

e Case II: After reaching the first support

e Case Ill: Before reaching the second support

Based on these considerations an analytical model is developed for two

movable and a fixed chip-box support.
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s
X k: |
S I, Pilot bush
Zg ’l‘ Workpiece
........ 1
| f ¥
‘ Spindle First support Second support Chip box

(a)Case I: Before reaching the first support

L
________ RIS I o == S
T 2

| |_| |_|Zs Workpiece
—_— L

lsl lsz [cb leq

(d)Completion of the effective drilling length

Figure 6.6 Three modelling conditions based on spindle location (a)Case | (b)
Case I, (c) Case 11l (d)Completion of the effective drilling depth.
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6.3.2 Analytical model

A spindle coordinate system (x,y,z) is defined at the center of the spindle for
which the z; is parallel to the spindle axis and x, axis is perpendicular to the
machine bed as shown in Figure 6.6(a). The drill shaft is modeled using Euler
column theory [64] where the misalignments at the first, second, fixed chip-
box supports and pilot bush are 65, §,, 63 and &, respectively. The drilling
thrust force (F,) and the reaction force (R,) is acting at the drill tip. The
reaction forces at the first, second, fixed chip-box supports and pilot bush are

Ri1, Ry, R¢s and R, respectively.

/ﬂﬂk

€k

!

Drill bush

15t Support

Chip box

nd
2" Support support

Figure 6.7 Drill tip deviation (ey) at drilling depth (I,;)

The drill tip deviation at any given drilling depth after k" cycle is e, which

can be calculated as,

€ = €x_1 + ek—leS (62)

Where, k is number of iterative drilling cycle for model and dzg is the
distance travelled in a single iteration. e,_; and 6,_; are the drill deviation

and drill inclination at (k — 1)th cycle respectively.
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The moment at any position (z,, x) IS M(zs, xs) which can be calculated
separately for all three cases as follows. The second area moment (I;) for
cross section of drill shaft is calculated by using CAD software. The young

modulus for the drill shaft material is Ej.

6.3.2.1 Case I: Before reaching the first support

= /ﬂ '
-]
Xq Ml—l 5
(e /
1 I"x 5
| = /7T 8, R K
LELLE b Zs:._.f __________________ ¢ W S ]
! o,
[I—
| : A]‘ Drill bush
dz, Z A ] R, Rys
Figure 6.8 Moment for the section 0 < z; < [;
The moment for the section 0 < z, < [ i,
d?xgq
M;_, = E4ly dz2 = Fz(ek + 63 - xsl) + Rfs(lfs - Zs) +
(6.3)

Ry(l; — zg) + Ry (l; — z5) + Ry (L — zy)

] I 2Drill bush
R R
IRZ s b

Figure 6.9 Moment for the section [; < z; < [,
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The moment for the section [; < z; < L, is,

dzxsz
M;_, = Eqly 52
S

zZ F,(ex — x53) + Rfs(lfs - Zs) + Ry(l; — z5) +

(6.4)
Ry (L — z)
The moment for the section [, < z; < [ s,
Moy = Eu 25 = By )+ R - ) 4R 7) OO
The moment for the section [;; < z; < L is,
Myos = Bala 525 = (e = x0) + Ryl = 2) (6.6)

As per consideration 1, for the first cycle of drilling the ¢, 55 and Ry, will be

replaced by (I¢s + Lcp) , 6p and R, respectively during the calculations.

The Eqg. (6.3)-(6.6) can be rewritten as equation with parameter ¢ = Eizld.
d?xgq 2 2 Ry R,
d_zsz+€ Xs1 = E {(ek + 53 _xsl) +F_Z(lfs _Zs) +F_Z(lz _Zs) +

(6.7)
R1 Ry
Dl—2) + 2L - 2)
dzxsz (68)

Rrs R
+ szsz = EZ {(ek + 63 - xsl) + F_]; (lfs - Zs) + F_Zz(lz - Zs) +

2
az;
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};_: (L - Zs)}

2
d“Xs3
2
azg

+ 2 = (e + 85 —x) + L (s —2) + 2L -2)) (69

2
d Xsa
2
az;

8000 = 8 {(er + 05— x01) + 2 (L — 7))} (6.10)
The general solutions for the Eqgs.(6.7)-(6.10) are given by Egs.(6.11)-(6.14).

