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ABSTRACT

Measurement & Investigation of Adiabatic Shear Banding-Induced Ti-6Al-4V Chip Morphology
& Process Characteristics

Evan Loehr
Department of Engineering Technology & Industrial Distribution
Texas A&M University

Research Advisor: Dr. Mathew Kuttolamadom
Department of Engineering Technology & Industrial Distribution
Department of Materials Science & Engineering
Texas A&M University

The research objective of this project is to measure and investigate the ultra-high
frequency aspects of adiabatic shear banding (ASB) during the Ti-6Al-4V chip generation
process through the use of a piezoelectric-based dynamometer and accelerometer-based multi-
directional force and acceleration sensing systems. For this, a coupled force-acceleration
measurement system will be first assembled and calibrated. Then, an experimental design of
machining tests will be conducted to elucidate the relationships between ASB-induced
machining force/acceleration components and the resulting chip morphology and process
characteristics. This understanding is expected to help generate strategies to control ASB
geometry and characteristics by suitably altering the process parameters such as machining
speed, feed and cutting depth. These will be validated through further machining tests to show

productivity improvements.
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NOMENCLATURE

A Area

a1 Segment Spacing

a Saw-Tooth Height

a3 Continuous Portion Height

ASB Adiabatic Shear Banding

DAQ Data Acquisition System

DOE Design of Experiments

F Force

f Feed Rate (inch/revolution)

FFT Fast Fourier Transform

h Half Shear Band Width

ID Inner Diameter

Lc Shear Band Spacing

M Mass

MEMS Micro-Electro-Mechanical Systems
oD Outer Diameter

RCD Rotating dynamometers

S Relative surface speed between tool and workpiece surface
01 Crack Initiation Angle

0, Saw-Tooth Included Angle



CHAPTER I

INTRODUCTION

Introduction

Titanium and its alloys are widely used in critical structural and other functional
applications in the aerospace field due to its high strength-to-weight ratio and its ability to
maintain strength even under high temperatures, as well as in the biomedical field because of its
excellent corrosion resistance and biocompatibility**. Among the various manufacturing
processes used for fabricating titanium alloy components, one of the most common methods
include machining (e.g., operations such as milling, turning, drilling, etc.). However, it is
challenging to machine many of the common titanium alloys and especially the workhorse
titanium alloy, Ti-6Al-4V predominantly because of its combination of high-temperature
strength and low thermal conductivity which leads to very high temperatures resulting in

unpredictable and catastrophic wear/damage to the machining tool/insert®.

Among the numerous tool/workpiece/process condition monitoring parameters, the
evolving chip morphologies in Ti-6Al-4V machining is an important characteristic to track due
to the fact that the chip formation process has a direct impact on the accuracy and surface state of
the final work piece, as well as the usable lifespan of the tool®. In certain titanium alloys (such as
in Ti-6Al-4V), the chip formation is often characterized by cyclic localization of the plastic flow
in the form of adiabatic shear bands (ASB) which create a “saw-tooth” like chip pattern caused
by catastrophic thermoplastic shear’*®. The serration pattern occurs due to a phenomenon

known as adiabatic shear, where the low thermal conductivity of the material aids in high-strain



high-rate shear of the material during the chip generation process. This phenomenon occurs due
to the fact that the rate of loss of strength caused by the local increase in temperature is equal to
or (usually) greater that the rate of increase in strength caused by strain hardening in the affected
shear zone**. As the chips are created, excessive heat builds up at the tool-chip interface,
however the heat is not able to dissipate to a new plane (due to the low thermal conductivity of
the material) and therefore cooler material is plastically deformed around the cut and sheared,
which causes the characteristic saw-tooth chip. Chip morphology and the formation/extent of
adiabatic shear banding tend to vary in accordance with the cutting conditions, often leading to
significant vibrations and force fluctuations during the machining process. These vibrations are
due to the chip segmentation process that limits material removal rates. Thus, in order to be able
to increase both productivity and tool life in regard to the machining of certain titanium alloys
(especially the workhorse alloy, Ti-6Al-4V), it is necessary to study the high-frequency forces

and the mechanics of chip segmentation.®

Chip formation in Ti-6Al-4V typically involves two separate fracture mechanisms: first a
“ductile fracture mechanism™ caused by strain under compressive stress, and second, a “high

% caused by a concentrated strain due to local thermal

speed ductile fracture mechanism”
weakening. Adverse effects of shear banding include large oscillations in forces and other
fluctuations at the tool-chip-workpiece interfaces’. This results in poor tool life due to high stress

and fatigue as well as a loss in the homogeneity of key workpiece characteristics such as surface

finish and surface/sub-surface microstructure®,



The short time scales in which these shear bands are generated (often in the order of tens
of microseconds) makes direct experimental observations rather difficult. Thus, an advancement
in the equipment capabilities for high-speed measurement of shear band characteristics and the
associated force/acceleration signatures will lead to an improved understanding of the instability
phenomena in machining and possible methods for their control for productivity. Besides being
of value for enhancing process efficiency and product quality, the experimental data will be
useful for validating process and material models for shear banding in such advanced alloys as

well.

Motivations

The use of titanium and its alloys in critical functional applications makes the better
understanding of the processes characteristics required to machine them paramount, specifically
as it relates to adiabatic shear banding. Ti-6Al-4V is a difficult alloy to machine due to its low
thermal conductivity combined with other adverse material properties which leads to adiabatic
shear banding-induced force oscillations and increased tool wear through fatigue and impact
loading. While there is no easy or direct way to measure these forces, our work is an attempt to
provide a quantification of the high frequency forces/accelerations induced due the formation of
adiabatic shear bands and hence correlate them with tool, work piece and other process

responses.



