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1 Introduction

1.1 Motivation and objective

Global warming is expected to increase temperatures on the planet Earth by 4 to 5 °C (Kel-
vin) by the end of the 21* century compared to the pre-industrial era. This will lead to
increasing weather extremes, an elevation in sea level, and growing drought zones. The rise
in the average temperature is due to an anthropogenic increase in the concentration of
greenhouse gases in the Earth's atmosphere. Greenhouse gases are released, for example,
from the combustion of fossil fuels and the associated emission of carbon dioxide. Accord-
ingly, German energy and climate policy has defined targets for reducing the temperature
rise, which include the reduction of greenhouse gas emissions by at least 55 % by 2030
compared to the 1990 amounts (BMU 2019). Therefore, it is essential to focus on the effec-
tive utilization of resources across all sectors of industry. The consistent use of lightweight
materials in the transport sector in particular offers great potential for saving fossil fuels
(FRIEDRICH 2017). Using lightweight materials can reduce the total mass to be transported
which in turn leads to a reduction in fuel consumption. This results in the emission of less
carbon dioxide into the Earth's atmosphere. Particularly in the aerospace sector, mass re-
duction contributes considerably to increasing fuel efficiency (KROLL 2019). In this indus-
try, the use of carbon fibre reinforced plastics (CFRP) and lightweight metals, such as alu-
minum and titanium, is becoming increasingly important. Titanium in the aviation industry
has been increasingly used since 1958 (Figure 1-1). At that time, the mass proportion of
titanium in a Boeing 707 was still less than 1 %. In modern passenger aircraft, such as the
Boeing 787 or the Airbus A350, the proportion of titanium components used is up to 15 %.
The increasing use of titanium in the aerospace industry has, on the one hand, been con-
sistently pursued as a lightweight construction approach. On the other hand, the demand
for airplanes has been constantly growing due to the continuous increase in passenger num-
bers. In commercial aircraft, titanium and its alloys are used in the structural components
of the airframe, the engine components, the suspension parts for the wings, and the landing
gear components. For the production of aircraft turbines, the titanium alloy Ti-6Al-4V has
been used due to its high temperature resistance to increase the maximum temperatures in
the turbine and thus, the efficiency. In addition, Ti-6Al1-4V is used for the production of
structural components due to its high strength and low density (ROTELLA ET AL. 2014,
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ABBOUD 2015). This decreases the total weight while guaranteeing high durability of the
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Figure 1-1:  Proportion of titanium in the total mass of aircraft models from Airbus and

Boeing from 1958 (Boeing 707) to 2015 (Airbus A350) based on FROES (2015)
The final geometry of these components is usually produced by machining. During this
manufacturing process, the relative metal-removal rate is particularly high, as pockets are
often machined out of the solid raw parts. One example is the process chain for the produc-
tion of a blisk (blade integrated disk) and a door carrier made of Ti-6Al-4V, which are used
in aircraft turbines and aircraft bodies, respectively (Figure 1-1). The raw parts are pre-
machined, followed by a rough finishing to produce a near-net-shape geometry. In the last
step, the workpiece is finished by peripheral milling, which is considered in this work, with
a small depth of cut. The final geometry of the part is achieved through these processes. The
resulting surface integrity of the part, through finish machining, considerably affects the

quality and functional performance of the component in use.

In particular, the residual stress state in the sub-surface is an important influencing factor
that determines the service life of a component after machining (BRINKSMEIER ET AL. 1982).
Metal cutting changes the residual stresses as a result of mechanical and thermal loads and,
to a lesser extent, phase transformations. For the example of an aircraft engine, the residual
stresses in the components influence the fatigue strength. This is especially important for
compressor components, which are predominantly made of titanium alloys. Therefore, the
residual stress state is the most important sub-surface property for this type of component
(Figure 1-2).