Ry
Xg1 = Ujcosézg + V;sinéz, + (e + 63) + F—’;(lfs — ZS) +

(6.11)
o=z + (L~ 2) + 5 (L~ 2)
. Rfs
Xs2 = Uy cosézs + Vy sinézg + (e + 83) + -2 (Irs — z5) +
(6.12)
R Ry
F_Zz(lz _Zs) +F_z(L _Zs)
. Rfs
Xg3 = Uz cos&zg + Vg sinézg + (e + 63) + ra (Irs — z5) +
(6.13)
Ry
F_z (L - Zs)
Xsa = Ugcosézg +Vysinézg + (e, + 63) + % (L —2z) (6.14)

To solve Egs.(6.11)-(6.14), following boundary conditions were applied.
x4 (L) = e + 83, X5 (L) = 83 x5a(Ips) = x53(Ifs), x53(12) = =65,

Xs3(l1) = =071, x51(0) = 0, x5, (0) = 0, x5; ([}) = x5, (I1), x51(l1) = =04,
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xéZ(lZ) = x;S(ZZ)! xs3(lsf) = _63 and xsz(lz) = —62,

The matrices obtained in the process of solving the equation can be expressed

in the compact format as,
AB, =C;
The solution for the unknowns is given as,
B, = A7lC,
Where A; and C;is given by Eq.(6.18) and Eq.(6.19) respectively whereas,
B'1 = [U1 Vi Uy, Vo Us Vi3 Uy V, Rfs Ri Ry Rx]

The governing equation for drill shaft for the interval I, < z; < L is,

xly = —U,&sinézg + V, cos éz, — ’;— (6.15)

Therefore the inclination 6, of the tool head can be calculated by using

Eq.(6.16).

Ok = x50 (L) = —U,EsinéL + V, coséL — % (6.16)

4

The deviation (e, ) of the tool head at k" cycles is given by Eq.(6.17).

€k = €x_1 + ek—leS (617)
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6.3.2.2 Case Il: After reaching the first support

The spindle starts to push the first support, once it reaches the support. As a
result, the distance between the second and third support decreases. The
moments governing the shaft are similar to the Case-1 however, the moment

M, _; is not required for this case.

The moments governing the drill shafts are —
My,_, =M,_,forl;, <z, <,

M,_3 = M,_5 forl, < z; < lsf and

My_y =My_sforly <zg <L

The general solution obtained for x,,, xs3 and xg, are solved with following

boundary conditions.

xsz(O) =0, xéz(o) =0, xs4(L) = ey + 63, xs4(lsf) = &3, xézl-(lfs) =

x;3(1f5)1 Xs3(l2) = =82, x5, (15) = x43(13), x53(lsf) = 83, x52(13) = —6,.
The equations are expressed in the matrix form as,

A,B, = C,

B, = 451C,
Where, A, and C, are calculated using Eq.(6.20) and Eq.(6.21) whereas B’ is,

B',=1[U, V, U3 V3 Uy V, Res Ry Ry Ry]

107



Straightness Control in Deep Hole Drilling

(1z°9)

(0z'9)

Z
(*1-1

(*1-1

Zq
¢h1-1)

AM@ - m%u — Nhu' Ay

_ 4
ﬁN~|wK~V o o
M
= 0 0
Zq
oA 0 0
0 0 0
0 0 0
4
MN~|MK~V o O
T shssoos— fquss
0 shsws S 3s00
0 72U1S 72509

m.wu Ay Ay

0
shsus
€125002—
G 2uts
€135003
0

0

A5 €9 —Tg—
0 G 2uts
0 2
0 0
419500 0
Grursy 135002
12500 0
fp2urs2— 0
0 0
0 0

0

- =50
213500
0
T
0
qsuss— | =V
0
0
0

108



Straightness Control in Deep Hole Drilling

6.3.2.3 Case IlI: After reaching the second support

Here, the moments governing the interval [, < z; <l and I < z; <L are

same as the previous cases.
M3_3 = M1_3 fOI’ lz < ZS < le and
M3_4 = M1_4 fOI’ le < ZS < L

The general solutions obtained for the equations are solved with the following

boundary conditions.