Objectives
The specific objectives of this project are listed below:

1. To design and assemble piezoelectric and accelerometer-based multi-directional force
measurement systems that are capable of capturing the ultra-high frequency force aspects
of adiabatic shear banding when machining Ti-6Al-4V alloy,

2. To elucidate the relationships between these ASB-induced machining forces and Ti-6Al-
4V chip morphology and process characteristics through a design of experiments of
machining runs, and

3. To generate strategies to control ASB-induced process characteristics (by altering process

parameters) for improved productivity, surface roughness, and tool wear.

Materials and Methods

The specific workpiece material used in this study is commercially available (grade-5)
Ti-6Al-4V. Ti-6Al-4V is a two-phased titanium alloy, comprised of B grains surrounded by
equiaxed a grains, leading to an a-p alloy. The cutting tool/insert used in the study is a tungsten
carbide-cobalt (WC-Co) turning insert from Seco Tools (Model No. CFIR10004D-L4.002.75;
tool cutting edge angle of 90°; cutting width of 4 mm), which is recommended for machining
titanium alloys. The machining process parameters used in this study were within the lower
range of recommended cutting conditions for machining Ti-6Al-4V. Machining experiments
were conducted on an instrumented Tormach 15L Slant Pro CNC lathe. The major
force/acceleration sensors and data-acquisition (DAQ) devices used in this study were a Kistler

miniature Piezo-Beam accelerometer, a Kistler ceramic shear accelerometer, and a dual mode



amplifier combined with a Kistler Piezotron coupler and Kistler piezoelectric quartz
dynamometer. The methodology involved the following:

1. First, a commercial piezoelectric force dynamometer will be calibrated, setup, and trail
machining tests done to evaluate its capability to reliably measure the ultra-high
frequency machining forces generated due to the adiabatic shear banding process during
the Ti-6Al-4V chip generation process. Concurrently, an accelerometer-based force
measurement system will be designed and setup, that is (already known) to be able to
capture ultra-high frequency data. For this, | will first train on the safe and effective use
of a CNC lathe along with other research group members. Next, | will be trained on
using, acquiring and interpreting the data obtained using a NI-Compact-DAQ hardware
using the LabVIEW and MATLAB software.

2. Next, ASB-related data on the two high-frequency machining force components (cutting
force and feed force) will be extracted from the raw data obtained from the data
acquisition (DAQ) equipment. Relationships will be derived between these ASB-related
machining forces and Ti-6Al-4V chip morphology, work piece surface characteristics and
tool deterioration. These will involve metallographic preparation of the chips, optical and
scanning electron microscopy and spectroscopy and non-contact white light
interferometry.

3. Finally, machining experiments will be conducted at untested points in the feed-
speed/other-parameter design space to validate a strategy to control ASB characteristics
(by altering process parameters), and hence achieve improvement in machining
productivity (lower cycle time).assembling and calibrating the force-acceleration

measurement sensors and DAQ, conducting a systematic design of experiments of Ti-



6Al-4V machining runs, analyzing the chip morphology and in-process force/acceleration
measurements, and finally proposing strategies to alter the input process parameters to

control ASB-induced adverse workpiece/tool/process outputs.

Expected Outcomes
The expected outcomes of this research include:

1. A more thorough understanding of the ASB-induced machining forces/accelerations in
Ti-6Al-4V machining, and its effects on the workpiece, tool and process from a
productivity standpoint.

2. The fabrication and calibration of a coupled piezoelectric and accelerometer-based force-
acceleration measurement system that is capable of recording ultra-high
resolution/frequency forces/accelerations induced by ASB formations,

3. Correlations between high frequency forces/accelerations and adiabatic shear banding
and other chip morphology and process characteristics, and

4. Strategies to improve productivity through the control of ASB-induced workpiece, tool

and process characteristics (eventually achieved via process parameter control).



CHAPTER Il

BACKGROUND & LITERATURE REVIEW

Force-Sensing Systems Relevant to the Project

Dynamometers

A dynamometer is a load measurement device which can be used to measure multi-
directional cutting forces in machining operations.’® The measurement of cutting force is based
on three basic principles: the measurement of elastic deflection of a body subjected to the cutting
force, the measurement of elastic deformation (i.e., strain induced by the force), and the
measurement of pressure developed in a medium by the force.'® Depending on the application,

one of two general types of dynamometers are used.

Figure 1: Basic turning operation using a stationary dynamometer
where the stationary cutting tool is mounted on the dynamometer

Stationary dynamometers (Fig. 1) are mainly set up on the table or other supporting
structure of the machine tool, while rotating dynamometers are connected to the spindle and

rotate along with it.*!
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Considering stationary dynamometers, the work piece is often fastened to the
dynamometer, and hence the reaction forces in processes (typically drilling or milling) are
measured directly. Stationary dynamometers can also be used for turning applications by
mounting the stationary cutting tool onto the dynamometer instead of the rotation workpiece
(Fig. 1), such as the setup used for this project. The tool is placed on the dynamometer with a
suitable tool adapter. Depending on the internal structure of the stationary dynamometer, the
forces are measured by one or more multi-directional force sensors and are available at the

standard output connector of the dynamometer in the form of charge signals.'***

Rotating dynamometers (RCD) are directly mounted to the machine tool spindle via an
adapter interface. The RCD is used mainly in milling and drilling processes. In contrast to
stationary dynamometers, only dedicated-component sensors are typically installed in each
rotating dynamometer, commonly a torque and/or axial-direction force sensor. In addition to the
sensor, the rotor also contains the charge amplifiers (the electronic circuit that converts the
charge into voltage and the related telemetry electronics). The measurement data is forwarded to
the stationary part of the measuring chain via near-field telemetry, where it is subsequently made
available as analog voltage signals.** Dynamometers typically have an upper frequency limit
around 20 kHz, meaning that force variations higher than that cannot be measured using a

dynamometer.

