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Abstract

This thesis studies the machining of additively manufactured (AM) titanium Ti-6Al-
4V and presents a model to determine Johnson Cook (J-C) constitutive parameters
from complex machining processes through numerical modeling and experimental val-
idation. The J-C parameters are important in describing the characteristics and be-
haviors of materials during high-strain rate high-temperature machining processes.
These parameters are traditionally determined through time-consuming and costly
split-Hopkinson pressure bar tests. The proposed model uses a combination of ex-
perimentally measured cutting forces and optimization methods including genetic
algorithm and particle swarm optimization to find the suitable J-C parameters. Force
simulation and experiments were conducted to validate the proposed model and the
results showed its effectiveness in estimating the J-C parameters directly from milling
tests as an oblique cutting operation. Chip morphology has also been investigated to
determine the mechanics of chip formation and its relationship to the properties of

the AM titanium.

Keywords: milling, additive manufacturing, Johnson-Cook model, Oxley

model, genetic algorithm, particle swarm optimization, chip morphology
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Chapter 1

Introduction

1.1 Background

Metal Additive Manufacturing (AM), also known as metal 3D printing, is a process
of creating three-dimensional (3D) metal parts by building them up layer by layer
using a digital model. The process begins by creating a 3D model of the part using
computer-aided design (CAD) software. This model is then divided into thin layers,

and each layer is used as a profile for building the final part.

According to the standard set by American Society for Testing and Materials (ASTM),
AM technologies fall into seven categories [5], namely Material Extrusion (ME), Pow-
der Bed Fusion (PBF), Directed Energy Deposition (DED), Material Jetting (MJ),

Binder Jetting (BJ), Vat Photopolymerization (VP), and Lamination.

ME is one of the most popular methods for end use plastic parts due to its low cost. In
specific, Fused Filament Fabrication (FFF), as a subset of ME, is one of the common
methods for AM of thermoplastic material where the polymer is melted and extruded
through a nozzle to form a continuous filament, which is then built-up layer by layer

to shape the final product. However, ME only made up 10% of the metal AM mar-



ket in 2020 [6]. This is due to the many difficulties related to the sintering process
of metal ME and its final part quality. Typically, metal ME starts with feedstock
or filaments that contains metal powder suspended in sacrificial polymer binders [7].
The purpose of the binder is to loosely adheres the printed layers and lines during the
printing process. After the printing process, the parts are still very fragile and need
to be further processed to become fully dense metal parts. Some process requires
additional washing and then sintering, others only require sintering. In any case, the
sacrificial binder is washed or burned away [7]. Then the sintering process, metal
powder slowly melts and fuses together to form a solid metal part. However, due
to the sintering process, the part shrinks significantly, up to 20% in some cases [3].
Ideally, the shrinkage should be uniform, but this is typically not the case, resulting in
warping and lowering dimensional accuracy. Too much warping will also lead to part
breakage and print failure. This forces parts to be printed with lower infill percentage,
limiting the possibility of large fully dense parts [3]. Furthermore, due to the exposed
layer lines and printing lines, the surface quality of metal ME inherits the same issues

from traditional polymer ME [9].

DED technologies cover 16% of the metal AM market and is grouped into two cate-
gories: cold spray and thermal energy [0]. Cold spray uses fine particles to create a
dense coating, while thermal energy uses laser beams, electron beams, plasma, or arc
to melt and add material to the build platform. Compared to metal PBF, despite its
potential as an important parts repair method, metal DED showed much lower indus-
try application due to its lack of reliability and repeatability. This deficit is due to
the complex sensing and monitoring requirements of DED, both regarding hardware

and software [10)].

BJ is a technology that was used mainly for sand moulds application, but in recent
years, its development has allowed for the printing of metal parts [11]. Similar to PBF,

BJ uses a metal powder bed, but instead of using heat to immediately form parts,



BJ uses liquid binder to form a temporary 3D part. The printing process involves
spreading metal powder evenly across a build platform, then a print head dispenses
droplets of liquid binder onto the powder. The binder droplets adhere the powder
particles at specific locations based on the part model, forming a temporary green
part. After the printing process is completed, the green part is then subjected to a
sintering process, which removes the binder and fuses the powder particles together,
creating a solid metal part. BJ is highly versatile, as it can be used to process a wide
range of different materials. In addition, BJ build area does not require an airtight
inert gas chamber like PBF. Thus, its build volumes are usually larger, making it
well-suited for large-scale production. However, the sintering process also degrades
the quality of the parts similar to ME, additional processing is required such as bronze

infiltration [11], limiting its adoption.

MJ, also known as inkjet 3D printing, is a 3D printing process that uses piezo printing
heads to deposit droplets of liquid photopolymers, which are then cured immediately
at the printing location using ultraviolet lamps. This process is also capable of cre-
ating multi-material parts by selectively depositing multiple photo-curable polymer
resins simultaneously. The inkjet 3D printing technology has been widely adopted
for a variety of applications, including the production of prototypes, functional poly-
mer components, custom anatomical models, and scaffolds for tissue engineering [12].
However, as there is no known metallic material in liquid form that can be solidified

using light, MJ cannot be used to make metal parts.

VP process involves exposing photo-sensitive materials to controlled amounts of radi-
ation or light. This method works by polymerizing the material in layers, which then
combine to form a complete 3D object. VP can be used to process photopolymers and
resins. There are several variations of VP, including Stereolithography, Digital Light
Processing, Two-Photon Polymerization, and Volumetric 3D Printing [13]. VP has

many applications in jewelry, dentals, medical and biomedical. However, similar to



MJ, VP relies on polymer resins that are stored in liquid form, then solidified during

the printing process. Therefore, VP cannot be used to manufacture metal parts.

Metal sheet lamination, also known as laminated object manufacturing (LOM), is
a manufacturing process that utilizes metal sheets as the raw material. The pro-
cess involves using a localized energy source, such as ultrasonic or laser, to bond a
stack of precisely cut metal sheets together to form a 3D object. The most common
method used in metal sheet lamination is ultrasonic additive manufacturing (UAM)
or ultrasonic consolidation. In UAM, ultrasonic waves and mechanical pressure are
applied to the stack of metal sheets at room temperature, resulting in the bonding of
the interfaces between the sheets through diffusion rather than melting. The metal
sheets are bonded layer-by-layer until a complete 3D object is formed, all without the
use of a heat source. Before the ultrasonic consolidation process, the metal sheets
are typically cut to the desired geometry, and traditional polishing can be applied
during or after the consolidation process to achieve a detailed finish [14]. There are
many difficulties in regard to the LOM process, specifically, it is difficult to control
the height of the part, as the layer thickness can change during the consolidation pro-
cess under pressure. In addition, the accumulating direction shows lower mechanical
properties compared to the other two directions. Part failure due to delamination is
also a concern. These limits the industry adoption of LOM greatly, where LOM only

accounts for 2% of metal AM market [0].

This thesis focuses on PBF, as it is currently the most widely used method for metal
AM. Among the aforementioned AM methods, PBF dominates the market, account-
ing for 54% of the metal AM industry in 2020 [6]. PBF is similar to BJ, for every
layer, a powder bed is evenly spread, metal powder is melted or sintered locally us-
ing a high-power laser or electron beam, which traces the pattern in each layer to
create the final part. Once one layer is fused, the next layer of powder is spread,

and the melting or sintering process repeats until the desired object is printed. The



technology is widely used to produce complex geometries, functional prototypes, and
end-use parts in various industries such as aerospace, medical, automotive, and tool-
ing industry [15]. PBF is known for its ability to produce parts with intricate details
and minimal waste, which is otherwise not possible to produce in one piece with tra-

ditional manufacturing methods.

There are currently many barriers hindering the widespread application of AM parts.
One of the most important factors that limits the use of metal AM parts is relative
lack of knowledge of material behavior. Firstly, the microstructure of AM parts can
vary significantly by altering process parameters, which then affect the mechanical
properties of the parts when compared to those of wrought metals. Secondly, prop-
erties can vary even within a single part due to the nature of the layer-by-layer build
process. Thirdly, anisotropy which is more pronounced compared to wrought metals.
As a result of anisotropy, the properties can vary depending on the direction of the
build, which can make it more difficult to predict the properties of an AM metallic
part. Finally, the properties of AM parts can also be affected by post-processing
steps such as heat treatment, which can further complicate the determination of the
material properties. In contrast, wrought metals are produced through more tradi-
tional manufacturing methods, such as casting, forging, or rolling, which results in a
more homogeneous microstructure and more consistent properties. Therefore, mate-
rial properties of wrought metals are readily available and well documented. There are
also very detailed established guidelines for testing the non-AM metals which makes

experimentation easier.

Material properties can be determined by performing mechanical or metallurgical
testing. For instance, tensile tests can be used for obtaining yield strength, ultimate
tensile strength, modulus of elasticity, ductility, and toughness, while indentation tests
can be employed to measure the hardness, and cyclic loading tests will result in deter-

mining the fatigue life, etc. All of these testing methods are performed at relatively



low deformation rate (low strain rate) and are referred to quasi-static tests. Thus,
these properties can be easily obtained for AM metals. However, material properties
are not only the function of material itself. They are being highly affected by other
parameters such as strain rate and temperature. As a result, this thesis focuses on
the testing methods for determining material properties, such as flow stress, in high

strain rate and high temperature scenarios.

The typical method of obtaining the high strain rate and high temperature properties
of metals is the Split-Hopkinson pressure bar test (SHPB). It is a type of impact
testing in which a high-velocity impactor strikes the specimen and the resulting stress
and strain in the specimen are measured, see Fig. 1.1. The SHPB test setup typically
consists of a pair of metal bars, called pressure bars, that are arranged in a split
configuration. One of the pressure bars is fixed and the other one is movable. The
specimen is placed between the two bars and is struck by an impactor, which applies
an impulsive force causing a high-strain rate deformation in the specimen. The de-
formation of the specimen is measured by strain gages placed on the pressure bars,
and the stress-strain behavior of the material is determined from these measurements.
Unfortunately, SHPB test has its own limitations. Firstly, the SHPB test requires a
complex setup and specialized equipment, including high-speed data acquisition sys-
tems, strain gages, and impactors. This can make the test expensive and difficult to
perform, due to the complexity and dangerous nature of the process, require shoot-
ing high speed projectiles through a tube [16]. More importantly, SHPB tests are

1

typically limited to strain rates up to 103 — 10* s~! and relatively low temperatures

[17]. This can make it difficult to obtain accurate results for materials that experience

Specimen [
Strike Bar |:> Incident Bar \ Transmitted Bar

Figure 1.1: Split-Hopkinson pressure bar test diagram.



large strain rates up to 10° s~ under loading and instantancous heating, such as the
ones typically experienced in machining processes [18]. The important question here
is what the relevance of machining is, as a subtractive manufacturing (SM) process,

to AM metals.

Hybrid manufacturing, an innovative approach combining AM and SM techniques,
has garnered significant attention in advanced manufacturing. Implementation of
machining in post-processing of AM metal components is crucial. While AM excels
in fabricating intricate parts with complex geometries previously unachievable using
traditional methods, AM-produced parts may exhibit inferior surface quality and di-
mensional accuracy compared to SM techniques, such as machining. This point is

discussed further in Literature Review.

To address these limitations, SM can be employed to finish-machine critical surfaces
on AM parts, such as mating surfaces, ensuring high dimensional accuracy and facil-
itating precise assembly. Furthermore, SM plays an essential role in optimizing the
performance of AM-produced components, such as turbine blades. These parts often
require weight balancing through machining to guarantee operational stability and
reliability in high-speed applications. Overall, the synergistic combination of AM and
SM processes in hybrid manufacturing paves the way for producing highly complex,

accurate, and functional metal components across a wide array of industries.