1.1 Motivation and objective

The interrelationships leading to a change in the residual stress state during Ti-6Al-4V ma-
chining are almost unknown. The resulting residual stresses in the sub-surface are deter-
mined by the choice of the process parameters, the tool geometry, and the occuring thermo-

mechanical workpiece load.

machining process thermo-mechanical machining-induced functional
load [J\, residual stresses [—.\> performance
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Figure 1-2:  The influence of the machining process on the machining-induced residual
stresses and the functional performance of components
In the scope of this thesis, a model describing the interrelationships between the peripheral
milling process and the machining-induced residual stresses in the sub-surface of
Ti-6Al1-4V is to be developed. The focus is placed on analyzing the interactions between the
process parameters, the tool microgeometry, and the thermo-mechanical loads acting on
the workpiece, as well as their effects on the residual stress change. The process parameters
and cutting-edge microgeometry are systematically examined to quantify their impact on
the resulting residual stresses. The research incorporates a sensory tool holder for the in-
process measurement of the process forces, capturing changes caused by tool wear. Machine
Learning methods are employed to quantify the variations in the cutting-edge microgeom-
etry resulting from tool wear, based on the collected in-process data. The combination of
the experimental investigations, including in-situ characterization techniques, with a semi-
analytical modeling approach provides the basis to establish a comprehensive understand-
ing of the mechanisms driving residual stress formation. The semi-analytical model calcu-
lates the machining-induced residual stress state and is validated through experimental
data. It considers the effects of changes in the process parameters and the tool microgeom-
etry, providing a framework for optimizing the residual stress state in the sub-surface. By
coupling experiments with validated models, the research establishes process optimization
strategies aimed at achieving residual stress-optimized machining. These strategies are in-
tended to improve the service life and the functional performance of Ti-6Al-4V compo-
nents while reducing resource consumption and emissions. The findings are intended to be
applicable in industrial production, offering sustainable manufacturing solutions that con-

tribute to improved product quality and ecological impact mitigation.
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1.2 Structure of the thesis

This thesis is divided into seven chapters. After the introduction in Chapter 1, Chapter 2
presents the fundamental properties of the titanium alloy Ti-6Al1-4V, the basics of metal
cutting, the kinematics of the peripheral milling process, the process variables during metal
cutting, the sub-surface influences of machining processes, and the methods for residual
stress modeling. Chapter 3 presents the state of the art. In this context, the emphasis is
placed on existing research results on the residual stresses after the metal cutting of tita-
nium. In addition, alternative approaches for the modeling of residual stresses in milling
processes are included. Chapter 4 outlines the research approach of this thesis, including
the definition of scientific objectives as well as the refinement of the pursued methodology.
Chapter 5 explains the experimental procedure. Chapter 6 presents the publication-based
part of this dissertation and briefly summarizes the core research findings. The publications
comprise process investigations on the peripheral milling of Ti-6Al1-4V, experimental anal-
yses on machining-induced residual stress states, and the work on modeling the relation-
ships between the process parameters, the microgeometry of the cutting edge, and the re-
sidual stress state during peripheral milling. Chapter 6 discusses the results, classifies the
findings with reference to the state of the art, and reflects on the scientific objectives de-
fined in Chapter 4. Finally, the thesis concludes in Chapter 7 with a summary and an out-

look on prospective research and industrial activities.



2.1 Chapter Overview

2 Fundamentals

2.1 Chapter Overview

This chapter, dedicated to the fundamentals, is divided into six sections. Section 2.2 pro-
vides the relevant background on the properties of titanium alloy Ti-6Al-4V, focusing on
its mechanical behavior and relevance in machining applications. Section 2.3. begins with
the basic principles of metal cutting, including the chip formation and the kinematics of the
cutting process, before addressing the specifics of the milling process and the role of the
tool geometry. Section 2.4 describes the examination of the thermal loads generated in mill-
ing processes, the process forces during machining, and the influence of rounded cutting
edges on these forces. Section 2.5 investigates the effect of the thermo-mechanical loads
generated during the machining process on the sub-surface properties, particularly the re-
sidual stresses. Afterwards, Section 2.6 outlines the fundamental principles behind various
methods for modeling residual stresses induced by machining, emphasizing empirical, ana-

lytical, numerical, and hybrid approaches.