Accelerometers

An accelerometer is a piezoelectric-based device capable of measuring the rate of change
of forces (accelerations) as compared to a dynamometer. Accelerometers have commonly used in
many industries, such as automotive, navigation, earthquake prediction, robot control systems,

11



health monitoring of machine tools and other areas that require determination of spatial vibration
characteristics such as mobile/communication and gaming systems. A six-axis accelerometer can
simultaneously measure of six spatial degrees of freedom (three translational and three

rotational) of accelerations.*?

PIEZO-ELECTRK
CRYSTAL

Figure 2: An Isolated Compression
Accelerometer: Mass applied to the piezo-
electric crystal produces a small electrical
charge that is then conveyed to the internal

electronics.

The most popular accelerometers are silicon based MEMS (Micro-Electro-Mechanical
Systems) accelerometers™ and piezoelectric accelerometers which make use of a piezoelectric
crystal (Fig. 2). Piezoelectric crystals are either man-made or occur naturally. These crystals
produce an electrical charge output when compressed, flexed or subjected to shear forces. In a
piezoelectric accelerometer a known mass is attached to a piezoelectric crystal which is in turn
mounted to the case of the accelerometer. When the body of the accelerometer is subjected to
vibration, the mass mounted on the crystal wants to stay still in space due to inertia, and hence
compresses and/or stretches the piezo electric crystal. This force causes a charge to be generated
in proportion to the acceleration experienced. The charge output is either converted to a low
impedance voltage output by the aid of integrated electronics or made available directly as a

charge output.**°

12



Accelerometers are typically capable of higher frequency data acquisition compared to
dynamometers. The higher the mounted resonance frequency, the wider the operating frequency
range. However, in order to have a higher mounted resonance frequency, it is necessary to have
either very ‘stiff’ piezoelectric elements or less mass (Newton’s second law F = M = A). The
stiffness of the piezoelectric elements is dictated by its material properties, and so a lower mass
is generally required for being able to measure ultra-high frequencies. Such a lower mass would
however exert less force on the piezoelectric element and the accelerometer would consequently
be less sensitive. Therefore accelerometers possessing very high frequency performance are less
sensitive; conversely, high sensitivity accelerometers do not have very high frequency

measurement capability.*®™*®

Adiabatic Shear Banding in Titanium Alloy Machining

Adiabatic Shear Banding

Adiabatic Shear banding is a high-strain high-rate phenomenon that has been studied
extensively because of its importance in the chip generation process of certain alloys which
affects the tool, workpiece and process conditions, and specifically for the workhorse titanium
alloy, Ti-6Al-4V." An adiabatic shear band is a thin localized area of severe plastic deformation
(Fig. 3(a)) and is one of the many material deformation mechanisms that occur in certain metals
and metallic alloys that are deformed at a high strain rate prevalent in processes such as metal
forming and machining. In titanium alloys, especially Ti-6Al-4V, adiabatic shear banding is
primarily caused due its high thermal resistivity and resulting thermal localization?*°. Though
friction from the machining operation also generates heat, this gets dissipated predominantly to
the machining tool insert since both the workpiece and the chip have a comparatively lower
thermal conductivity.

13
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As metals/metallic-alloys experience an increase in temperature, their resistance to plastic
deformation decreases, i.e., the material softens. With any further deformation, a cascading effect
results: as more plastic deformation is experienced by the metallic alloy, more heat is
generated/experienced, making it easier for the metallic alloy to further deform. This could result
in a catastrophic effect which can lead to failure of the structure itself, or be beneficial in one
sense in a process such as machining for easier chip flow, but affect it adversely as well by

promoting high-temperature initiated tool wear.>**%

View 1

Case 1 [i_6.don)

Strain localisation

Figure 3: Strain Localization vs Uniform Strain Field ?® Experimental (Left) and simulated (Right) chips obtained with a cutting
speed of 60 m/min and a feed of 0.1 mm. A finite-element simulation result of a dry turning operation showing the strain contour
plot on the chip having regions of high strain localization, indicating Adiabatic Shear Banding.
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Figure 4: High resolution scanning electron microscope image of Ti-6Al-4V turned chip surface showing the high degree of
segmentation.

In the context of machining, the chip is a process waste. Nevertheless, its study allows for
a detailed physical understanding of the cutting process (and its optimization).' In titanium
alloys, especially Ti-6Al-4V, the chip formation process is often characterized by cyclic
localization of plastic deformation which is the result of adiabatic shear forces that create a very
characteristic “saw-tooth” or segmented chip pattern.>*>"** Each “saw-tooth” is bounded by
two shear planes characterizing the saw teeth periodicity.® This chip segmentation causes a
variation of the chip’s section. Consequently, this change will have a considerable influence on

the variation of cutting forces and chip evacuation speed as well.>**%

Specific aspects of the chip morphology are interesting from a scientific and engineering
point of view because it is formed dynamically during the machining operation and directly
affects the tool, workpiece and process as a whole. In order to elucidate the interactions of the
tool material/geometry with the workpiece material being machined, it is essential to understand
how this segmented chip is formed (Fig. 4), and how it is affected by ASB characteristics (Fig.