1.2 Literature Review

1.2.1 Additive Manufactured Metals and Finish Machining

AM metals has becoming increasingly popular in recent years due to the drastic
improvement in metal printing technology. However, in addition to the previously

mentioned concerns regarding their mechanical properties, there are also major con-



cerns about the achievable dimensional accuracy and surface quality of as printed AM
metals. These issues are more pronounced in AM of complex geometries with over-
hang surfaces and support structures. Removal of the support structure negatively
impacts the workpiece surface and jeopardizes the fatigue resistance, which is very

sensitive to surface quality [19].

Employing a hybrid of AM and machining, as a subtractive manufacturing (SM), suc-
cessfully combines the design and manufacturing flexibility of AM with high surface
quality and dimensional accuracy attainable from machining. However, machining
AM metals is not a straightforward job. AM metal parts show different machinability
characteristics as compared to their wrought metal counterparts [20]. In addition,
these parts are typically made of high-performance metals, e.g., titanium or super-
alloys, which are notoriously difficult-to-cut and include complex features that make
them a lot less rigid than their regular counterparts and thus difficult to fixture [21].
As a result, thorough understanding of cutting mechanics and accurate prediction
of machining forces is an imminent need to avoid chatter and achieve a high-quality

product.

Some researchers have investigated the machinability of AM metals, specifically focus-
ing on their higher hardness, yield strength, and ultimate tensile strength compared
to wrought metals. It has been shown that machining AM metals typically results
in higher cutting forces and tool wear [22, 23]. Guo et al. [22] conducted machining
test on AISI 316L stainless steel AM parts made from high-power direct laser depo-
sition (HP DLD). They found that machining forces along the build direction of 0° is
higher than along 90°. They attributed this to the higher hardness along 0° causing
higher tool wear. Rotella et al. [20] compared the surface roughness of machined
titanium Ti-6Al-4V parts made from electron beam melting (EBM) and direct metal
laser sintering (DMLS) AM methods versus wrought. For the same feeds and speeds,

the roughness of the finish machined wrought part is the lowest, followed by finish



machined EBM and then DMLS. They attributed this difference to the lower ductility
exhibited by the AM samples. They also suggested that optimized cutting parameters

for wrought titanium is not optimized for AM titanium.

In addition, studying the mechanics of chip formation when machining AM titanium
alloys revealed that adiabatic shear banding and resultant saw-toothed chip were still
present similar to that of wrought titanium [23, 24]. However, no detailed model has
been proposed to predict cutting forces during the machining of AM metals. Also,
the possible differences between mechanics of chip formation when machining AM

and wrought metal has not yet been thoroughly investigated.

1.2.2 Material Models

In order to simulate the material behavior during any manufacturing process, in-
cluding machining, a reliable model that describes the way material reacts to forces,
strains, strain-rates, and temperature is a key element. There are different material
models available such as the Zerilli-Armstrong (Z-A) model [25], Kocks-Mecking-Estrin
(KME) model [26], and Johnson-Cook (J-C) model [27]. The Z-A model is a consti-
tutive model that relates strain, strain rate, and temperature to flow stress, as shown

in Eq. 1.1.

o= (Cy+ Cae")exp[— (C5 4 Cue) T + (C5 + CsT*) In €7 (1.1)

In Eq. 1.1, C to Cg, and n are material constants, T is temperature modifier defined
by T* =T — Ty, Tyes is the reference temperature or room temperature, and €* is
the strain rate modifier expressed by ¢* = ¢/, where ¢, is the quasi-static reference

strain rate.

The KME model is another constitutive model used to describe the nonlinear strain

hardening behavior of materials, particularly metals. The basic KME model, as shown

10



in Eq. 1.2, does not account for elevated temperature, however some modified KME
models can include affect of temperature on flow stress [22]. In Eq. 1.2, gq is the
frictional stress, M is the Taylor factor, o is a constant, p is the shear modulus, b is

the burgers vector, and p is the dislocation density.

¢\ Wm
o = oo + Maub/p| <a> (1.2)
The J-C model is also a constitutive material model used for predicting flow stress
in metals subjected to rapid (high strain rate) deformation considering the effect of
temperature. It is the most widely used one among the aforementioned models. J-C
model has many advantages; it is relatively simple and easy to use, requiring a smaller
number of parameters that can be determined from experiments or simulations. It
can be applied to a wide range of materials and can be used for both tensile and
compressive loading conditions. The J-C model is an empirical model, which is built
upon experimental data. It is a combination of three different terms that describe the

effect of strain, strain rate, and temperature on flow stress, as shown in Eq. 1.3.

R [ =

The first term of the J-C equation describes the effect of strain on flow stress using
yield stress (A), strength coefficient (B), and strain sensitivity exponent (n). The
second term represents the effect of strain rate using strain rate sensitivity constant
(C) multiplied by the natural logarithm of the normalized strain rate ratio, where
the reference quasi-static strain rate is typically €, = 1s71. The third term expresses
the effect of thermal softening, where 7' is the current temperature of the material,
T, is the reference/room temperature, and 7, is the melting point of the material.
As strain rate increases, the flow stress required to deform the material increases. In

contrast, as the material heats up, flow stress decreases until it reaches zero when T’

11



reaches T,,. For this thesis, the J-C model was chosen as the material model for flow
stress calculation within the extended Oxley model. Despite not taking into account
the effect of strain softening, the J-C model is still the most popular model used in

cutting process simulation [28].

1.2.3 Methods of Obtaining Johnson-Cook Parameters

Extracting J-C parameters from the machining process itself is a promising method to
overcome the difficulty of high strain rate and high temperature tests e.g., SHPB. Nu-
merous mechanical testing methods were proposed to be used as alternative to SHPB
tests. In 1997, Rule [29] used Taylor impact tests and gradient based optimizer to
search for J-C parameters. Guo [30] proposed using a combination of quasi-static
compression tests and machining tests to directly calculate the J-C parameters with
the help of the Oxley model in 2003. Manes et al. [31] proposed using ballistic impact
tests to achieve very high strain rate and instantaneous temperatures increase in the
deformation zone for Al 6061-T6 in 2011. Starting in 2005, the popularity of finite
element (FE) simulations in determining J-C parameters increased drastically, most
likely because of the advancement in computers and computational technologies that
made them cheaper and more accessible. One of early works in this context was pub-
lished by Dabboussi and Nemes [32] who proposed using dynamic punch tests along
with FE to iteratively search for J-C parameters. Shrot and Baeker [33] utilized finite
element simulations, along with Levenberg-Marquardt search algorithm and orthog-
onal cutting tests to determine J-C parameters. Since then, many researchers have
utilized orthogonal cutting tests and finite element simulations to determine J-C pa-
rameters, with different searching algorithms. Along with the use of FE simulations,
the popularity of the Oxley model in simulating machining processes to determine J-
C parameters was also remarkably high, as shown in Table 1.1. Among these works,

Pang and Kishawy [34] used a novel inverse analysis to extract J-C parameters from

12



orthogonal machining forces, avoiding the computationally heavy task of incremen-
tally searching for the unknown Oxley variables including shear angle ¢., primary
shear zone thickness ratio Cy, and secondary shear zone (tool-chip interface) thick-

ness ratio 6.

The overwhelming majority of the aforementioned research was based on the or-
thogonal turning method which is a simplified representation of cutting processes.
Therefore, none of them could be directly applied to tools with complex geometry
since majority of machining processes are in fact oblique processes. In oblique ma-
chining processes like milling, the chip thickness encountered by each tooth is variable
during one revolution. In addition, the tool-workpiece engagement is varying along
the tool axis due to the lag between consecutive teeth introduced by the helix angle.
In addition, traditional methods of obtaining J-C parameters based on orthogonal
machining require custom tool and experimental setup even for calibrating the force
model for oblique machining processes. This step can be eliminated if a model capa-
ble of extracting the J-C parameters directly from oblique machining is available. A
recent attempt to achieve this goal was made by Seif et al. [35], who extracted J-C
parameters from the measured thrust force and torque of a drilling operation. They
showed that the newly extracted J-C parameters could also be used in FE simulations
to accurately predict cutting force, stress, strain, and temperature. Table 1.1 summa-
rizes some of the research works aiming at extracting J-C parameters from machining

data in chronological order.
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Table 1.1: Summary of some important research in de-

termining J-C parameters using different approaches.

) Experiment
Year Authors Search Methods Calculation Methods
Methods
Numerical integration
of one-dimension model
) of Taylor specimen to )
Gradient based ) ] Taylor impact
1997 | Rule [29] o obtain final specimen
optimizer tests
length, final
undeformed length, and
mushroom diameter.
) Quasi-static
. Using Oxley model to )
Linear ) compression
2003 | Guo [30] . calculate shear strain
regression tests and
rate o
machining tests
Dabboussi Finite element )
) ) ] Dynamic punch
2005 | and Nemes | Iterative search | simulations to get force test
ests
[32] and displacement
i Inverse Oxley model to
Ozel and Cooperative Orthogonal
. get flow stress from }
2007 Karpat particle swarm o cutting tests
o machining i
[36] optimization (turning)
measurements
Optimization
5011 Manes et done using Finite element Ballistic impact
al. [31] LS-OPT simulations tests
software
Levenberg- o Orthogonal
Shrot and Finite element _
2012 Marquardt ) ) cutting tests
Baeker [33] simulations

search algorithm

(turning)
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Inverse Oxley model to

Pang and i Orthogonal
) Genetic get flow stress from ]
2012 Kishawy ) o cutting tests
algorithm machining i
[34] (turning)
measurements
Overshoot
values and o Orthogonal
Klocke et Finite element ]
2013 undershoot ) ) cutting tests
al. [37] simulations _
values then (turning)
interpolate
Nelder-Mead
_ method and Finite element Orthogonal
Bosetti et ) , ]
2013 L 39 Nelder-Mead simulations (Deform cutting tests
al.
method and GA 2D) (turning)
hybrid
] o Orthogonal
Franchi et ) Finite element _
2016 Multi Island GA ) i cutting tests
al. [39] simulations ,
(turning)
[terative
) gradient search Orthogonal
Ning et al. ) Forward Oxley model ]
2018 method using cutting tests
[40, 41] to calculate forces _
Kalman filter (turning)
algorithm
. Nonlinear Forward Oxley model .
Seif et al. Drilling
2019 least-squares to calculate torque and
[35] o pre-cored holes
optimization force
Downbhill- o Orthogonal
Hardt et ] Finite element ]
2021 Simplex- ) i cutting tests
al. [12] . simulations .
Algorithm (turning)
o Orthogonal
) Finite element _
Eisseler et ) ) , cutting tests
2021 Iterative search simulations (Deform .
al. [13] (shaping
3D) .
machining)
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The work in this thesis goes beyond the simple machining methods to show that
much more complex machining operations can also be implemented to obtain J-C
parameters. The proposed model in this thesis is based on the Oxley model, which
requires only workpiece material properties and cutting conditions as input variables
to predict cutting forces, strain, strain rate, temperature, etc. [14]. Combining the
J-C flow stress model with the Oxley machining model allows for the calculation of
cutting forces for a wide range of cutting speed and feed. Utilizing this combined
model with modern programming tools and optimization techniques allows for cut-
ting force to be calculated for any arbitrarily complex tool geometries, specifically
by dividing the complex cutting edges into many small segments then evaluate and
summing cutting forces of all segments. The optimization techniques that are utilized
in this thesis are Genetic Algorithm (GA), developed by Holland [15], and Particle
Swarm Optimization (PSO), developed by Eberhart and Kennedy [16]. Both GA and
PSO are metaheuristics optimization methods that are capable of randomly searching
for a large solution space to find any unknown global optimum. GA involves a large
population, encoding variables using binary strings to act as chromosomes, then use
selection, crossover, and mutation operations to find the best variables’ combination
through a process that mimics natural selection, where the “fittest” chromosomes
propagate to the next generations. The selection, crossover, and mutation procedures
are conducted repeatedly on the population until a chromosome that satisfy fitness
requirements is found. Similar to GA, PSO also involves a large population of par-
ticles, mimicking the behavior of a flock of birds or school of fish to search for a
best solution in a large solution space. This thesis analyzes and compares GA and
PSO in terms of the quality of solutions as well as the rate of converging toward
the optimum solution. GA and PSO were initially used in finding a combination of
J-C parameters that yields the best agreement between the calculated and measured

(experiment) cutting forces. GA and PSO were then implemented in solving the un-
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known Oxley variables, namely primary shear zone thickness ratio (Cp), secondary
shear zone (tool-chip interface) thickness ratio (9), and shear angle (¢.) as opposed
to using incremental search. Strain rate hardening and thermal softening effects are
accounted for within the Oxley model, thus the method presented drastically reduces
testing complexity by eliminating the need for directly measuring temperature and

deformation rate at the shear zones.