Sub-section 2.2.2 is dedicated to the properties and the machinability of the titanium alloy
Ti-6A1-4V, building upon its classification and microstructure outlined in Sub-section 2.2.1.
The fundamental mechanisms of chip formation are detailed in Sub-section 2.3.1, whereas
Sub-section 2.3.2 provides an in-depth explanation of the milling process.. These concepts
form the basis for understanding the effects of the milling process on the resulting residual
stress state in the sub-surface. Sub-section 2.3.3 addresses the process kinematics, the en-
gagement conditions, and the generation of the final component surface during peripheral
milling, which are influenced by the selection of the process parameters. In this regard, this
sub-section also introduces both the macroscopic and the microscopic descriptions of the
tool geometry. Thermal loads during milling are analyzed in Sub-section 2.4.1, which are
related to the process forces in Sub-section 2.4.2. The influence of rounded cutting edges
on the mechanical load is described in Sub-section 2.4.3. Furthermore, the sub-surface and
its properties are depicted in Sub-section 2.5.1 to elucidate the physical properties of a sur-
face and its functional behavior, which depends on the resulting microstructure and the
deformation of the sub-surface described in Sub-section 2.5.2. The interaction between the

tool and the workpiece, along with the description of residual stresses and their variation
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due to the thermo-mechanical workpiece load during milling, are presented in Sub-sec-
tions 2.5.3 and 2.5.4. Finally, Sub-section 2.6.1 provides an overview of different modeling
methods for the calculation of residual stresses, with detailed descriptions provided in Sub-
sections 2.6.2 to 2.6.5.

2.2 Properties of Ti-6Al1-4V titanium alloy

2.2.1 Classification and material microstructure of Ti-6A1-4V

William Gregor discovered titanium in 1791 in the mineral ilmenite, followed by Heinrich
Klaproth in 1795, who found titanium in rutile ore (LUTJERING & WILLIAMS 2007). However,
an industrial application was not possible until 1940, after William Justin Kroll patented a
process for obtaining pure titanium. Therefore, titanium is a young construction material.
In subsequent decades, MCQUILLAN ET AL. (1956), GRIEST & FROST (1957), ADENSTEDT &
WHITMORE (1955), and KORNILOV & BORSIKINA (1965) systematically intensified the devel-
opment of titanium alloys. Titanium is allotropic and has a hexagonal close-packed structure
(hep, a-titanium) below 882 °C. Above this temperature, the lattice structure becomes hex-
agonal-dense, and a body-centered cubic lattice structure (bcc, B-titanium) is present. Al-
loying elements can be added to change the transformation temperature or the respective
area in the phase diagram, which are classified as a- or p-stabilizing. These allow a wide
variation in microstructural types. In this context, aluminum is considered the most im-
portant o-stabilizing alloying element for titanium alloys (WAGNER & GREGORY 1994). For
the classification of titanium alloys into o, o + 8, and f alloys, the pseudo-binary, isomorphic

phase diagram is mostly used, as shown in Figure 2-1 (LUTJERING & WILLIAMS 2007).

a-titanium
(HCP)

[-titanium

[B-metastable B (BCC)

Temperature T—

B, N, Al, O

<::] a-stabilizers
Mo, V, Nb, Fe, Ta, Cr,
Ni, Cu, W, Co

Figure 2-1:  Schematic of the alloying elements and their influence on the two-phase di-
agram according to LUTJERING & WILLIAMS (2007)