5).1% It potentially can help predict/determine not only the tool and workpiece surface responses,

15



but indirectly also the potential resulting structural loads and the power required to remove a
given volume of metal at a certain rate.
Chip valley

S e ' C
Considering crack | oxiracted from !
' simulation

Segmentationgbe
wavelength

140 pm

Lc

extracted from
expeniment
and rotated

2=
b h2=465ym > e

Figure 5: (a) Chip formation mechanism simulation, (b) 2D profile of Ti-6Al-4V chip containing shear bands *°

Implications for the Tool and Workpiece

As previously stated, the low thermal conductivity of titanium alloys especially
influences tool wear, and particularly those wear mechanisms initiated by high temperatures such
as dissolution and diffusion wear. The thermal softening of the tool material as well as the higher
diffusion rates enabled by the high temperatures encountered cause tools used for machining Ti-
6AI-4V to often fail prematurely and unexpectedly. Additionally, the ASB formation induces a
high frequency oscillatory force component profile onto the tool as well leading to failure due to
fatigue and impact; as as result Ti-6Al-4V has been classified as a ‘difficult-to-machine’
material. When considering the workpiece-side of the interface, i.e., at these localized zones of
high thermal energy (ASBs), the material is weakened thus lowering the stiffness at the

localization. Now, with a lower Young’s modulus and high shear strength, work hardening will

16



occur if chips do not meet a minimum thickness due to the fact that the tool will plastically
deform, compress, and harden the titanium work piece’?*. The minimum chip thickness is a
requirement based on the size effect which states that the depth of cut and the chip load must be
greater than the tool tip radius in order to form a chip. If not, when machining, the tool will
encounter and need to remove the now work-hardened material. This then leads to high flank
wear in the tool*#%, Further, the ASB and other chip morphology parameters have a direct
influence on the workpiece surface roughness, surface/sub-surface residual stress states and

damage as well.
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CHAPTER III

MATERIALS & METHODS

Experimental Setup

Setup of Equipment and Sensors

For the experiments in this project, a Tormach SlantPro 15L CNC lathe was used, the
main specifications of which are given in Table 1. A coated tungsten carbide-cobalt grooving
tool was used to perform the cuts on the Ti-6Al-4V tube. The width of the cutting tool (4 mm)
used was greater than the thickness of the workpiece being cut so that forces induced were only
along two axes (Fig. 6). Also shown below in Fig. 7 is the general connection diagram, and in

Fig. 8 a setup of the equipment and sensors including the dynamometer and the accelerometer.

Table 1: Tormach 15L Slant Pro Lathe Specifications

Mechanical

X-axis 10"
Travels
Z-axis 12"
Feed Rates Rapid Speeds 60 IPM
Table Length 26"
Table Width 6"
Gang tooling plate with three T-slots 0.625" (5/8")
Center Slot: 0.00 + 0.004" — Outer Slots: 0.000 + 0.008"
Key Teol Holding Manual quick change tool post.
Dimensions
8-position turret
Swing Over Bed 15"
Swing Over Carriage 6.2" (turret or manual tool post); 1.88" (gang plate)
Footprint 55"W x 66" Hx 29" D
Speed Range 300-3500 RPM (5C), 175-2500 RPM (6" 'chuck)
Horsepower 3 hp continuous
Spindle
Drive System Cartridge style spindle with double V-belt transmission
Design D1-4 spindle w/ removable 5C taper insert

18



Figure 6: The tool insert used had a width greater than the width of the workpiece, therefore only two forces were induced.
Thrust and cutting forces are present, as feed direction and depth of cut direction are the same.

ey
e ‘e '®
Q‘QW
NG

L dia,

Figure 7: The complete connection diagram. Individual components and their functions are described below
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-‘ Dynamometer l

+X

I
!
Slant Bed

Figure 8: General setup of the sensors and hardware for measuring multi-directional forces and accelerations when turning Ti-
6Al-4V using a carbide tool

The dynamometer used was a Kistler 9265B force plate combined with a Kistler 9441B
tool holder (Fig. 9); its schematic is given in Fig. 10, and specifications in Table 2. The

accelerometer was a Kistler type 8694M1 as shown in Fig. 11, and specifications in Table 3.

< Liyy.

Figure 9: Kistler Dynamometer used in this project: Type 9265B — 9441B*
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I

1

Basic unit with tootholder Type 94418

Top plate

® N O v AN -

Force sensor
Base plate

Connecting plug
Working adapter (Toolholder)
Cooling agent connection
Cooling system

Mounting screws for working adapter

Figure 10: Dynamometer Schematic

Table 2: Kistler Dynamometer Specifications

Technical Data
Type 92658
+ 94118

Range F.F, |kN  |=15..157

F, kN 0..30°
Calibrated partial range F., F, kN 0...15

F, kN 0.3
Overload F., F, kN -20/20

F, kN ~12/40
Threshold N <0,01
Sensitivity F., F, pC/N |==8

s pC/IN |==37

Linearity, all ranges %FSO | <+0,5
Hysteresis, all ranges %FSO | <0,5
Cross talk % <+2
Rigidity G, G kN/pm| =08

C kN/pm| =2
Natural frequency fulx,y) | kHz [=15
(mounted on flanges) fu(2) kHz |=25
Operating temp. range °C 0...70

21
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Figure 11: The accelerometer measures changes in velocity, and converts them into an electrical signal for the DAQ to read

Table 3: Accelerometer Specifications

Specification Unit Type 8694M1
Acceleration range £ =500
Acceleration limit £pk =1000
Threshold, nom. (noise 100 pyVms) | gms 0.025
Sensitivity, 5 % mV/g 4
Resonant frequency mounted, nom. | kHz 80
Frequency response, £5 % Hz 10 ... 20000
Amplitude non-linearity % FSO +1
Time constant, nom. s 0.5
Transverse sensitivity nom. Yo <5