1.3 Research Objective

The main objective of this thesis is to propose a forward determination method for
estimating J-C parameters from any arbitrary complex machining operations, and to
apply this model to both regular wrought metals and AM metals. Specifically, the

research in this thesis aims to:

Develop a cutting force prediction model for complex cutter geometry, specifi-

cally end milling.

e Apply optimization algorithms to solve Oxley variables and search J-C dynamic

parameters from end milling.

e Apply the proposed method to obtain J-C dynamic parameters for regular
wrought metals and compare the results with those obtained using existing

methods.

e Apply the proposed method to obtain J-C dynamic parameters for AM titanium

Ti-6Al-4V and compare the results with regular wrought titanium.

e Investigate the potential variation of cutting forces, J-C parameters, and chip
morphology during the machining of AM titanium Ti-6Al-4V in different direc-

tions versus printing direction, as well as versus wrought titanium.
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Chapter 2

Machining and Optimization

Models

2.1 Preamble

The field of machining has been greatly influenced by the Oxley machining model,
which is widely used to simulate the process of chip formation and cutting forces.
However, this model relies on a simplifying assumption that the shear zone is a two-
dimensional (2D) plane, which might not be representative of the actual machining
process. This thesis utilizes a more realistic assumption by using the extended thick
shear zone model developed by Pang and Kishawy [34] and then further extended

again by Pang et al. [17].

Firstly, this chapter presented a detailed calculation procedure of this extended thick
shear zone model, with the aim of providing a clear and accessible framework for ease
of replication. As such, this chapter provides formulas and methodology for calculat-
ing every variable required. Additionally, figures are included to visualize the balance

of forces acting on the tool rake face and shear plane. Finally, the conditions for
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solving the three unknown variables are also explained in detail.

Secondly, this chapter explained the method of dividing the end mills into many small
elements, which demonstrated how cutting forces for complex tool geometry can be

calculated, such as end milling.

Thirdly, two metaheuristic algorithms, GA and PSO are used and compared. Each
will be used to calculate the cutting forces generated from each element, and then used
once again to search for a combination of J-C parameters such that the net predicted
cutting forces matches the net measured cutting forces. This chapter explained the
double usage of each optimization algorithm as the inner layer search (Oxley search)

and the outer layer search (J-C search).

Finally, this chapter includes the explanation of four major types of chip formation,
discontinuous chips, continuous chips, continuous chips with built-up edge (BUE), and
serrated chips. Each type is characterized by its own features and factors that con-
tribute to its formation. This chapter provides a brief overview of each type, including
the materials in which they are commonly observed, the factors that contribute to
their formation, and the impact they have on the final surface quality. This serves as

context for the observed chips presented in the results and discussion chapter.

2.2 Oxley Machining Model

Over the years, many researchers have expanded on the Oxley machining model to give
more realistic assumptions of the shear zone. To make it easier to follow the approach
and to duplicate the work, the underlaying formulas for this model is presented in
detail. The particular extended thick shear zone model utilized in this thesis is the
one developed by Pang and Kishawy [371], whereby the shear zone as a thick region

contained by two parallel sides. These two sides have unequal distance from the
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Workpiece

Figure 2.1: Un-equidistant thick parallel shear zone.

primary shear zone AB, see Fig. 2.1. The lower region has a thickness of \. The
shear line AB extends from the tip of the cutting edge up to the free surface where
the chip starts. The transition between workpiece surface to chip is simplified to be
instantaneous, thus point A is located at the sharp corner. The length of shear line
AB can then be calculated as a function of undeformed chip thickness ¢; and shear
angle ¢., see Eq. 2.1.

t

— 2.1
las sin ¢, (2.1)

The deformed chip is simplified to have a constant thickness from the moment it is
formed to when it loses contact with the rake face. The deformed chip thickness is
measured from the free surface down perpendicular to the rake face, see Fig. 2.2.
Eq. 2.2 shows the geometric relationship between undeformed chip thickness t; and

deformed chip thickness t5.
cos (¢e — )

to =1
2o sin ¢,

(2.2)
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Figure 2.2: Geometric relationship between shear deformation, shear angle and rake
angle.

Shear strain from chip formation can be simplified using Piispanen Model of Card
Analogy. An element begins as the parallelogram AyA;B;By. As the tool moves for-
ward and come into contact with the element, it deforms from the shape of A; A, B} B,
to the shape of A;As BBy, as shown in Fig. 3. Thus, shear deformation can be visu-
alized as the movements of material with distance of AS. The element has a thickness
of Ad, therefore, by definition, the shear strain (y4p) along shear plane is the shear
distance AS divided by element thickness Ad, as shown in Eq. 2.3.

_AS_BC | BC
TABT AT B,C " B,C

= cot p. + tan (¢, — ay) (2.3)

Based on von Misses yield criterion; the equivalent shear strain (e45) can be calculated

from shear v4p using Eq. 2.4 [18].

] _YAB _ 1 . COS Qv (2.4)
AB V3 23 cos(¢p. — a,)sin d, ’
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Shear velocity (Vs) is parallel to shear plane and chip velocity (V) is parallel to rake

face. The relationship between Vs and cutting velocity (U) is presented in Eq. 2.5.

COS Qv

cos (¢ — az)

Vs =U (2.5)

Strain rate can be obtained by examining the shear zone. The parallel shear zone
model assumes the shear zone can be defined between two parallel lines with the shear
zone thickness Asy [31], as shown in Fig. 2.2. Based on von Misses yield criterion;
the equivalent shear strain rate (e4p) can be calculated from shear strain rate (vip)

along shear plane [18], see Eqs. 2.6 and 2.7.

. Vs Co
= 2 V. 2.6
YAB A sy SlAB ( )
yas _ 1y Co (2.7)

ein =2 = — Vs

V3 V3 Tlas

By analyzing the velocity boundary conditions and changes in the shear strain rate
when material enters and exit the shear zone, the relationship between lower region

thickness ratio (\) with ¢, and «, can be established [34].

_ cos ¢ecos (P — )

A 2.8
COS (28)
nBey g
= — 2.
Heq A+ Bep (29)
0 = arctan |1+ 2 (E — q§c> — @neq (2.10)
4 A
SUt
Ry =" = ! (2.11)
If 0.04 < Ryrtang. < 10 — 5= 0.5 — 0.35 x log (Rrtang.) (2.12)
If 10 < Rrtang. — 5= 0.3 — 0.15 x log (Rrtand,) (2.13)
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The primary shear zone temperature, shear force, and shear stress are directly con-
nected to one another. As shearing action occurs, heat is generated and cause temper-
ature to increase. As temperature increases, shear flow stress decreases, thus reducing
shear force. Reduced shear force generates less heat. Therefore, these three variables
will take values such that they are in equilibrium. The incremental search is con-
ducted to find the appropriate shear zone temperature (T4p) that satisfies all three
equations. Based on von Misses yield criterion; the equivalent shear flow stress (kap)

can be calculated from the shear stress (c4p5) along shear plane [18].

kap = (%B - % (A+ Bevp) ll +Cln <€‘€4—OB>} [1 - (%B—__zr‘f:y] (2.14)

Shear force (Fs) is calculated from kap, lap, and the width of cut (w).
Fs = kaplapw (2.15)

The temperature at the shear zone is elevated from ambient workpiece temperature

due to the shearing action.

1-p Fgcosa,
Tag =T, X
AB + 77,()Stlw cos (¢, — o)

(2.16)

Assuming that the tool moves at a constant speed, the normal force and friction force
experienced by the tool rake face has to be in equilibrium with the shear force and
normal force on the shear plane. Merchant’s circle is a great tool to visualize this

balance of forces, as shown in Fig. 2.3, and it is used to derive Eqgs. 2.17 to 2.20.

sin (0 — ¢. + o)

Fr=1Fs cos

(2.17)

cos (0 — ¢ + )
cos 6

Fyp = Fy (2.18)
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Workpiece

Figure 2.3: Forces balance using Merchant’s circle.

cos (0 — ¢.)
Fop=Fg——m———~2 2.1
© T cos 0 (2.19)
Fp = Fg22 (0 - ¢) (2.20)
cos 6

The net resultant force acting on the shear plane is balanced with the resultant force
acting on the rake face of the cutting tool, as shown in Fig. 2.4. The hydrostatic stress
at point A and B on the shear plane AB can be solved based on Eq. 2.21 and 2.22

respectively. The distance between the cutting edge to the net resultant force on shear
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Workpiece

Figure 2.4: Forces balance and net force locations.

plane and the rake face can be solved based on Eq. 2.23 and 2.24 respectively. [17]

T
PA:kM3P+2(Z—¢J] (2.21)
2P, + Pg
Xgp= 218 2.23
T3Pyt Pp) (2:23)
sin 6

Xint = Xs

"cos (0 — ¢e + ) (224)

Assuming that the net force acting on the tool rake face is in the middle of the tool-
chip interface length, then the total tool-chip contact length (Hy.) is twice of the
location of the resultant force acting on the tool-chip interface (Xj,;), as shown in

Eq. 2.25. Strain, strain rate, and temperature at the secondary shear zone (tool-chip
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interface) can be solved based on Egs. 2.26 to 2.29.

Hyo = 2X s (2.25)

€int = % - Zl (2.26)

ATe = pStle:OSSi?ic— a;) (2.28)

T\ = Tap 0 ATp 10[0.06—0.1955(%?)O‘5+o.5log (RHT;QH (2.20)

There are three variables in the Oxley model that cannot be calculated directly. These
variables are the primary shear zone thickness ratio (Cj), secondary shear zone (tool-
chip interface) thickness ratio §, and shear angle ¢.. The optimization search based
on GA is utilized in this thesis to find the solution to these variables. The solution is
a combination of Cy, 9, and ¢, such that three conditions are satisfied simultaneously.
The first condition to satisfy requires that the two methods of calculating normal stress
on tool-chip interface agree such that oy = o). The first method calculates normal
stress (on) from hydrostatic pressure at point B. The second method calculates

normal stress (o) from normal force and tool-chip interface area.

UN:PB+2]€AB<¢_OZ) (230)
Fy

L— 2.31

N T How (2:31)

The second condition to satisfy entails that the two methods of calculating shear stress

on tool-chip interface matches, such that 7;,; = 7/ ,. The first method calculates the

shear flow stress (7;,,;) on the tool-chip interface using J-C constitutive formula. The

second method calculates the same shear flow stress (77,,) from the friction force and

int
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tool-chip interface area.

1 N T m
Tint = 7 (A+ Bel,) {1 +Cln (:}”)] [1 - (?”t—_;D } (2.32)

Tl = il
int —
Htcw

(2.33)

The last condition enforces the combination of variables Cy, ¢, and ¢, to minimize

the cutting force (F¢).