Xs4(L) = ey + 63, xs4(lsf) = 43, x§4(lfs) = Xg3 (lfs)’ Xs3 (ZSf) = 83,

x53(0) = 0,x¢5(0) =0

The matrix obtained after substistuting the boundary conditions is expressed

as,
A3B; = C5 and B; can be calculated as B; = A3'C;
Where, B,3 = [U3 V3 U4 V4, Rfs Rx] ;

C’3 = [—ek 0 —63 — €k _63 — €k 0 O] and

1 0 1 1 = ot
0 £ 0 0 —Fiz Fi
cosélys sinélsf 0 0 (L_F—isf) 0
A= 0 0 coséls sinélsf (L_F—isf) 0
0 0 coséls sinélsf 0 0

—¢sinélgy  Scosélsy  Esinélyy —&cosélyy 0

RN
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6.3.3 Working of the model

The tool tip deviation is calculated using the steps given in the Figure 6.10.
The input parameters can be divided into three main categories- machine
setting parameters, drill setting parameters and drilling parameters. The
machine parameters are the chip box length (I.;), support base length (L) and
misalignments at supports. The drill parameters include drill length (L), drill
geometry and the distance between the supports. The drilling parameters feed
rate (f), coolant pressure are required for prediction thrust force using the

model developed in Chapter 4.

The simulation starts once all the parameters are updated in the MATLAB
program. The drill moves by length dz for an iteration and in this analysis,
dz, is given as the feed per revolution (f). Based on the dz,; value number of
iterations per case are carried out. Once the simulation for the Case | is
completed, the misalignment at the first support is neglected for the further
cases. Similarly, once the simulation for the Case Il is completed, the

misalignment at the second support is neglected for the further simulation.

Once the equivalent length of drill is achieved the simulation stops. If the
required depth is reached, the straightness deviation is plotted for the given
parameters. However, if the required drilling depth is not reached then longer
drill parameters are updated before running the simulation for the new

parameters.

Based on the developed model effect of various parameters on the straightness

deviation is studied.
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Input: L, 1y, L, lss, 64, 82, 83,d2, F,

}

ny =li/dz,n, = (I; — L)/dz,ng = (s — 1) /dz

Casel B, = A71C, |e |
A 4 k — k + 1
Xga (L) = Oy L=l —adz

I € = €y + Op_1dz L=1,—dz |

B, = A31C, f—mm

Casell
Xga (L) = Op_y =1 —-dz
€ = €p-1 + Hk_ldz lfS = lfs —dz

B, = A71C; |«
Case Il g 4 4
x;4(L) = Qk_l k = k + 1
ek = ek_1 + Gk_le lfS = lfS - dZ

Figure 6.10 Flow chart for computing the drill head deviation
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6.3.4 The effects of the misalignments

The misalignments at supports are inevitable due to wear and tear of whip
guide bushes. The effects of misalignment at three supports are separately
studied in this section. The simulations were run for the drill length of 1.5 m
with thrust force of 370 N which was calculated using predictive force model
at f =10 um/rev. The drilling depth was set as 1 m and the support
distances are set as 0.35 m, 0.76 m and 1.18 m for the first, second and the
fixed supports respectively for all the simulations. The pilot bushing

misalignment is neglected in this analysis.

0.7

06 | =— 6, =—100pum | A— :

0.4 4

Deviation, mm

0.2 A

0 200 400 600 800 1000
Drilling depth, mm

Figure 6.11 Effect of misalignment at first support (&;) on the straightness
deviation (6, = —100um, 653 = —100um)

The straightness deviation decreases as the misalignment at first support
(6,) increases for same values of thrust force and support distances. However,
the misalignment at first support has limited effect on the straightness

deviation as shown in Figure 6.11 where the deviation only changes by 16%
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per 100 um increase in misalignment. The straightness deviation increases by
40 % for 100 um increase in the misalignment at second support (§,) as

shown Figure 6.12.

1.2

0.8

0.6

0.4

Deviation, mm

0.2

0 200 400 600 800 1000
Drilling depth, mm

Figure 6.12 Effect of misalignment at the second support (&,) on the
straightness deviation (6; = —100um, 65 = —100um)

1.6 . .