Setup of Data Acquisition System

The Data Acquisition System (DAQ) used consisted of a Kistler Miniature Piezo Beam
Accelerometer, a Kistler Ceramic Shear Accelerometer, a Model 5004 Dual mode Amplifier,
combined with and a Kistler Dynamometer. The output from the dynamometer and
accelerometer is an electrical current that then is fed into the signal amplifier (Fig. 12, Fig. 13),
which in turn is fed into Data Acquisition System (Fig. 14; specs in Table 4) that is subsequently
runin a LabVIEW VI (Fig. 15, Fig. 16) or a Kistler interface (Fig. 17). The resulting data is then

graphed via a Matlab code (see Appendix) to convert the electrical signals to force values.
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red short circuit of positive
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red+green: break or negative over-

load

Figure 12: The signal amplifier takes the small voltages given off by the dynamometer, amplifies them, and then feeds them into

the DAQ
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Figure 13: Amplifier Diagram
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Figure 14: National Instruments Data Acquisition System: takes voltage signals from the signal amplifier and sends them to a
LabVIEW program for processing. The model used was a NI1-9215 DAQ coupled with a cDAQ-9171 Chassis.

Table 4: NI -9215 DAQ Specification®

Stability
Offset drft ..o 60 pv/eC
Gain Ao oaasmaassiagi 10 ppm/°C
CMRR (at 60 Hz) ...c.cooeiiiiiieicccienns -73 dB min
Input bandwidth (=3 dB)........c..ccccco.. 420 kHz min
Input impedance
Resistance
With screw terminal ................. 1 GQ
With BNC (between any
two Al=terminals) ........cccocu.... 200 kQ
Capacitance.......uiiiaiiiiiimiiig 25 pF
Input bias current..........ccooceicirienennicnnnne 10 nA
Input noise
RMS SisissaidssIisin 1.2 LSBme
Peak-to-peak. .TLSB
orosstalle s s s R RS REESR -80 dB
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Figure 15: LabVIEW VI: takes signal from DAQ and outputs raw numerical data.
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device name b w
< Write To
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Figure 16: LabVIEW VI circuit diagram, showing the virtual layout of the program
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All Filters Off/On

Ay, Analag Outpin 1] Sensori ive 0.0414 N
Configuration Channell i
max 411.5230 N
é Data Acquisition ey B "
Configuration a = .
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{:} Device
Settings
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(=] min -1201.5 m/s*

KISTLER

Figure 17: Kistler Lab amplifier interface: takes voltages from the accelerometer and dynamometer and outputs that data to be
run through a MATLAB code. Sensors 1 and 2 are the thrust force and cutting force respectively, while sensors 3 and 4 are the
thrust acceleration and cutting acceleration respectively

Tools & Materials
The workpiece material used in this study was commercially available grade-5 titanium

alloy. The workpiece specimen (Fig. 18) was a Ti6Al-4V tube: outer diameter .645” and inner
diameter 0.484”. The relevant physical and thermal properties of Ti-6Al-4V are shown below

(Table 5). The cutting tool (Fig. 19) used was a tungsten carbide-cobalt grooving tool.
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Figure 18: Ti-6Al-4V Tube OD = 0.645”, ID = 0.0484"

Table 5: Ti-6Al-4V Physical & Thermal Properties

Property Metric English

Density 4.43 glcc 0.16 ib/in’
Hardness (Brinell) 334 334

Ultimate Tensile Strength 950 MPa 138000 psi
Yield Tensile Strength 880 MPa 128000 psi
Modulus of Elasticity 113.8 GPa 16500 psi

Shear Modulus 44 GPa 6380 psi
Shear Strength 550 GPa 79800 psi

Thermal Conductivity 6.7 W/m-K | 46.5 BTU-in/hr-ft>-"F

Melting Point

1604 — 1660 °C

2920 - 3020 °F

Figure 19: Coated Tungsten Carbide-Cobalt Grooving Tool
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Calibration

Calibration of equipment is essential for accurate understanding and analyses of the data.
Calibration was done (Fig. 20) by measuring the voltage output of the dynamometer while using
an already calibrated load cell (Fig. 21; specifications are given in Table 6) to establish a base
line to compare the voltage output to. Different ranges/levels of forces were applied and held for
about 5-second each while the responses from the dynamometer (Fig. 23) and load cell (Fig. 22)
were recorded. A load to voltage relationship (Fig. 24) was then used to relate output voltages to

loads. Calibration was done both in the cutting and thrust directions using the dynamometer.

Load Cell
(Used to create a known Load
by applying force)

Figure 20: Calibration Setup, including Load cell, and Dynamometer
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Figure 21: Loadstar iLoad Mini load cell used in calibration. (See specifications below)

Table 6:Load Cell Specification®®

Load Cell Specifilcations

Accuracy w/tam (3 of FS) MNon-linsarity Hyeterszis Mon-repeatability

10, 80, 100, 200 1. =1 % =% =1 %

Fesponss Rate . . 10Hz o .
-
Eafs Crveroad to 150% of capacity
D?Wlm FE nccgmmmpaghwpta e

EBanzor Gz 1.26 Q0. for nalght sse teoe above

Input Powsar Regulsied &Y &1 80 ma

j.uté._;_. T E”Tr_‘mstahanm‘ s.lg-.-,a].

whian Cantral = 1, Frequency Output =F
whan Contral = 0, Freguancy ODuput =F
F-:u-v_\- = Fu-'m': -K*® F-r
Comgsneation factar K provided oy Loadsiar
Cormactors Integrated 6 ft calle with pigtal for termingl attachment or & pin
male LIEE minl-B Cormactor

Emvironmental
Creep, 0 30 min =005 % of ful scals

OpemmgRecomueRengs | 00T A0Cranconcensng
Temperaturs Effact om Bpan up to <0.06 % ful scale™ from calloration temperaturs)
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Figure 22: Load calibration of Dynamometer: Load Cell output is shown. Dynamometer was loaded with various known loads

Voltage (V)

the voltage output (below) is then compared to the known loads/ times.