2.3 Complex Profile Cutting Tools Model

As mentioned earlier, the majority of previously developed models for determining
the J-C parameters rely on orthogonal testing. It means even for simulating cut-
ting forces in machining processes where the nature of tool-workpiece engagement
is oblique, performing orthogonal testing is still inevitable. In this section, the pre-
viously described Oxley thick shear zone model is applied directly to milling where
geometry of tool-workpiece engagement is complex. A milling tool has multiple cut-
ting edges that enter and exit the cut periodically. This interrupted cutting leads
to the unavoidable mechanical and thermal shocking. To reduce the intensity of this
issue, end mills typically have helical teeth that gradually enter and exit the work-
piece material. The helical geometry distributes the cutting forces more evenly thus
reduces maximum cutting forces while maintaining the exact same material removal
rate. Calculating cutting forces for helical end mills requires sectioning the cutting
edges into disk elements, as shown in Fig. 2.5.

Cutting force magnitude and direction for each element inside the cut region is cal-
culated and integrated along the cutting edge. The resultant milling forces acting on
the tool are the summations of all elemental forces acting on each tooth. Depending

on the current tool rotation angle, the engagement angle of the element at the bottom
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Figure 2.5: Dividing end mill into segments.

of the tool is defined by ¢ .. Since the tooth is helical, the engagement angle for
any element at height 2jeign: lags behind the very bottom element, which be defined
as:

2 )
¢segment = ¢flute - 5 - tan (Zheli:v) X Zheight (234)

If ¢t < Detement < Gez, then the element is engaged with the workpiece, thus cutting
forces are present; otherwise, that element is not in cut and therefore does not con-

tribute to the cutting forces at that moment. The instantaneous uncut chip thickness
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t; of this segment depends on the element engagement angle ¢.iement-

tl = St sin (¢elem6nt) (235)

The tool helix angle is the inclination angle in oblique cutting. As a result, an axial
component of force parallel to the end mill is generated. Due to the inclined rake
face, the chip flows on the rake face with additional angles namely, normal shear
angle (¢, ), normal friction angle (5,), and chip flow angle (7.). The normal shear
angle is approximately equal to the shear angle that occurs in orthogonal cutting
(¢n = ¢c). Similarly, for normal rake angle (a,, = a,.). The normal friction angle and
chip flow angles take values such that they are the solution to the system of equations
Eq. 2.36 and Eq. 2.37 [19]. These equations are non-linear, therefore, solving the
unknown variables are done by isolating each one of them, then applying Newton’s
method to find the roots.

tan (5, = tan 3 cos .. (2.36)

cos o, tant

tan (¢, + Bn) = (2.37)

tann. — sin o, tan ¢
The axial force is then calculated as a function of cutting force, thrust force, helix

angle, rake angle, and chip flow angle as shown.

- F. (sini — cosisin o, tann,) — Fj cos oy, tan . (2.38)

sin ¢ sin oy, tan 7. + cos ¢

Width of cut (w) of the segment depends on how small the cutting edge is divided
into (w = Aa). Cutting forces contribution of each segment is then separated into

their x, y, and z-components, then summed to obtain the total cutting forces.

F, = Z [F. (i) cos ¢ (i) + F, (i) sin ¢ (i)] (2.39)

)
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F, = Z [F. (i)sin ¢ (i) — F, (i) cos ¢ (i)] (2.40)

F.= Y IR (0) (2.41)

2.4 Population-Based Optimization

2.4.1 Genetic algorithm

First developed by John Holland [15], GAs are evolutionary algorithms used to find
optimal solutions to problems by mimicking the natural selection process. GA involves
manipulating a population of chromosomes, whereby each chromosome encodes the
variable values of the problem to be solved. Just like in nature, each chromosome
went through fitness evaluations, crossover, and mutation. Chromosomes that return
better results in an optimization problem will have a higher chance of crossover to
create offspring, and therefore, pass on its desirable characteristics to the next gen-
erations. This natural process happens over many generations until an acceptable
optimization result is found.

Chromosome encoding allows for the manipulation of multiple variables at once. En-
coding converts a series of variables into a single binary string. Thus, each segment
of the string represents a variable, as shown in Fig. 2.6. Higher number of binary
bits results in higher search resolution. Typically, the total number of binary bits in
a chromosome is distributed evenly among all variables. The binary strings represent
the location of the variable in between the allowable minimum value (x,,;,) and the
maximum value (Z,,4,). A binary string of zeroes (0s) represents the smallest variable
value, and a binary string of ones (1s) represents the largest variable value. Decoding
binary string to value is done by first converting the binary string in base 2 to base

10, as shown in Eq. 2.42. Then, this base 10 number is the position of the variable in
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Figure 2.6: Binary string of an encoded individual.

between the x,,;, and z,,,.. The search resolution is given by dividing the difference

between Ty, and Tp,q, with 2771 where n is the number of binary bits.

n—1
Position = Y _ (b; x 2') (2.42)
=0
Position
T = Tyin T+ W (xmaw - xmm) (243)

In this thesis, there are two optimization problems to be solved, with one optimiza-
tion nested inside the other. The first optimization problem searches for the unknown
variables Cj, ¢, and ¢, needed in the Oxley model such that all three search conditions
(see the end of section 2.2) are satisfied, as shown in Eq. 2.44. The first optimization
is done for every cutting edge element; thus, it is nested within the cutting force in-
tegration loop of the second optimization problem. The second optimization problem
searches for the set of J-C parameters that minimizes the difference between calculated

cutting force and measured cutting force, as shown in Eq. 2.45.

kint

Tint

/
o
N
+ - '
ON

1—

(COa 67 ¢c) = mzn{

+%} (2.44)

1 Fmeasured

(A, B, C, n, m) :min{

} (2.45)

Fcalculated
The fitness evaluation scores the individuals in the population. Individual with a

higher fitness score has a higher probability of being chosen as one of the crossover
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parents. In this thesis, the fitness proportionate selection (roulette wheel selection) is
utilized, whereby the selection probability is calculated based on Eq. 2.46.
ki

Di = N

ST (2.46)

Because objectives are both minimization problems, the fitness value of each individ-
ual (k;) is calculated by taking the highest objective function value of the population
(fmaz) and subtracting the objective function value of that individual (f;), as shown

in Eq. 2.47.

ki = fma:p - fz (247)

Crossover is a process that involves two or more chromosomes. These chosen chro-
mosomes are called parents. Offspring is created by recombining the binary strings
of the parents in a random manner. The binary segments between the cut points
are swapped between the parents, the resulting offspring are new chromosomes, as
shown in Fig. 2.7. For two-point crossover, to reduce the likelihood that the crossover
operation creates clones of the parents, the distance between the two cut locations
(cut length) is set to a typical minimum of 5 bits. Accidental cloning happens when
the swapping segments are identical, which is more likely to happen when the cut
length is small.

The mutation operation is applied immediately after crossover. Mutation works by
flipping the binary bits of chromosomes, from 0 to 1, or from 1 to 0, as shown in
Fig. 2.7. The crossover operation allows the population to converge to an optimal lo-
cation in the search space, while the mutation operation introduces chaos and thereby

encourages exploration of the search space.
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Figure 2.7: Crossover operation and mutation operation.

2.4.2 Particle swarm optimizer

First developed by Eberhart and Kennedy [16], PSO is a population-based meta-
heuristic algorithm. Analogous to the behavior of a school of fish or a flock of birds,
each particle moves around within the solution space through iterations. Particles
move based on two parameters, C; which is the cognitive learning factor, and Cs
which is the social learning factor. The cognitive learning factor gives particles a ten-
dency to move around their own personal best solution, p;, while the social learning
factor gives particles a tendency to move closer to the current best solution in the en-
tire population, p,. Randomness is introduced using coefficients p; and p,, which are
generated between 0 and 1 for every velocity calculation. Velocity, which represents
how fast a particle moves through the solution space in each iteration, is calculated

according to Eq. 2.48.

vi(t)=wx v (t—1)+pCy X (p; —x; (t = 1))+ p2Ca X (pg —x; (t — 1)) (2.48)

In addition, weighting factor (w) augments particles’ velocities over time. Initially,
the weighting factor is high to encourage exploration, then over time, the weighting

factor decreases to encourage deeper local search. The objective function for PSO
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algorithm is the same as that of GA algorithm, presented in Eqs. 2.44 and 2.45.

2.5 Johnson-Cook Parameter Determination Model

The strain rate hardening coefficient C' and the thermal softening exponent m are

difficult to obtain, thus they are the focus of this algorithm, see Fig. 2.8 and Fig. 2.9.

The algorithm starts by initializing the first randomized population containing differ-

ent sets of C' and m.
These sets are then used in combination with other J-C parameters A, B, and n,
L |
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Figure 2.8: Block diagram procedure of search for J-C parameters using GA

which are obtained from quasi-static tests to calculate the cutting forces utilizing the
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Figure 2.9: Block diagram procedure of search for J-C parameters using PSO.

Oxley model.
As discussed in section 2.3, cutting forces are calculated by dividing the end mill

cutting edges into finite disk elements. The cutting force for each element is then
evaluated and summed to obtain the total cutting forces. Force calculation is done
until all elements for the entire tool are accounted for. Solving the cutting force of
each element using Oxley model requires an additional nested GA search to solve the
three variables Cy, d, and ¢.. This GA also goes through the initial population gener-
ation, evaluation, crossover, and mutation until the objective function is sufficiently
achieved, see Eq. 2.44. Returning to the main outer GA, the population then goes

through crossover, mutation, looping until a set of J-C parameters that sufficiently
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satisfy Eq. 2.45 is found.

The block diagram procedure of PSO is similar to GA, as shown in Fig. 2.9. The dif-
ference between PSO and GA is how successive iterations are generated. The strategy
for nested search of Oxley variables, and outer search of J-C parameters are the same
for both GA and PSO, only their implementation is different. This is to show that
any optimization scheme can be used, either GA or PSO, or any similar heuristic

optimization algorithms.

2.6 Mechanics of Chip Formation

The mechanics of chip formation can be grouped into four major types according to
Trent et al. [50]. These are discontinuous chip, continuous chip, continuous chip with
built-up edge (BUE), and serrated chip, as shown in Fig. 2.10.

The first main type of chips is discontinuous chips. Discontinuous chips are char-
acterized by small, individual pieces resulted from the fracture of the chips. Each
fracture is formed when a crack initiates at the tool tip and propagates towards the
free surface [21]. This occurs randomly, meaning the fractured pieces can vary in size,
shape, and level of attachment to each other. This type of chip formation is commonly
observed when machining brittle materials, as well as those containing hard inclusions
or impurities, such as graphite flakes found in cast iron. Additionally, factors such
as low or high cutting speeds, small rake angles of cutting tools, high friction at the
tool-chip interface, and low stiffness of machine tools can contribute to the produc-
tion of discontinuous chips. Although discontinuous chip formation often results in
poor surface finish, it can be advantageous during heavy roughing operations, as these
chips are easier to dispose of than longer continuous chips.

The second type of chips produced during metal machining is known as continuous

chips. These types of chips flow continuously without breakage. They are likely to
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Figure 2.10: Four main types of chip formation, (a) discontinuous, (b) continuous, (c)
continuous with BUE, and (d) serrated chips.

form when homogeneous metals are machined. The shearing action occurred is con-
centrated along a thin shear plane with no plastic deformation occurring before or
after the shear zone [21]. Continuous chips are most likely to appear during high-
speed machining of ductile materials with small feeds and depth of cut, using sharp
cutting tools with low tool-chip friction and high rake angles. Although continuous
chips typically result in a smooth surface finish, their length can pose a challenge for
disposal and may cause machine or workpiece entanglement. To address this issue,
some cutting tools are specifically designed to break long chips into smaller, more
manageable lengths [51].