14 M e 83 = —100 um
1.2

0.8
0.6

Deviation, mm

0.4

0.2 , - ,

0 200 400 600 800 1000
Drilling depth, mm

Figure 6.13 Effect of misalignment at the fixed support (65) on the
straightness deviation (6; = —100um, 6, = —100um)
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The straightness deviation is further amplified by the misalignment at the
fixed support (63) as shown in Figure 6.13 where 60% increase was observed

for 100 um increase of misalignment at fixed support.

6.3.5 The effects of the support distance

The simulations were run for the drill length of 1.5 m with thrust force of 370
N which was calculated using predictive force model at f = 10 um/rev. The
misalignment at the three supports were fixed as §; = —200 um,d, =

—200um and 63 = —200 um.
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Figure 6.14 Effects of the first support distance (,) on the straightness
deviation (I, = 0.76m, l;; = 1.18m)
The straightness deviation increases as the first support distance increases as
shown Figure 6.14. The deviation increases by 20% for 100 mm increase in
The effects of second support distance on the

the support distance.

straightness deviation are more drastic as compared to the effects of the first
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support as shown in Figure 6.15. The deviation increases exponentially for the

L, = 0.76 m.
1-8 T T T T I
16 771 e I, = 0.66m [ ~7F~""77""" bl

s ]| = 1,=076m [T Tttt
= r i
= h
£ :
=
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8]
()
0 200 400 600 800 1000

Drilling depth, mm

Figure 6.15 Effect of the second support distance (I,) on the straightness
deviation (I; = 0.35m, l;; = 1.18m),

It should be noted that the distance between the first and second support
decreases as the first support distance increases which lead to the increase in
shaft stiffness. In general, the stiffer shafts are preferred to avoid the buckling
of the drill at high feed rate drilling. However, the stiffer shaft with
misalignments amplified the straightness deviation. A similar phenomenon
was observed for the second support where the decrease in distance between

second and third support increases the drill deviation.
6.3.6 The effects of the thrust force

The simulations were run for the drill length of 1.5 m with [; = 0.35m, [, =
0.76m, lg = 1.18m, 6; = —200 um, §, = —200 um, 63 = —200 um.  The

thrust force (F,) can be increased by various factors such as increase in feed
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rate, tool wear and chip clogging. Moreover, as discussed in Chapter 4, if the
ratio (t,/r.) of uncut chip thickness and cutting edge radius below one then it
may also increase the thrust force. It was observed that the drill deviation

increases as the thrust force increases as shown in Figure 6.16.

In Figure 6.16, a sudden change in direction of drill tip was observed once the
first support reaches the second support where the effect of misalignment at
second support disappears as the length between the spindle and the second
support is very short. However, in practice the change in the direction of the
tool tip is not severe due to resistance by the hole wall. This effect should be
incorporated in the future modelling of straightness deviation. The drill starts
to buckle when E, is more than 420 N for the given support distances and

misalignments.
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Figure 6.16 Effect of thrust force on drill deviation (I; = 0.35m,l; = 0.76m,
lrs = 1.18m, §; = —200um, 5, = —200um, 63 = —200um)
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6.4  Straightness Control

From the analysis, it is clear that the misalignment at the fixed support has
greater influence on the straightness deviation. However, currently, there is no
mechanism to actively control the misalignment. Hence, a novel setup was
developed to control the misalignment at the fixed support using movable

bearing housing. The setup is explained in the next section.

6.4.1 Working of the movable bearing housing

Micrometer
Leadscrew

Linear guide bar
Leadscrew
Guide brass bush

Movable bearing
housing

Figure 6.17 Movable bearing housing assembly

The movable bearing assembly can be used to control the misalignment in the
vertical direction. The movement can be precisely controlled by rotating the
lead-screw whereas the linear guide bar prevents the bearing assembly from

tilting. The micrometer is attached to the assembly for precise misalignment
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measurement. The developed module was mounted on an intermediate
support near the fixed chip box support. The magnitude of the misalignment
for the straightness control was determined using the straightness deviation

model as follows.
6.4.2 Active control of the misalignment

The misalignment at the fix support can be used to compensate the effect of
misalignments at other supports. The concept of active misalignment control

is illustrated using following example.