Calibration of Dynamometer

« X -Voitage

Time

Figure 23: Dynamometer calibration raw voltage data vs. Time
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Dynamometer Calibration Curve  RrR2=0.899

35

2.5

1.5 e

Voltage Magnitude (V)
[ J
[ J

0.5

0 200 400 600 800 1000
Load (N)

Figure 24: The calibration Curve shows the relationship between voltage given off by the dynamometer, and the applied load

Design of Experiments

Cutting experiments were done (Table 7) with feed rates of 0.01in/rev. and 0.005 in/rev.
as well as cutting speeds of 9, 30 and 45 m/min. The number of revolutions per cut was held
constant at 20 revolutions to generate a chip length of 35.6 mm in each case. For this, first the
prepared specimen was secured in the lathe, and then the necessary CNC code generated and run.
While cutting was taking place, accelerometer and dynamometer data was simultaneously being

acquired. After the cut, the data and machining chips was saved for later analysis.
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Table 7: Table Showing the Design of Experiments done

Feed Cutting Depth Rotational Length of data
Run Rate Speed of Cut Speed (sec)
(in/rev) | (m/min) | (um) (rpm)
1 0.01 9 254 199 6.03
2 0.01 30 254 663 1.81
3 0.01 45 254 994 1.21
4 0.005 9 127 199 6.03
5 0.005 30 127 663 1.81
6 0.005 45 127 994 1.21
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CHAPTER IV

RESULTS & ANALYSES

Force/Acceleration Results from Experimental Runs

To elucidate the relationships between ASB-induced machining forces, chip morphology
and process characteristics, the design of experiments of machining runs (specified earlier in
Table 7) was conducted. Each of the following graphs (Fig. 25-52) were produced by running the
raw data obtained during cutting experiments from the dynamometer and accelerometer through
the MATLAB Code (see Appendix) for generating appropriate plots. The blue lines represent the
raw data, while the red lines represent the running averages of the forces and accelerations

measured.

Both forces and accelerations in the thrust and cutting directions were measured in each
case. In general, average cutting forces varied from 150 - 300N, and average thrust forces from
about 200 - 600N. Also, the average accelerations in the cutting direction varied from about 1 -

11g, while acceleration in the thrust direction varied from about 1 - 6g.
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Run 1: f=0.01 in/rev.; S = 9 m/min.

Run 1: Acceleration Data

Accelerations in Thrust Direction
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_BW i i i i i i
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Time (# Data Points) w104
Figure 25: Thrust Direction Acceleration
Acceleration in Cutting Direction
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Figure 26: Cutting Direction Acceleration
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Run 1: Force Data
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Figure 27: Thrust Force vs. Time
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Figure 28: Cutting Force vs. Time
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Run 2: f=0.01 in/rev.; S = 30 m/min.

Run 2: Acceleration Data

3000

2000

1000

Acceleration {m-'s‘?j
=

-1000

-2000

-3000
0

2500

2000

1500

1000

500

-500

Acceleration (m"szj
=

-1000

-1500

-2000

-2500

Acceleration in Thrust Direction

1 15 2

Time (# Data Poinis)

0.5

Figure 29: Thrust Direction Acceleration Data
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Figure 30: Cutting Direction Acceleration Data
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Run 2: Force Data

Force in thrust direction

100 T T T T T T

-100

=200

-300

-500 1

Force {Newton)
I
=

600

=700

-800

_g DD i i i i i i
0 1 2 3 4 3 G

Time (seconds)
Figure 31: Run 2 Thrust Force Data
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Figure 32: Run 2 Cutting Force Data
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Run 3: f=0.01 in/rev.; S = 45 m/min.

Run 3: Acceleration Data

Acceleration in Thrust Direction
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Figure 33: Run 3 Thrust Acceleration Data
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Figure 34: Run 3 Cutting Force Data
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Run 3: Force Data

Force in thrust direction
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Figure 35: Run 3 Thrust Force Data
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Figure 36: Run 3 Cutting Force Data
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Run 4: f =0.005 in/rev.; S = 9 m/min.

Run 4: Acceleration Data

Acceleration in Thrust Direction
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Figure 37: Run 4 Thrust Acceleration Data
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Figure 38: Run 4 Cutting Acceleration Data
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Run 4: Force Data
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Figure 40: Run 4 Cutting Force Data
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Run 5: f =0.005 in/rev.; S = 30 m/min.

Run 5: Acceleration Data

Acceleration in Thrust Direction
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Figure 41: Run 5 Thrust Acceleration Data
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Figure 42: Run 5 Cutting Acceleration Data
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Run 5: Force Data
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Figure 43: Run 5 Thrust Force Data
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Figure 44: Run 5 Thrust Force Data
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Run 6: f =0.005 in/rev.; S = 45 m/min.