The third type of chips is continuous chip with BUE. This type of chips is very similar
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to the continuous chip, but with a caveat that material adheres to the cutting edge,
creating a severely strain hardened “cap” [50]. This type of chip formation is most
likely to occur when machining ductile materials at low-to-medium cutting speeds,
especially when cutting with tools that have a blunt cutting edge and under dry ma-
chining conditions. The BUE temporarily protects the cutting edge from wear but can
also lead to unstable cutting if it breaks off, which leaves scratches and BUE particles
on the machined surface, negatively affects surface quality. The strain hardened BUE
“cap” at the tip of the cutting tool also changes the geometry of the cutting edge and
negatively impact surface quality by reducing its smoothness and uniformity.

The last type of chips is serrated chips, also known as saw-toothed chips. These are
semi-continuous chips that exhibit zones of low and high shear strain resulting in a dis-
tinctive saw-tooth appearance. The formation of serrated chips is typically observed
in materials that have high strain hardening behavior and low thermal conductivity,
such as titanium. Although, most metals display a transition from a continuous chip
to a serrated chip with a high enough increase in cutting speed. While it was initially
thought that machine-tool vibration was the cause of the serrated chip formation,
it has been established in research that the phenomenon is related to the inherent
metallurgical features of the work material for the specific machining conditions [50)].
Serrated chips do not pose direct negative effects on surface quality; however, it is
associated with difficult-to-machine materials, materials which worn out cutting edge

quickly.

2.7 Summary

Firstly, this thesis chapter presented an extended thick shear zone model for machin-

ing processes. The model is based on the work of Pang and Kishawy [34], which
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assumes that the shear zone is a thick region defined by two parallel sides, with un-
equal distances from the primary shear zone. The length of the shear line can be
calculated as a function of undeformed chip thickness and shear angle. The deformed
chip is assumed to have a constant thickness, and shear strain from chip formation
can be calculated using the Piispanen Model of Card Analogy. The equivalent shear
strain and strain rate can be calculated based on the von Misses yield criterion. The
temperature at the shear zone is elevated due to the shearing action, and the nor-
mal and friction forces experienced by the tool rake face must be in equilibrium with
the shear force and normal force on the shear plane. The hydrostatic stress at two
points on the shear plane can be solved, and the total tool-chip contact length can be
calculated. There are three variables in the Oxley model that cannot be calculated
directly: the primary shear zone thickness ratio, the secondary shear zone (tool-chip
interface) thickness ratio, and the shear angle. The optimization search GA and PSO
are used to find the solution to these variables such that the solution satisfies three
conditions simultaneously: agreement between two methods of calculating normal
stress and shear stress on the tool-chip interface, and minimization of cutting force.

Secondly, this thesis chapter described the application of the Oxley thick shear zone
model to end milling, where the geometry of the tool-workpiece engagement is com-
plex. End milling tools have multiple cutting edges that enter and exit the workpiece
periodically with an oblique angle. To calculate cutting forces, the cutting edges are
sectioned into disk elements. The cutting force magnitude and direction for each el-
ement inside the cut region is calculated and integrated along the cutting edge. The
resultant milling forces acting on the tool are the summations of all elemental forces
acting on each tooth. The engagement angle of the element is defined by the tool ro-
tation angle and the helix angle of the tooth. If the engagement angle of the element
falls within a certain range, the element is engaged with the workpiece and cutting

forces are present. The uncut chip thickness of the segment depends on the element
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engagement angle.

Thirdly, this chapter described the implementation of two optimization algorithms,
GA and PSO. GA is an evolutionary algorithm that mimics the natural selection
process to find optimal solutions to problems. It involves manipulating a popula-
tion of chromosomes, each of which encodes the variable values of the problem to be
solved. Chromosomes are subjected to fitness evaluations, crossover, and mutation,
with better performing chromosomes having a higher chance of crossover to create
offspring and pass on their desirable characteristics. Chromosome encoding allows
for the manipulation of multiple variables at once, and the fitness evaluation scores
the individuals in the population to determine their selection probability. Crossover
involves recombining the binary strings of the parents to create offspring, and mu-
tation involves flipping the binary bits of chromosomes. PSO, on the other hand,
is a population-based metaheuristic algorithm in which particles move around the
solution space based on two parameters, C; and Cy. The cognitive learning factor,
(1, gives particles a tendency to move around their personal best solution, while the
social learning factor, Cs, gives particles a tendency to move closer to the current best
solution in the entire population. Velocity, which represents how fast a particle moves
through the solution space, is calculated based on the weighting factor, which is high
initially to encourage exploration and decreases over time to encourage deeper local
search. The objective function for both GA and PSO algorithms is the same, which
is a minimization problem.

And finally, this chapter described the four main types of chip formation, chip for-
mation, discontinuous chips, continuous chips, continuous chips with built-up edge

(BUE), and serrated chips.
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Chapter 3

Experimentation

3.1 Preamble

This chapter presents the experiments and tests conducted in the course of this thesis.
The focus of the research was to compare the mechanical properties and machining
behavior of AM metals, specifically titanium Ti-6Al-4V, with wrought metals. To
accomplish this, tensile tests and machining tests were conducted on both AM and
wrought specimens of titanium Ti-6Al-4V. Hardened steel AISI 4340 and aluminum
6061-T6 were also subjected to machining tests to evaluate the effectiveness of a pro-
posed J-C parameter prediction model on different material types.

The dimensions of the tensile test specimens were based on the ASTM E8/E8M — 13a
standard, while the dimensions of the machining blocks varied based on the available
materials. Four different mechanical tests were performed to determine the properties
of all titanium test materials: tensile tests, hardness tests, SEM imaging, and machin-
ing force tests. While machining tests were conducted on hardened steel AISI 4340
and aluminum 6061-T6. The machining experiments, tensile tests, hardness tests, and
SEM imaging were conducted using the Haas VF-2YT CNC milling machine, LLOYD
LS-100 Plus Universal Testing System, Mitutoyo HR-100, and FlexSEM 1000 respec-
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tively.

The cutting forces during machining were monitored using a Kistler 9255C table dy-
namometer, piezoelectric sensors, and a National Instruments NI USB-6259 DAQ. A
CoroMill®) 390 square shoulder milling cutter was used for the experiments, and each
test was performed using a new insert to minimize the impact of tool wear on the cut-
ting forces. Analyzing the machining of wrought titanium and AM titanium involved
7 machining test sets, with each set involving 9 machining tests at different feeds and
speeds. In addition, tests were also conducted on hardened steel and aluminum to
further evaluate the proposed J-C parameter prediction model.

The chips and small pieces of titanium were examined using SEM imaging after be-
ing cold mounted and etched using hydrofluoric acid. The titanium specimens were
manufactured using a Renishaw RenAM 500Q selective laser melting (SLM) metal 3D
printing system and were stress relieved after printing to mitigate residual stresses.
This chapter provides a comprehensive overview of the experiments and tests con-
ducted in this thesis and sets the stage for the results and discussion presented in

subsequent chapters.

3.2 Design of Experiment and Experimental Setup

This thesis tested both AM metals as well as wrought metals. For titanium Ti-
6Al-4V, both tensile tests and machining tests were conducted on AM and wrought
specimens. This is done to compare between the two methods of manufacturing.
For hardened steel AISI 4340 steel and aluminum 6061-T6, machining tests were
conducted to compare the effectiveness of the proposed J-C parameter prediction
model on different material types. Fig. 3.1 showed a recap of the test material types,
specimen types, and manufacturing types involved in this thesis.

The tensile test dimensions are based on the ASTM E8/E8M — 13a standard test
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Figure 3.1: Tested AM and wrought metal types

method for tension testing of metallic materials. Specifically, for all AM titanium and
wrought titanium tensile specimens, the gauge dimensions are 50 mm length, 12.5
mm width and 5 mm thickness. The dimensions of the machining blocks are different
based on the available block materials. In specific, the printed titanium blocks are 100
mm by 30 mm by 30 cm, the wrought titanium blocks are 152 mm by 76 mm by 52
mm, the hardened steel plates are 152 mm by 152 mm by 23 mm, and the aluminum
block is 132 mm by 51 mm by 48 mm.

This thesis conducted four different mechanical tests to get the properties of all test
materials, as shown in Fig. 3.2. Tensile tests, hardness tests, SEM imaging, and
machining force tests are done on both AM and wrought titanium to compare their
mechanical properties and machining behaviors. Hardened steel and aluminum only
underwent machining tests to examine the effectiveness of the proposed J-C parameter

prediction model.
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Figure 3.2: Testing types conducted
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Machining experiments were conducted using the Haas VF-2YT CNC milling ma-
chine. LLOYD LS-100 Plus Universal Testing System was used for tensile testing.
Mitutoyo HR-100 was used for hardness testing. FlexSEM 1000 was used to take
SEM images of the chips and polished AM titanium pieces.

For all machining tests, the workpiece is clamped on top of the Kistler 9255C table
dynamometer. The piezoelectric sensors inside the dynamometer sense the forces in
3 directions, corresponding to the milling machine XY7Z directions. Charges are sent
through the type 1687B cable to the type 5407A distribution box. The charges cor-
responding to each axis (X, Y and Z) are distributed to their respective type 50108
charge amplifiers. The amplifiers convert the charge signal into voltage, which is then
collected by the National Instruments NI USB-6259 DAQ), converted into digital sig-
nal for final processing and recording using a computer, as shown in Fig. 3.3.
CoroMill®) 390 square shoulder milling cutter, R390-020A20-11L with R390-11 T3
04M-PM 1130 inserts was utilized to perform the experiments. Each test was done
using a new insert to minimize the impact of tool wear on measured cutting forces.
Milling tests were conducted using indexable shoulder mills with helical insert instead
of end milling to allow inspection and replacement of cutting edge easier and more
economical. The helical angle of the insert is a replacement to the helical flute angle
of end mills, thus the formulation presented in Chapter 2 is still applicable.

The transducer sensitivity of the charge amplifiers is set to 8.04 pC/MU, and con-
version scale of 200 MU /Volt. The force to voltage conversion is shown in Table 3.1.
Contamination due to coolant seeped in between the cable connection on the dy-
namometer caused some linear drifting in the reported voltage. This was overcome
with MATLAB by offsetting the constant linear drift. In addition, environmental
noise, such as spindle vibration and atmospheric electromagnetic noise, are partially
filtered out using MATLAB Fast Fourier Transform and band-pass filtering.

The tool helix angle and rake angle are measured from the CAD model provided
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by Sandvik Coromant. The cutting conditions listed in Table 3.2 are applied to all

milling tests.

Tool and Inserts

% " - amometer |
Charge Signal —

Distributor box Amplifiers DAQ Laptop

Figure 3.3: Machining force measurement experimental setup
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Table 3.1: Voltage to force conversion.

Axis X-Axis Y-Axis Z-Axis
Conversion Ratio [N/V] 209.31 207.17 415.29

Table 3.2: Cutting conditions for all milling tests.

Parameters Values
Cutter diameter 20 mm
Helix angle 11°
Average rake angle 5°
Axial depth of cut 1 mm
Radial depth of cut 10 mm
Cutter entry angle 90°
Cutter exits angle 180°
Workpiece temperature (ambient) 20°C

Analyzing and comparing machining of wrought titanium versus AM titanium involves
7 machining test sets, 3 sets for 3 machining directions on the vertically printed speci-
men, 3 sets for 3 machining directions on the horizontally printed specimen, and 1 set
for machining on the wrought titanium. Wrought titanium is known to be isotropic so
only one set of machining test is required. Each machining set involves 9 machining
tests with different feeds and speeds as shown in Table 3.3. Nominal feeds and speeds
(100% speed and 100% feed) are recommended values from Sandvik Coromant. Tita-
nium is very difficult to machine due to its high hardness, strength, tendency to work
harden, and most importantly, high heat generation with low thermal conductivity.
Therefore, all tests on titanium are done with coolant to minimize the effects of tool

wear. Titanium tests are done with only 1 insert installed to eliminate the effect of
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tool run-out.