1.4 . T

1.2 FA I EEEntt EEE TR P
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08 k4 = Condition 2 |______ beee 27
L

0.6
0.4
0.2
0
-0.2
-0.4
-0.6

Condition 3 [------

Deviation, mm

0 200 400 600 800 1000
Drilling depth, mm

Figure 6.18 Effect of active misalignment control on the hole straightness
deviation

A 1.5 m long drill is setup with support distances as 0.35 m, 0.76 m and 1.18
m for the first, second and the chip-box support respectively. The
misalignments for Condition-1 are, §; = —200um, 6, = —200um and
&3 = —200um . For Condition-2, misalignment at fixed support is changed to

&3 = 200um. A notable difference can be seen in Figure 6.18 for the
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predicted straightness deviation where the deviation is reduced form 1.2 mm
for the Condition-1 to 0.4 mm in opposite direction for the Condition-2. The
change in direction of deviation can be attributed to the change in tool tip
inclination angle. The misalignment at second support becomes zero as the
distance between the support and spindle is smaller when the first support
reaches the second support The variation in direction of reaction forces

depending the spindle location is shown in Figure 6.18 and Figure 6.19.

63 Rfs

|
Spindle

Workpiece

Figure 6.19 Reaction forces at second and fixed support when spindle reaches
first support

Workpiece

~ ekJI €k

| Spindle
=

Ry

Figure 6.20 Reaction forces at fixed support and at drill tip when first support
starts pushing second support

However, in practice, the effect is not sudden as it was predicted. This is due

to the resistance by the hole wall which is not considered in this analysis.
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Moreover, if 65 is adjusted to O when the first support reaches the second
support as simulated in Condition-3, then the change in inclination can be

avoided.

6.5 Experimental Validation

Two sets of experiments were conducted to check the robustness of predictive
straightness deviation model and straightness control mechanism. The first set
of experiments was used to validate the predictive straightness deviation
model whereas the second set of experiments was carried out to substantiate

the effectiveness of straightness control module.

6.5.1 Verification of the predictive model for straightness deviation

6.5.1.1 Machine and workpiece set-up

Inconel- 718
Workpiece

Machine
| spindle

Figure 6.21 Machine set-up for the first set of deep hole drilling experiments

A cylindrical 1.8 m long age hardened Inconel-718 workpiece with diameter
150 mm was secured on the Miroku MHG-2000 J-NC column-type

gundrilling machine bed with pair of heavy duty V-blocks and clamps as
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shown in the Figure 6.21. The straightness along the length and flatness on
the face of the workpiece was ensured using dial gauge micrometer with

accuracy of 2 um.

6.5.1.2 Drills and supports set-up

Table 6.1 Experimental parameters for the verifcation of the predictive
straightness deviation model

Hole 1 Hole 2
Drill length (L), m 1.5 1.5
L, m 0.35 0.35
l,,m 0.76 0.76
ls,m 1.18 1.18
61, mm -0.1 -0.1
&5, MM -0.2 -0.2
63, mm -0.2 -0.35
l.p, M 0.32 0.32
lg, M 0.06 0.06
f, mm/min 8 8
RPM 800 800
Drill diameter, mm 8 8
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Drills of 8 mm diameter were used for machining two 700 mm long blind
holes with two intermediate supports and a support at chip-box entrance. The
drill bush was selected based on the drill diameter to satisfy IT7 criteria. The
drilling depth per cycle was kept 50 mm, after every cycle, the gundrills were
reground. Total 28 cycles of drilling were conducted (14 cycles per hole).
The other drilling parameters, misalignments, and support distances are
summarized in Table 6.1. Emulsion fluids with 10-15% neat oil and extreme
pressure additives were applied at 50-70 bar for cooling and lubrication. The
chiller temperature for the coolant was kept at 27° C. The drilling thrust force
was predicted by using the model developed in Chapter 4 and found to be

370N.

6.5.2 Straightness control experiments

6.5.2.1 Machine and workpiece set-up

Steady rest

Figure 6.22 Machine set-up for straightness control experiments

One meter long square aluminium alloy 6061-T6 workpiece was secured using

fixture and steady rest on the UNISIG deep hole drilling machine table as
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shown in the Figure 6.22. The movable bearing housing was mounted near

the fixed chip box support.