Run 6: Acceleration Data
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Figure 45: Run 6 Thrust Acceleration Data
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Figure 46: Run 6 Cutting Acceleration Data
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Run 6: Force Data
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Figure 47: Run 6 Thrust Force Data
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Figure 48: Run 6 Cutting Force Data
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Fast Fourier Transforms

Below are the Fast Fourier Transforms for run one. Fourier transforms take a signal as

input, then output the dominant frequencies of that signal.
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Figure 49: FFT for Run 1 Thrust Acceleration

03 FFT in cutting direction

025+

Normmalized Amplitude
& o
o ~N

o
o

0.05 -

0 0.5 1 1.5 2 25 3 3.5
Frequency (Hz) <10%

Figure 50: FFT for Run 1 Cutting Acceleration
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FFT in Thrust direction
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Figure 51: FFT for Run 1 Thrust Force
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Figure 52: FFT for Run 1 Cutting Force
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Relations between Force/Acceleration and process Conditions

Average values for thrust force and cutting force are compiled (Table 8), as well as

accelerations in the two directions. These are then compared to process conditions (Fig. 53-56).

Table 8: Force values shown are absolute values as raw data values were negative

Average Average Average Average
Thrust Cutting Cutting Thrust
Run Feed Speed Force Force Acceleration | Acceleration
(in/ Rev.) (m/min) (N) (N) (m/s’) (m/s’)
1 0.01 9 581 291 11.8 8.8
2 0.01 30 466 230 91.9 49.8
3 0.01 45 410 226 108.9 61.6
4 0.005 9 384 215 14.2 111
5 0.005 30 205 166 14.5 9.5
6 0.005 45 193 171 13.3 7.9
Cutting Speed vs. Thrust Force
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Figure 53: Cutting Speed vs. Average Thrust Force
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Figure 54: Cutting Speed vs. Average Cutting Force
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Figure 55: Cutting Speed vs. Thrust Acceleration
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Cutting Speed vs. Cutting Acceleration
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Figure 56: Cutting Speed vs. Cutting Acceleration

Relations between Chip Morphology and Process Conditions

Typically, Ti-6Al-4V turning chips are jagged in appearance, especially at higher speed
and depths of cut. The chip morphology parameters are compared with process conditions (Fig.
57-60); the major chip morphology parameters include the following - a; is the segment spacing,
ay is saw-tooth height, as is the continuous portion height, and L. is shear band spacing as shown
(Fig. 57). Measured parameter values are compiled into Table 9. A typical chip can be divided
into two parts: the separated portion containing the “teeth” and the continuous portion that they

are connected to.
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Figure 58: 10x Magnification of Ti-6Al-4V chip showing Shear bands
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Figure 59: 10x Magnification of Ti-6Al-4V chip. Angles were measured using a metallurgical microscope; distances were
calibrated by measuring the chip thickness with a micrometer, then comparing that to the average width pixel count (a), the ratio
of pixels/ inch was then applied to band width (b)

S =9 m/min S =30 m/min S =45 m/min

f=0.01 ‘ | F ¥ w

in/rev.

£=0.005 | 0

in/ rev.

Figure 60: 10x Magnification of chips generated under different cutting conditions
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Table 9: Measured chip geometries and parameter values

Total
Thickness
Run Feed Speed az+a, Average | Average | Avg.Band

(.in) 0, 0, Width (.in)
1 0.01 9 0.0124 41.58 40.46 0.0085
2 0.01 30 0.0120 47.29 74.07 0.0102
3 0.01 45 0.0100 49.53 60.37 0.0076
4 0.005 9 0.0052 77.71 86.04 0.0043
5 0.005 30 0.0050
6 0.005 45 0.0052 66.20 87.76 0.0048

No Adiabatic Shear Bands were observed during Run 5

Feed rate is compared to chip thickness, 0, and shear band width (Fig. 61-63)

Feed Rate vs. Chip Thickness
0.014
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0.008
—8—9 m/min

[ ¢ *——=0 —8—45m/min
30 m/min

0.006

Chip Thickness (in)

0.004
0.002

0
0 0.002 0.004 0006 0.008 0.01 0.012 0.014

Feed Rate (in/rev)

Figure 61: Feed Rate vs. Chip Thickness : While not part of the DOE, a cutting experiment was done at f = 0.02 (as seen in the
graph above) this point continues the trend of previous data points.
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Data Analyses, and Control of ASB-Induced Characteristics for Productivity

From the dynamometer force data plots, it can be observed that an increase in cutting
speed (from 9m/min to 45 m/min) resulted in a small decrease in the cutting and thrust forces;
however both the cutting and feed forces showed a marked and consistent increase with an
increase in the feed rate (from 0.005 in/rev to 0.01 in/rev). This trend is consistent with the

behavior of different force components in traditional machining literature.

When considering the accelerations in the thrust and cutting directions, except at the
lowest surface speed (of 9 m/min), both the accelerations showed significant increases with feed
rate. Though the accelerations were fairly steady at the lower feed rate (of 0.005 in/rev)
regardless of surface speed, both accelerations showed a significant increase with surface speed
at the higher feed rate (of 0.01 in/rev). This suggests that as the cutting conditions tend to be
towards higher material removal rates, meaning at higher feeds or speeds, the accelerations seem

to be becoming much more significant.