In addition to titanium machining tests, 1 set of 4 machining tests is done on hard-

Table 3.3: Feeds and speeds for AM and wrought tita-
nium machining tests.

70% Speed 100% Speed 130% Speed

Surface speed 35 m/min 50 m/min 65 m/min
70% Feed

Feed per tooth 0.07 mm/tooth 0.07 mm/tooth 0.07 mm/tooth

Surface speed 35 m/min 50 m/min 65 m/min
100% Feed

Feed per tooth 0.10 mm/tooth 0.10 mm/tooth 0.10 mm/tooth

Surface speed 35 m/min 50 m/min 65 m/min
130% Feed P / fmi fmi

Feed per tooth 0.13 mm/tooth 0.13 mm/tooth 0.13 mm/tooth

ened steel AISI 4340, and 1 set of 3 machining tests is done on aluminum 6061-T6
to further analyse the strengths and weaknesses of the proposed J-C parameter pre-
diction model, as listed in Table 3.4. These tests are done with dry machining as the
tool wear rate is less of a concern than titanium. Furthermore, these tests are done
with both inserts installed to examine the effects of tool run-out on the prediction
quality.

Chips and small pieces of titanium are examined using SEM imaging. Some are
cold mounted to aid with the analysis process as shown in Fig. 3.4. The chips were
collected after the machining tests. The small titanium pieces were obtained by using
wire EDM to cut the corners of the printed machining blocks. The cold mounting
process involves submerging the samples in epoxy resin that slowly solidifies at room
temperature. The cured cylindrical samples are hand ground into close shape, then
automatically ground and polished using the Struers Tegramin 25 to obtain a per-
fectly flat surface. Finally, the samples are cleaned and etched using hydrofluoric acid

(HF) to increase exposed metal contrast under SEM imaging.
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Table 3.4: Feeds and speeds for hardened steel AISI 4340
and aluminum 6061-T6 tests.

Hardened Steel AIST 4340

Aluminum 6061-T6

Test 1

Test 2

Test 3

Test 4

Surface speed
Feed per tooth
Surface speed
Feed per tooth
Surface speed
Feed per tooth
Surface speed

Feed per tooth

60 m/min

0.10 mm/tooth
100 m/min
0.10 mm/tooth
100 m/min
0.15 mm/tooth
125 m/min
0.20 mm/tooth

100 m/min
0.06 mm/tooth
50 m/min

0.12 mm/tooth
100 m/min
0.06 mm/tooth

N\

(Grinded and polished chips
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Figure 3.4: Cold mounted samples for AM and wrought titanium chips from machining
tests and pieces from machining blocks

49



3.3 Additive Manufactured Metal Parts

The RenAM 500Q selective laser melting (SLM) metal 3D printing system was used to
manufacture the titanium Ti-6Al-4V specimens for tensile and machining experiments.
Titanium powder was melted and fused locally layer-by-layer to form fully dense
(100% infill) parts. The process of heating, melting, and cooling occurs very quickly,
which leads to the creation of residual stresses. To mitigate these stresses, the parts
were stress relieved in an Argon atmosphere after the printing process. The printer
was capable of printing parts in both the vertical and horizontal orientations. For this
study, 6 tensile test specimens (3 horizontally and 3 vertically) along with 2 machining
blocks (1 horizontal and 1 vertical) were printed, as shown in (a). Three machining
directions are examined to investigate if there is any difference in cutting forces versus

printing direction, as shown in Fig. 3.5(d).

20



(2)
[

Vertically printed Vel‘ti}le:lll_y pll‘)ilnte]ii
tensile specimens machining bloc

Horizontally printed
machining block

1

I Horizontally printed

: tensile specimens
. .

| —

Support materials

VerXY2

ITensile test
: specimens

Vertically printed
machining specimen

Horizontally printed
machining specimen

—— e o e = o o = = = e = = = o = =

Figure 3.5: (a) Metal printing setup, (b) tensile test dimensions, (c) printed parts and
(b) machining direction versus printing direction.

o1



3.4 Summary

This chapter described the experiments and tests which were conducted. The test
metals included wrought and AM titanium Ti-6Al-4V, wrought hardened steel AISI
4340, and wrought aluminum 6061-T6. The purpose of these tests was to compare the
mechanical properties and machining behaviors of the metals manufactured through
AM methods versus wrought methods, in additional to testing the proposed J-C
determination model. The experiments included tensile tests, hardness tests, SEM
imaging, and machining force tests. The tensile test dimensions followed the ASTM
E8/E8M — 13a standard, while the machining tests were performed using a Haas
VF-2YT CNC milling machine. The RenAM 500Q SLM metal 3D printing system
was used to manufacture all AM titanium specimens. The results of the tests were
analyzed using MATLAB, and SEM imaging was used to examine the chips after the
machining test, as well as small pieces of titanium obtained by wire EDM cutting.
The results of the tests were used in the next chapter to evaluate the effectiveness of

the proposed J-C parameter prediction model on different metals.
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Chapter 4

Results and Discussion

4.1 Preamble

This chapter presented results from experiments and tests to be used by the pro-
posed J-C parameters determination model. The content is divided into two main
sections, with the first section focusing on the testing of the efficacy of the model us-
ing experiments on hardened steel AISI 4340 and aluminum 6061-T6. In this section,
experiments were performed to search for the J-C parameters by selecting three dif-
ferent angular positions (reference positions for reference forces) of the tool and their
corresponding force components in the X and Y directions. The reference forces were
selected to reduce the computational load on the algorithm, while still maintaining
the accuracy of the results. The results for aluminum 6061-T6 varied from the values
found in open literature, likely due to small discrepancies in the characteristics of the
material from different batches or different vendors. The resulting J-C parameters
from the GA and PSO search were validated by using Oxley PSO to predict the cut-
ting forces and comparing them to the measured cutting forces. The results showed
good agreement for AISI 4340 hardened steel, but a lower agreement for aluminum

6061-T6, likely due to the unstable and unpredictable measured cutting forces. PSO
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was shown to have slightly faster convergence to optimal J-C parameters than GA,
thus it was used as the optimization method for the J-C search of AM titanium.

The second section focuses on investigating the differences between machining wrought
and AM titanium Ti-6A1-4V. Tensile tests were carried out to evaluate the mechanical
properties of titanium Ti-6Al-4V and the quasi-static J-C parameters were obtained
from true stress-strain data. The tensile tests results showed that wrought Ti-6Al-4V
exhibited the highest ductility, while the vertically printed AM specimens had the
highest ultimate strength. The higher hardness readings of the AM titanium were
due to the AM process, which increased the hardness and brittleness of the material.
The results showed that wrought titanium had the lowest cutting forces, while both
feed and cutting speed increases the cutting forces for AM titanium much quicker
than wrought titanium. The machining of both wrought and AM titanium produced
saw-toothed chips due to the adiabatic shear in the primary shear zone. The shear
band thickness of both AM and wrought titanium was almost similar, but the shear
bands in AM titanium appeared to be more pronounced and penetrated deeper into

the chip.

4.2 Validating the J-C Determination Model for
Hardened Steel AISI 4340 and Aluminum 6061-

T6

Machining experiments were performed on AISI 4340 hardened steel (47+1 Rockwell
hardness C), and Aluminum 6061-T6. The quasi-static J-C parameters A, B and
n were obtained from open literature. The remaining two J-C parameters C and
m, along with thermal coefficient n and ¢, were considered as unknown and were

searched. The relevant material properties of AISI 4340 hardened steel and Alu-

o4



minum 6061-T6 are listed in Table 4.1. In order to search for the J-C parameters,

Table 4.1: Material properties of hardened steel AISI
4340 and aluminum 6061-T6.

Parameters Hardened steel AISI 4340 Aluminum 6061-T6
Density, g/cm? 7.85 2.7

Heat capacity, J/g -° C 0.475 0.896
Thermal conductivity, W/m - K 44.5 167
Melting temperature, °C 1427 582

Yield stress (A), MPa 950 [1] 324 [3]
Strength coefficient (B), MPa 725 [1] 114 [3]
Strain hardening exponent (n) 0.375 [1] 0.420 [3]

three different angular positions of the tool during one full rotation were selected as
the reference angles and their corresponding force components in the X and Y direc-
tion is used. In theory, these force components could be selected from every force
direction e.g., X, Y, and Z and the number of reference angles can be any arbitrarily
selected value. Using more reference angles for more force directions would allow for
better J-C parameter estimation. However, calculating forces from the Oxley model is
computationally expensive. In addition, the method presented in this thesis requires
dividing the cutting edge into many small elements; in addition, GA and PSO require
the calculation of cutting forces for each individual chromosome in the population,
and for the entire population for every iteration. Therefore, to keep the algorithm
computationally efficient and responsive, the number of sampling points must be kept
minimal. To achieve this, average reference forces along X and Y direction at 20°,
60°, and 80° angular positions during one full rotation of the tool were selected such
that they covered a wide span of high to low cutting forces.

For the AISI 4340 hardened steel, the run-out was approximately zero, while for Alu-

minum 6061-T6, the tool run out was approximately 0.05 mm between the two inserts
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of the shoulder mill. The run-out was measured using a dial indicator before each
test. Due to the presence of run-out, the cutting forces between the two inserts were
not entirely identical. To improve search results, the average value of cutting forces
between the two inserts were used, as mentioned in Table 4.2 and Table 4.3.

In addition, tests with different feed per tooth (FPT) and surface speed (SFM)

Table 4.2: Reference forces from AISI 4340 hardened
steel tests.

Reference  FPT 0.1 mm, SEFM 60 mm/min  FPT 0.2 mm, SFM 125 mm/min

angles Fx (N) Fy (N) Fx (N) Fy (N)
20° 105 360 150 580
60° -95 280 -130 450
80° -95 140 -130 250

Table 4.3: Reference forces from Aluminum 6061-T6

tests.

FPT 0.12 mm, FPT 0.06 mm, FPT 0.12 mm,
Reference ) . .
angles SFM 100 mm/min SFM 100 mm/min SFM 50 mm/min

Fx (N)  Fy (N)  Fx (N)  Fy (N) Fx (N) Fy (N)
20° 90 320 70 220 100 310
60° -70 250 -40 160 -85 230
80° -60 130 -45 80 -70 120

were conducted to ensure the validity of results for a wide range of cutting conditions.
As previously stated, these specific reference forces were used only to reduce the com-
putational load on the algorithm without jeopardizing the accuracy of the results.
For AISI 4340 hardened steel, four tests were performed in total. Two of them were
used to calibrate the model by extracting the J-C parameters, and to validate the

model. The other two tests were solely performed for validating the model. These
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two tests were not initially used in calibrating the model to ensure that the extracted
J-C parameters were still valid. Three tests were performed for Aluminum 6061-T6
each, all for both calibration and validation. Using different number of tests in the
search allowed for the investigation of number of tests required for J-C searches.

As mentioned before, the Oxley search is nested inside J-C search; therefore, their
search parameters can be different if desired. The search parameters shown in Ta-
ble 4.4 and Table 4.5 are chosen from general rules of thumb and best practices
available in the open literature [52]. J-C search population size was chosen to be at
60 to maximizes the utilization of CPU cores. The CPU used for this simulation was
an AMD Ryzen™ Threadripper™ PRO 3955WX with 16 cores.

The variable ranges for J-C parameters C and m and thermal coefficient 7

Table 4.4: GA search parameters.

Parameters J-C Search Oxley Search
Population size 60 100

Crossover rate 90% 90%

Mutation rate 5% 5%

Elite percentage 5% 5%

Stop condition 50 generations 120 generations
Number of binary bits per variable 20 bits 20 bits

and 1 are listed in Table 4.6. This is a reasonable guess range based on previously
established J-C parameters for AISI 4340 hardened steel, Titanium Ti-6A1-4V, Alu-
minum 6061-T6, and other metals in general. For the Oxley GA search, ¢, is set to
be less than 45° because produced chip will always be thicker than uncut chip. Shear
zone thickness Cy and § are set to a reasonable range proposed in open literature, see
Table 4.6.