6.5.2.2 Drills and supports set-up

Table 6.2 Experimental parameters for the straightness control experiments

Hole 3 Hole 4
Drill length (L), m 1.8 1.8
l;, m 0.45 0.45
l,, m 0.96 0.96
lgs,m 1.48 1.48
61, mm -0.1 -0.1
b5, MM -0.2 -0.2
83, mm -0.2 0.2
lp, M 0.32 0.32
g, m 0.06 0.06
f, mm/min 8 8
RPM 800 800
Drill diameter, mm 8 8

A drill of 1.8 m length is used to machine two 700 mm long holes with

support distance and misalignments as summarized in Table 6.2. The thrust
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force was calculated using the predictive force model and found to be 270 N
for the given feed rate. The straightness of hole was measured using

ultrasonic thickness gauge at 50 mm interval along the drilling depth.

6.6 Results and Discussions

6.6.1 Results for Hole-1 and Hole-2

The predicted and experimental straightness deviation results for the Hole-1
and Hole-2 are shown in Figure 6.23. The hole deviation increase by 0.4 mm
as the misalignment at the chip-box support increased by 150 um. The

predicted and experimental hole straightness results were found to be in good

agreement.
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Figure 6.23 Predicted and experimental results for straightness deviation for
Hole 1 and Hole 2

However, the model overpredicts the deviation as the distance between the
second support and fix support decreases for drilling depth in the range of 600

mm to 700 mm. The decrease in distance between second and fixed support
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increases the stiffness of the shaft leading to amplification of deviation.
However, the experimental straightness deviation is gradual due the resistance

by the hole wall.

6.6.2 Results for Hole-3 and Hole-4

The deviation in Hole-3 is predicted for the given parameters, which is in
reasonable agreement with the experimental results as shown in Figure 6.24.
The error in straightness prediction can be attributed to the hole wall

deformation which is not considered in this analysis.
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Figure 6.24 Straightness deviation for Hole 3 (without straightness control)
and Hole 4 (with straightness control)

The misalignment required for the straight hole was determined using the
predictive straightness deviation model. The misalignment at movable support
was changed to § = 200 um. The experimental results follow the predicted
deviation for Hole-4. The straightness deviation was reduced from 0.6 mm to

0.02 mm using the movable bearing housing module. The variation in the
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experimental straightness deviation for Hole-4 was caused by the hole wall

deformation as the alloy 6061 is softer as compared to the Inconel-718.

6.7

Concluding Remarks

In this chapter, a comprehensive predictive model for straightness deviation in

deep hole drilling is developed which considers the effect of multiple support

misalignments, the distance between supports and change in thrust force. It

was found that —

Fix support at chip-box has a greater influence on straightness

deviation as compared to the misalignment at other supports.

The distance between support nearer to the chip-box has more control
on straightness deviation as compared to the other support distances.
Moreover, unlike the conventional wisdom in deep hole drilling, it was
found that the stiffer shafts with support misalignments amplify the

straightness deviation.

The straightness deviation increases as the thrust force increases.
Depending on the unsupported length, the drill might buckle if the

drilling parameters are selected improperly.

The predicted results for hole straightness deviation reasonably match
with the experimental results. However, the model needs to consider

effects of hole wall deformation into account for better accuracy.

A novel movable bearing housing set-up was developed and

successfully used for the straightness control. The movable bearing

126



Straightness Control in Deep Hole Drilling

housing should be mounted at fixed chip-box support for effective

straightness control.
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Chapter 7. Conclusions and Future Works

This thesis work was motivated by the industry requirement of 1 mm per
meter straightness deviation for deep hole drilling in high strength Inconel-718
to avoid expensive rework or scrapping of the material. Hence, a predictive
approach for straightness deviation control was proposed and experimentally

validated. The major findings of the work are summarized as follows.

7.1 Conclusions

7.1.1 Benchmarking of single-lip drill engagement

e A quantitative approach for evaluation of single-lip drill-workpiece
engagement was proposed and experimentally validated for Inconel-
718 in the beginning of the research. The benchmarking of the
engagement provided the guidelines for diametrical tolerance and
bottom hole geometry of the pilot hole. In the case of pilot bushes,
guidelines were provided for selection of the tool geometry. As a
result, the probability of the tool chipping during engagement was
significantly reduced. Finally, a robust framework for smooth

engagement was provided based on the geometrical model.