Considering chip morphology, the chip thickness increased in proportion to the feed rate
consistently, and had a smaller effect from surface speeds. This is accordance to chip
morphology behavior in machining literature. The ASB width also increased in proportion to the
feed rate signifying that it is the primary factor controlling the ASB width, much more than
surface speeds. When considering the relations between chip/ASB widths and the cutting forces,
no significant trend was observed. Altogether, this leads to the conclusion that controlling feed
rates will allow for ASB width control, and hence the magnitude and frequency of the force and

acceleration variations during the serrated chip formation process.
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CHAPTER V

CONCLUSIONS & DISCUSSIONS

This project served to investigate the ultra-high frequency aspects of adiabatic shear
banding (ASB) during the Ti-6Al-4V chip generation process. For this, a piezoelectric-based
dynamometer and an accelerometer was assembled and calibrated for measuring the multi-
directional forces and accelerations experienced by the cutting tool during machining, and
especially pertaining to the ASB process. An experimental design of machining tests based off
the lower portion of the range of recommended parameters for Ti-6Al-4V turning was
conducted. This helped to elucidate the relationships between ASB-induced machining force and
acceleration components to the resulting chip morphology and other process characteristics. This
understanding also helped generate strategies to suitably alter process parameters for

improvements in productivity.

Intellectual Contributions

Some of the major conclusions that can be drawn from this study are listed below:

e It can be concluded that feed rate (as opposed to sliding velocity) has a greater effect on most
chip-related dimensions (a higher feed rate generally translates to a larger chip dimension)

e Feed rate also had a greater and directly proportional relationship to machining force

components. Instead, both cutting force and thrust force were observed to have inversely

proportional relationships with cutting speed.
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Considering shear bands, a higher feed rate resulted in higher shear band width, and these
had a direct proportionality relationship.
Controlling feed rates will allow for ASB width control, and hence the magnitude and

frequency of the force and acceleration variations during the serrated chip formation process.
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APPENDIX

MATLAB Codes

Code_Mean_Filter_XYZ.m

(The code in this m-file was used to read the data from the DAQ and create comparative plots.
See code comments for individual line functions.)

clc % clear all
clear all;
close all % close all

load Run.txt %% Name of the file to be read
SET= Run;

avgx = mean (SET (100:300,4)); %% Adjusting the DC bias to zero
avgy mean (SET (100:300,5)) ; Adjusting the DC bias to zero
avgz = mean (SET(100:300,6)); %% Adjusting the DC bias to zero

o
o

o\°

datax = 1*(SET(:,4)-avgx); %% Sacling factor 1000, can be changes based on
the need

datay = 1*(SET(:,5)-avgy); %%
dataz = 1*(SET(:,6)-avgz); %%

acling factor
acling factor

%******************k***k***k***k***************************

Fs = (1/.00016); %input sampling frequency in Hz *
L = length(data); %input vector name "data" *

%******************************************************

Scompute DFT (In English: takes FFT of ChosenColumn)

NFFT = 2”nextpow2 (L) ; %Next power of 2 from length of y
DFT = fft(data,NFFT)/L;

DFT = DET(1:NFFT/2);

f = Fs/2*linspace (0,1,NFFT/2); %generate frequencies from 0 to Fs/2

[FData] = MyButter (data,Fs,10,1);
m_FData = mean (FData);

calc Avgx = m_FData;

$Plot force
figure (1) ;

plot (datax) ;
hold on;

plot (FData, 'r'");
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%Next power of 2 from length of y
generate frequencies from 0 to Fs/2

°

[

’

’

takes FFT of ChosenColumn)

’

’

’

%input vector name "data"

%******************************************************

’
’

input sampling frequency in Hz

°

[

’

(In English

NEFT/2)

Fs/2*1linspace (0,1,NFFT/2)
m FData

’

’

MyButter (data,Fs,10,1)
mean (FData)

’

’

2”nextpow2 (L)
fft (data,NFFT) /L

= datay
6250

length (data)
DFT (1

[FDatal

m FData
Plot force
figure (2)

A AR A AR A AR AR KA AR KA AR KA A AR AR A A A A AR AR A AR A AR A AR A AR A AR A AR ARk kK

°

data

Fs

Scompute DFT
NEFFET

DET

DFT

f

calc Avgy
plot (datay)
hold on

plot (FData, 'r'");
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"data"

%************'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k************************
%generate frequencies from 0 to Fs/2

%Next power of 2 from length of y

’

’

takes FFT of ChosenColumn)

’

input vector name
7
7

°
’

[
’

input sampling frequency in Hz

°

[

’

(In English

NFFT/2)

Fs/2*1inspace (0,1,NFFT/2)
m FData

’

’

MyButter (data,Fs,10,1)
mean (FData)

’

’

2"nextpow2 (L)
fft (data,NFFT) /L

dataz
DFT (1

6250
length (data)

compute DFT
[FDatal
m FData

%******************************************************

data

Fs

NFET

DFT

DFT

f

calc Avgz
figure (3);
plot (dataz)
hold on
plot (FData, 'r');
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calc Avgx
calc Avgy
calc Avgz

MyButter.m

(This code is a subroutine used by Code_Mean_Filter_XYZ.m (above), see line comments for
individual line functions)

function [FiltData] = MyButter (InputData, SampFreq, CutoffFreq,Order)
%Note: SampFreq and CutoffFreqg should be given in Hz. InputData
%should belong to R”n (it should be an n-dimensional vector)

o°

CutoffFreq = 20;
Order = 2;

o°

clear b a

wo = CutoffFreq/ (SampFreq/2);
[b,a] = butter (Order,wo);

FiltDatal=zeros (size (InputData));
for i=1l:length (InputData)
if i <= Order

FiltDatal (i) = InputData(i);
else
for j = 0:0rder
if 3 ==
FiltDatal (i) = FiltDatal (i) + b (j+1)*InputData (i-j);

else
FiltDatal (i)

a(j+l)*FiltDhatal (i-73);

end

end
end

end
FiltData = FiltDatal;

FiltDatal (i) + b(j+1)*InputData(i-Jj) -
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