Table 4.7 summarize and compare the C and m values found by the proposed method
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Table 4.5: PSO search parameters.

Parameters J-C Search Oxley Search
Population size 60 100
Cognitive learning factor, C 2.05 2.05

Social learning factor, Cs 2.05 2.05
Maximum weighting 0.9 0.9
Minimum weighting 0.4 0.4

Stop condition

50 generations

120 generations

Table 4.6: Variable ranges.

Range of Parameters Values

C' (J-C search) 0 to 0.1

m (J-C search) 0 to 2

n (J-C search) 0tol

Y (J-C search) 0tol

¢ (Oxley search) 5° to 45°
Cy (Oxley search) 2 to 10

d (Oxley search) 0.005 to 0.2

in this thesis vs. those that are presented in open literature.

To ensure the consistency of the calculated J-C parameters, GA and PSO were re-
peated three times for each workpiece materials, as shown in Fig. 4.1. The accuracy
of GA and PSO in searching for J-C parameters can be evaluated by comparing the
calculated force to the experimentally measured ones. This can be achieved using
the sum of the errors between the calculated and measured forces, which is known as
fitness score. Lower fitness score indicates better force predictions. As can be seen

in Fig. 4.1, PSO converges to more accurate solutions comparing to GA. PSO also
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exhibits less fluctuation during the search process which translates into a more accu-

rate prediction of J-C parameters for a certain number of iterations. The calculated

J-C parameters (C, m) and thermal coefficients (7, %) using GA and PSO after 50

iterations are listed in Table 4.8.

The results for AISI 4340 hardened steel showed good agreement with the already

Table 4.7: Johnson-Cook model constants from this the-

sis compared with open literature.

Source Material C m Method
This thesis ATSI 4340 Quasi-static tensile tests
0.0059 0.929
using GA (Hardened) and end milling tests
This thesis AIST 4340 Quasi-static tensile tests
0.0000 1.146
using PSO (Hardened) and end milling tests
Eu-Gene et al. AIST 4340 o ) )
0.015 0.625 Finite element simulations
[1] (Hardened)
Torsion tests, Hopkinson
Johnson et al.
- ATST 4340 0.014  1.03  bar tests, and quasi-static
tensile tests
SS2541
Chandrasekaran et al. Hopkinson bar tests and
(Equivalent to  0.072  0.513
[54] orthogonal cutting tests
ATST 4340)
This thesis Aluminum Quasi-static tensile tests
0.0994 1.893
using GA 6061-T6 and end milling tests
This thesis Aluminum Quasi-static tensile tests
0.1000 2.000
using PSO 6061-T6 and end milling tests
Lesuer et al. Aluminum )
0.002 1.34 Hopkinson bar tests
[3] 6061-T6

published values in open literature. Strain rate hardening was found to be between

0 and 0.0059, which is expected as hardened steel does not exhibit high strain rate
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Table 4.8: J-C and thermal coefficient results from GA
and PSO.

Material Algorithm C m n ()
GA 0.0059 0.929 0.960 0.554
PSO 0.0000 1.146 1.000 0.560
GA 0.0994 1.893 0.113 0.742
PSO 0.1000 2.000 0.038 0.879

ATST 4340 (hardened)

Aluminum 6061-T6

hardening property. Thermal softening exponent for AISI 4340 hardened steel was
found to be between 0.929 and 1.146 compared to 0.513 from Chandrasekaran et al.
[54], 1.03 from Johnson et al. [53], and 0.625 from Eu-Gene et al [I]. For aluminum,
the C and m values found in this study varied from the values found by Lesuer et al.
[3]. This is likely because although the A, B, and n values used in the model were
taken from open literature for the same Al 6061, there might still be small discrepan-
cies due to characteristics variations among the batches produced by different vendors
or even the same vendor at different times. In addition, the reference cutting forces
for aluminum were found to be unstable, likely due to the sticky nature of aluminum,
as shown in Fig. 4.4 and Fig. 4.5.

To validate the resulting C', m, n, and 1 values from the GA and PSO search, Oxley
PSO is used once again to predict the cutting force generated and then to compare
them with the measured cutting forces at different cutting conditions, see Fig. 4.2 to
Fig. 4.5. The predicted cutting forces for AISI 4340 hardened steel showed a good
agreement with the measured cutting forces. However, predicted cutting forces for
Aluminum 6061-T6 and titanium Ti-6Al-4V showed a lower agreement to measured
cutting forces, mainly due to the unstable and unpredictable measured cutting forces.
It must be noted that J-C search results are highly dependent on the quality of the

measured cutting forces and the stability of the cuts; thus, when measured forces
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Figure 4.1: Convergent speed and fitness quality of GA vs. PSO for hardened steel
AIST 4340 and aluminum Al 6061-T6.

are unstable and fluctuating, the accuracy of the model will be affected. Analyzing
the cutting data revealed that measured cutting force profiles of Aluminum 6061-T6
exhibit unstable behavior, specifically unpredictable large fluctuations when the tool

is not in cut, see the area between 90° and 180° as well as the area between 270° and

360°, see Fig. 4.4 and Fig. 4.5.
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Figure 4.2: Cutting force prediction using J-C results from Eu-Gene [1], versus from
this thesis using GA, and versus measured for hardened steel AISI 4340. [2]
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this thesis using PSO, and versus measured for hardened steel AISI 4340. [2]
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Figure 4.4: Cutting force prediction using J-C results from Lesuer [3], versus from
this thesis using GA, and versus measured for aluminum 6061-T6. [2]
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Figure 4.5: Cutting force prediction using J-C results from Lesuer [3], versus from
this thesis using PSO, and versus measured for aluminum 6061-T6. [2]
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4.3 Implementing Search Model on Wrought and

AM Titanium Ti-6Al-4V

4.3.1 Tensile Test Results

As stated in the previous chapter, tensile tests were carried out to evaluate the me-
chanical properties of titanium Ti-6Al-4V. A total of 9 tensile tests were performed,
including 3 specimens fabricated using the wrought method, 3 specimens were printed
in the vertical orientation and the remaining 3 in the horizontal orientation. As op-
posed to obtaining the quasi-static J-C parameters A, B, and n from open literature,
these parameters for all titanium materials are obtained from true stress-strain data
from tensile tests. These results are reported in Table 4.9. Since horizontally printed
titanium exhibited brittle fracture as shown in Fig. 4.6, their B and n values could
not be obtained from their tensile tests. Thus, these parameters were included in the
PSO model and searched.

The results showed that all 9 specimens demonstrated a similar behavior in the

Table 4.9: Quasi-static J-C parameters results from ten-

sile tests.
Direction A (MPa) B (MPa) n
Wrought 1038 401.5 0.473
AM VerXY1 1093 690.8 0.389
AM VerXY?2 1093 701.1 0.418
AM VerZ 1093 7778 0.372

AM HorXY1 1062 Included in J-C search Included in J-C search
AM HorXY?2 1062 Included in J-C search Included in J-C search
AM HorZ 1062 Included in J-C search Included in J-C search

elastic region, however, deviation was observed when entering the plastic region as
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Figure 4.6: Tensile test results for wrought and AM Ti-6Al-4V. []

shown in Fig. 4.6. Specifically, the wrought Ti-6Al-4V specimens displayed the highest
ductility among all the specimens tested. On the other hand, the ultimate strength
was found to be the highest in the vertically printed AM specimens. Conversely, the

horizontally printed AM specimens exhibited a brittle fracture behavior.

4.3.2 Hardness Test Results

To better understand the different behavior of wrought and AM Ti-4Al-6V, their
hardness was measured using Mitutoyo HR-100 hardness tester at 5 different loca-
tions on the corresponding machining blocks and the average values are presented in
Table 4.10.

The higher hardness readings of the AM titanium are the inevitable result of the

AM process in which a beam of laser rapidly sinters the powder. In this process, the
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material locally melts and instantly solidifies which ultimately increases the hardness

and makes the material more brittle.

Table 4.10: Hardness values for wrought and AM Ti-4Al-
6V.

Wrought AM Vertical AM Horizontal
43+0.5 HRC 484+0.5 HRC  48+0.5 HRC

4.3.3 Cutting Forces and J-C Parameters Results

The chosen optimization method for searching J-C parameters of wrought and AM
titanium is PSO. From previous results for hardened steel AISI 4340 and aluminum
6061-T6, PSO has shown to be able to converge faster than GA, while the final results
for both GA and PSO are similar. Employing J-C search using PSO for all titanium
samples also requires the fundamental material properties of titanium, as listed in
Table 4.11. The required quasi-static values are listed above in the sub section 4.3.1
in Table 4.9.

To compare the cutting forces, the peak resultant forces for each of the 63 scenarios

Table 4.11: Known material properties of titanium Ti-

6Al-4V.

Parameters Titanium Ti-6A1-4V
Density, g/cm? 4.43

Heat capacity, J/g-° C 0.5263
Thermal conductivity, W/m - K 6.7

Melting temperature, °C' 1660

67



(54 AM and 9 wrought) were presented in Fig. 4.7. As can be seen, wrought tita-
nium exhibited the lowest cutting force across all cutting conditions. At feed rate of
0.07 mm per tooth, AM titanium produced similar cutting forces to the wrought one.
However, as feed increased, machining AM blocks generated higher cutting forces.
An expected trend can be observed when machining wrought titanium where cutting
forces increased as feed increased ( 20.1% increase in force per 0.03 mm increase in
feed). However, increasing cutting speed did not significantly contribute to increase
the force values. In contrast, when machining AM titanium, both feed and cutting
speed were found to be impactful on cutting forces ( 29.1% increase in force per 0.03
mm increase in feed, 7.2% increase in force per 15 m/min increase in speed). No-
tably, cutting forces increased at 65 m/min for some AM tests ( 30.8% higher peak
force). This sudden increase in cutting forces can be attributed to the higher hardness
of AM titanium, which also led to substantial tool wear.

The process of determining the remaining J-C parameters C' and m for all cutting
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800 U Horizontal XY 2| c =g o e =
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Figure 4.7: Measured peak cutting force for different feeds and speeds, along different
machining directions versus printing directions. [4]
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directions are similar to the process applied to hardened steel AISI 4340 and alu-
minum 6061-T6. For each cutting direction, cutting forces produced from four sets of
feeds and speeds were used as training data (0.07 mm and 35 m/min; 0.07 mm and
65 m/min; 0.10 mm and 50 m/min; 0.13 mm and 35 m/min). These sets were chosen
as they were among the least affected by tool wear. The resulting C and m values are
presented in the Table 4.12.

The model was successful at predicting the required J-C parameters, even when B

Table 4.12: J-C results from different machining direction
vs. print (build) orientation.

Direction A (MPa) B (MPa) n C m

AM VerXY1 1062 644.8 0.486 0.0553 1.905
AM VerXY2 1062 644.8 0.486 0.0813 2.000
AM VerZ 1062 644.8 0.486 0.0679 1.998
AM HorXY1 1093 690.8 0.389 0.0858 1.740
AM HorXY2 1093 701.1 0.418 0.0713 2.000
AM HorZ 1093 777.8 0.372 0.0499 1.861
Wrought 1038 401.5 0.473 0.0475 1.621

and n were missing for horizontally printed titanium. This demonstrated the robust-
ness and versatility of the model in handling various input scenarios. Even though C
values varied between the cutting directions, they were all consistently high, which
matched with the expectation that titanium can maintain its strength and toughness
at high strain rates. The high m values were also expected since titanium is inherently
good at retaining its strength at elevated temperatures and is less sensitive to thermal
softening.