7.1.2 Predictive modelling of drilling forces

e A comprehensive predictive model for drilling forces was proposed
based on the considerations of micro and macro geometry of the
single-lip drill. The robustness of the model was validated for various

drill geometries where the error between the predicted and the
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7.1.3

experimental results was found to be less than 20%. Based on the force
analysis, it was concluded that the uncut chip thickness to cutting edge
radius ratio should be kept more than 1 to avoid excessive ploughing
forces causing an increase in thrust force. The force model also
predicted the distribution of radial and tangential forces on drill cutting
edges which is required for bearing pad optimization and thin wall

deformation studies.

Chip formation and chip breaking

A detail classification of chip morphology in the single-lid drilling of
Inconel-718 was provided based on a comprehensive experimental
study. Moreover, chip formation mechanism for different chip
morphologies was explained in detail. A novel experimental set-up
with transparent tube and the high-speed camera was used to study
elemental and snarled chip formation. It was observed that at lower
feed rates the chip formation was dominated by up-curling due to

ploughing phenomena.

A details explanation for spiral chip formation was provided. It was
observed that the chip breaking mechanism significantly differs for
elemental, snarled chips and spiral chips. The elemental chips at lower
feed rates were broken due to pressure exerted by coolant force
however, the spiral chips were broken due to a combination of

frictional force and coolant pressure.
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7.1.4

7.15

A quantification of the effect of chip morphology on the variation in
thrust force was provided. A set of guidelines for tool geometry
selection was provided to ensure smooth chip evacuation and stable

drilling process based on the analysis.

Modelling of hole straightness deviation

A comprehensive model for hole straightness deviation was proposed
which considers multiple support misalignments and changing
distances of the supports. The straightness model was experimentally
validated for the accuracy and the error was found to be in the

reasonable range.

It was found that the misalignment on the support nearer to the tool tip
has a greater influence on the straightness deviation as compared to the
other support misalignments. Similarly, the support distance between
the nearest support to the tool tip significantly affects the straightness
deviation. As the length between supports decreases the effect of
misalignment on straightness deviation is amplified due to increases in

stiffness.

Straightness control

Based on the analysis, a novel movable support assembly was
proposed to actively control the straightness deviation. The use of
movable support for straightness correction was successfully

demonstrated.
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e The objective of development of a robust predictive framework for the
straightness control in deep hole drilling of Inconel-718 is successfully

achieved.

7.2 Future works

7.2.1 Future experiments

The concept of active misalignment controlled was only tested on the
Aluminum Alloy 6061 workpiece due to machine set-up constrains. In future,

the same should be tested on the Inconel-718 workpiece.

7.2.2 Hole wall deformation

For thin walled high aspect ratio hole, it is important to consider the effect of
hole wall deformation on straightness deviation. The stability of the self-
piloting drill is mainly affected by the ability of the bearing pads to effectively
balance the cutting edge forces. In future, the predictive force model can be
used to predict burnishing depth and optimize the location of the bearing pads.
It is also important to study the effect of burnishing on the surface integrity of

the hole wall which is important for the applications in aerospace industry.

7.2.3 Novel chip breakers

Currently, the deep hole drilling process in Inconel-718 is being carried out at
very low feed rates which significantly reduces the productivity. The major
reason for using lower feed rates is to avoid chip clogging. The conventional
chip breakers on the rake face are ineffective in the case of single-lip drilling

of Inconel-718. Therefore, new designs for the chip breakers should be tested
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for the effective chip breaking. One of the proposed design is shown in Figure

7.1

Figure 7.1 Proposed chip breaker design

7.2.4 Tool material

Currently, the carbide tip has very short tool life which requires frequent tool
regrinding while drilling Inconel-718. Moreover, the cutting speed is limited
to 20 m/min due to significant cobalt loss at the bearing pads. In future,
harder cutting tool materials with lower cobalt percentage such as binderless

cBN should be tested on Inconel-718 for its feasibility.
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