The strain rate hardening (between 0.0475 to 0.0858) and thermal softening exponent
(between 1.621 to 2.000) for titanium Ti-6Al-4V was much higher than those values

found by Lesuer et al. [3] (0.012 for strain rate hardening and 0.8 for thermal softening
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exponent). It is expected that titanium Ti-6Al-4V would have high strength against
high strain rate, good ability to resist thermal softening, and the high C' and m values
found in this study supports these expectations. However, it should be noted that
these values might not be indicative of the exact C' and m value of titanium, as the
Oxley model assumes continuous chip formation. In addition, J-C model is more well
suited for continuous chip modelling than segmented chips [55]. Machining titanium
always produces serrated chips, which can affect the accuracy of force prediction and
ultimately the accuracy of the predicted C' and m.

Regardless, cutting force prediction is used again to validate the effectiveness of the
model. As shown in Fig. 4.8, four cutting directions with different feeds and speeds
were assessed.

The data from these conditions were not used as reference data when searching for

Feed: f = 0.1 mm, Speed: U = 35 m/min.

Feed: f = 0.1 mm, Speed: U = 35 m/min.
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Figure 4.8: Calculated versus measured resultant forces at different feeds and speeds

for (a) VerXY1, (b) VerZ, (c¢) HorXY1, and (d) HorZ. [1]
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the J-C parameters. This allowed for an independent evaluation of the model’s ability
to predict cutting forces in novel situations. The results from all four of these cutting
directions showed good agreement between the measured forces and calculated ones,
indicating the generalizability and robustness of the model for a range of cutting con-

ditions.

4.3.4 Characterizing the Mechanism of Chip Formation

During the machining of both wrought and AM titanium, saw-toothed chips were con-
sistently observed for all cutting directions and a range of different feeds and speeds,
as shown in Fig. 4.9. This is due to the phenomenon of adiabatic shear occurring
within the primary shear zone. Adiabatic shear, also known as thermoplastic shear
instability, is the result of the interaction between work hardening and thermal soft-
ening in the primary shear zone. When the strengthening effect of work hardening is
offset by the gradients of local temperature in the primary shear zone, thermoplastic
shear instability occurs, leading to the formation of segmented chips. This was par-
ticularly evident in the case of AM titanium, as it fundamentally inherits most of its
property from wrought titanium, particularly its toughness, high work hardening and
low thermal conductivity.

Machining both the vertically and horizontally printed block produced chips with
clear and distinct shear bands. Although the shear band thickness of both AM and
wrought titanium were almost similar, AM titanium shear bands appeared to be more
pronounced. In addition, the shear bands in AM titanium penetrated deeper into the
chip. The continuous flow thickness was 94 pm for wrought titanium chip, while it
was only 68 pm and 54 pm for vertically and horizontally printed block, respectively.
This was likely due to the increased hardness of AM titanium. Higher hardness dulls

the cutting edge faster, leading to increased rubbing and more cutting power being
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directed towards generating heat rather than effectively shearing the workpiece ma-

terial, exacerbating thermoplastic shear instability.
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Figure 4.9: SEM images of chip produced by machining at feed and speed of 0.13
mm/tooth and 50 m/min on (a) vertically printed, (b) horizontally printed, and (c)
wrought block. [1]
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4.4 Summary

In this chapter, the results from experiments and tests on machining AISI 4340 hard-
ened steel, Aluminum 6061-T6, and titanium Ti-6Al-4V are presented. The J-C pa-
rameters of the materials were determined using the proposed model. GA and PSO
were tested to investigate the interchangeability of different optimization models. The
reference forces for the J-C parameters were obtained from selected angular positions
of the tool during one full rotation, with three different reference angles chosen to
reduce the computational load on the algorithm. The results of the J-C parameter
search showed good agreement with the values from open literature for AISI 4340
hardened steel, while the values for Aluminum 6061-T6 varied from the open litera-
ture due to unpredictable fluctuations in the cutting forces.

Tensile tests were carried out to evaluate the mechanical properties of titanium Ti-
6Al-4V, with the J-C parameters obtained from the measured true stress-strain data.
The results showed a difference in the ductility and ultimate strength between the
wrought and AM specimens. The hardness of the AM titanium was found to be
higher, leading to increased cutting forces during machining. The PSO method was
used to determine the J-C parameters of the wrought and AM titanium, with the
results showing good agreement between the predicted and measured cutting forces.
The formation of saw-toothed chips during machining was observed, which is due to
the phenomenon of adiabatic shear. The shear bands in the AM titanium were more
pronounced and penetrated deeper into the chip due to the increased hardness of the
material. The results demonstrate the effectiveness of the model in determining the
J-C parameters and predicting cutting forces for a range of cutting conditions for

different materials.
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

The Johnson Cook (J-C) constitutive material model is an important model capable
of predicting the material behavior under high strain, strain rate, and temperature.
This thesis presented a new method for determining these J-C parameters directly
from end milling, as an oblique machining process. It offers a simple and efficient way
of determining J-C parameters directly from any machining processes, overcoming the
need for Split Hopkinson Pressure Bar test, custom-made tools for orthogonal turning
tests, and measurement of final chip thickness.

Advantages of the proposed J-C determination method:

e The proposed method is based on a more realistic representation of general

oblique machining processes compared to existing methods.

e [t can be implemented with any search optimization algorithm, such as genetic

algorithm.

e It is applicable to any metal, but the results are more accurate for materials
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that exhibit continuous chip formation during the machining process, such as

AISI 4340 hardened steel.

e Materials that produce discontinuous or serrated chips, such as titanium Ti-
6Al-4V, can also be analyzed, but with caution as the Oxley model used in this

method assumes continuous chips and stable machining scenarios.

Important considerations:

e The quality of the measured cutting forces is crucial as they are used as a

reference for the J-C parameter search.

e If the measured cutting forces are obtained from unstable cutting conditions,
the search results will be less accurate, ultimately leading to higher errors in

predicting J-C parameters.

The results showed good agreement with the published values in the open literature
for AISI 4340 hardened steel. The strain rate hardening was found to be between 0
and 0.0059, and the thermal softening exponent was found to be between 0.929 and
1.146, which are close to the results from open literature of 0.015 to 0.072 for strain
rate hardening and 0.513 to 1.03 for thermal softening exponent. For Aluminum 6061-
T6, the results varied from the values found in the open literature, 0.0994 to 0.1000
found in this thesis versus 0.002 found in open literature for strain rate hardening,
and 1.893 to 2.000 found in this thesis versus 1.34 found in open literature. This
discrepancy is likely due to the characteristic variations among batches produced by
different vendors as well as unstable measured cutting forces. Both GA and PSO were
able to converge to similar final J-C parameters, with PSO achieve approximately 5%
better fitness score.

The mechanical properties of titanium Ti-6Al-4V were evaluated through tensile tests.

A total of 9 tensile tests were performed, including specimens fabricated using the
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wrought method, specimens printed in the vertical orientation, and those printed in
the horizontal orientation. The results showed that all 9 specimens demonstrated a
similar behavior in the elastic region, but deviation was observed when entering the
plastic region. The wrought Ti-6Al-4V specimens displayed the highest ductility, up
to 19% elongation at break, compared to 13% for vertically printed samples, and only
8% for horizontally printed samples. The ultimate strength was found to be the high-
est in the vertically printed AM specimens, up to 1200 MPa. The hardness readings
of the AM titanium were higher due to the AM process that increases the hardness
and makes the material more brittle. All AM titanium samples have hardness of
484+0.5 HRC, while wrought titanium samples have lower hardness of 434+0.5 HRC.
Due to the increased hardness, AM titanium was consistently observed to drive faster
tool wear than wrought titanium. This faster tool wear leads to higher cutting forces
and very prominent when machining titanium at higher cutting speed and feeds. An
increased of approximately 30.8% in resultant cutting forces are observed when ma-
chining at 65 m/min for some AM machining tests. In contrast, the peak resultant
cutting forces for wrought titanium are similar when increasing cutting speed from
35 m/min to 65 m/min. Cutting forces for wrought titanium only increases as feed
increases.

The J-C parameters of wrought and AM titanium were obtained using PSO. The
strain rate hardening coefficients are similar for all machining directions versus print-
ing directions, ranging from 0.0553 to 0.813 for vertically printed titanium samples,
and from 0.0499 to 0.0858 for horizontally printed samples. Similarly, the thermal
softening exponent for all machining directions versus printing directions are also
similar, ranging from 1.905 to 2.000 for vertically printed titanium samples, and from
1.740 to 2.000 for horizontally printed samples. The model was successful at predict-
ing the required J-C parameters and showed good agreement between the measured

forces and calculated ones in independent evaluations.
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The found strain rate hardening and thermal softening exponent values indicated ti-
tanium’s high strength against high strain rate and good ability to resist thermal
softening. However, these values are much higher than those found in open literature.
This discrepancy might be due to the usage of the extended thick shear zone Oxley
model as the foundational cutting force prediction model. This model assumes stable
continuous chips, but titanium produces saw-tooth chips even at low cutting speed.

Finally, during the machining of both wrought and AM titanium, saw-toothed chips
were consistently observed due to the phenomenon of adiabatic shear. The shear band
thickness of both AM and wrought titanium was almost similar, but the shear bands
in AM titanium appeared to be more pronounced and penetrated deeper into the chip

due to the increased hardness of AM titanium.

5.2 Future Work

Future work related to the presented J-C material model parameters determination,

cutting force prediction, and tool wear analysis can focus on the following:

1. Using the proposed model to expand the understanding of wider range of AM
metals and materials, along with measure, report, and compare predictions on
the cutting forces. Advanced AM materials includes cobalt chromium alloys such
as Co-Cr-Mo [56], Al and Mg alloys such as Al-4.5Mg-0.66Sc¢-0.51Mn-0.37Zr, Ni
or Co-based superalloys such as Inconel 625 and Inconel 718, intermetallic com-
pounds such as Ti-48A1-2Mn-2Nb and Nb-22Si-26Ti-6Cr-3Hf-2Al, and metal
matrix composites such as aluminum reinforced with aluminum borate whisker
Al18B403 or nano-sized Al91Fe4Crb quasicrystal, Ti-6Al-4V reinforced with

TiB or TiC, etc. [57].

7



. Test the search result quality and speed of convergence of other optimization
techniques, such as gradient-based optimization algorithms, to determine the
most efficient algorithms for searching the unknown Oxley variables, as well as

the unknown J-C parameters.

. Utilize the proposed search method to predict the parameters of other material
models, such as the Zerilli-Armstrong model and the Kocks—Mecking—FEstrin
model. Compare the accuracy of different models that take into account strain

softening, which is important in accurate simulation of segmented chips.

. Determine a better, more comprehensive machining model to either improve or
take the place of Oxley model. This is due to the prominent effects of tool wear
when machining AM metals, as well as AM materials typically being difficult to
machine. Although Oxley model has good prediction capabilities, it is most suit-
able for predicting forces in machining process that produce continuous chips.
Furthermore, the new model should be more efficient when predicting cutting
forces. Current implemented Oxley model requires searching three unknown
variables that takes a lot of computational effort, leading to long processing

time for a prediction.

. Develop a more comprehensive machining model to account for high rake angles,
such as high helix end mills with helix angles of at least 60°. The current oblique
model has only been tested with low rake angle of 5°. At higher rake angle,
cutting forces along the X and Y axis might be significantly diverted to the Z
axis. This will create a true universal predictive model for any arbitrary complex

cutting tool.

. Develop a force model that can include the effects of accelerated tool wear when
machining AM materials. Enabling the use of optimization model to predict

cutting speeds and feeds that maximize material removal rate while constraining
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cutting forces to set values. This tool wear model could also predict final surface

quality, which is important for post process finish machining of AM parts.
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