B-stabilizers




2.2 Properties of Ti-6Al-4V titanium alloy

PETERS & LEYENS (2002) and DONACHIE (2000) further subdivided titanium alloys into -
near and metastable -alloys. Notably, a-alloys exhibit a single-phase hcp structure, and the
atoms are more densely packed. Therefore, the diffusion rate in the crystal lattice is consid-
erably lower in B-alloys (bcc), which makes them unsuitable for heat treatment (PETERS &
CLEMENS 2010). However, the grain size can be adjusted by altering the cooling rate
(WAGNER & GREGORY 1994). Therefore, these alloys, which include pure titanium, are
mainly used in the chemical industry and biomedical engineering because of their good
formability and corrosion resistance. However, the strength is lower than that of o + # and
B-alloys (PETERS & LEYENS 2002). If vanadium, molybdenum, or niobium are added as f3-
stabilizing elements, a-near alloys can be produced, which have a higher strength and are
used in the high-temperature range up to 600 °C, where good creep properties are required
(WAGNER & GREGORY 1994). The widest application in industry is found in the two-phase
o+ f alloys, which include Ti-6A1-4V. These types of alloys exhibit lower high-temperature
strength but have higher strength and ductility than o and a-near alloys. In addition, phase
transformations in o + P alloys allow the use of heat treatment processes (DONACHIE 2000).
Currently available B-alloys are, strictly speaking, metastable p-alloys, as the quenching
process passes through the o + § phase. The transformation is not martensitic (LUTJERING &
WILLIAMS 2007), which leads to strengths of more than 1,400 MPa, and good formability
can be achieved by downstream heat treatment (PETERS & LEYENS 2002). However, meta-

stable B-alloys exhibit a high density, poor weldability, and high acquisition costs.

Currently, more than 100 titanium alloys exist, of which 30 to 40 are used in industry for
the production of goods (ROOS ET AL.2017). With a total market share of over 50 %,
Ti-6A1-4V is by far the most commonly used titanium alloy. The microstructural states of
Ti-6A1-4V can be lamellar, globular, or bimodal, depending on the heat treatment
(GROVE 2015). The classification of the microstructural states of the titanium alloy
Ti-6Al-4V is shown in Figure 2-2.

Microstructure of
Ti-6Al-4V
a) equiaxed
b) bimodal
c) lamellar

Figure 2-2:  Classification of the microstructural states of Ti-6Al-4V based on WAGNER &
GREGORY (1994)

Lamellar microstructures are produced in the Ti-6Al-4V alloy by slow cooling above the

B-transus temperature, which is approximately 995 °C. These become finer and eventually
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martensitic as the cooling decreases. Unlike steel, titanium martensite offers no strength
advantages and is therefore rarely used in industry (WAGNER & GREGORY 1994,
GROVE 2015). To produce globular and bimodal structures, a previous hot forming step and
subsequent recrystallization below the -transus temperature are required. The microstruc-
ture types are determined here by the cooling rate and temperature. Ti-6Al-4V quickly
forms a chemically stable titanium oxide layer during contact with air due to its high gas
affinity, which leads to embrittlement of the material. Therefore, heat treatments have to

be conducted under vacuum.
2.2.2 Properties and Machinability of Ti-6Al1-4V
Material properties

The microstructures, described in Sub-section 2.2.1, define the properties of the material.
The lamellar microstructure exhibits good fatigue strength at high load cycles (high-cycle
fatigue). However, at low load cycles (low-cycle fatigue), the material fails earlier than the
equiaxed and bimodal microstructures due to the lower fracture strain and ductility
(WAGNER & GREGORY 1994). The globular microstructure exhibits opposite effects. The bi-
modal structure can be classified as one of the two types of microstructure and is therefore

the most frequently used in industry (DONACHIE 2000, GROVE 2015).
Machinability

This sub-section deals with the machinability of the Ti-6Al-4V titanium alloy based on the
described material properties of titanium. According to DIN 6583, machinability is defined
as “[...] the property of a workpiece or material to be machinable under given conditions.”
Ti-6Al1-4V is classified as difficult to machine due to its outstanding material properties,
namely high ductility and reactivity, low thermal conductivity and modulus of elasticity,
and high strength. Shaw, Cook, and Bosten conducted the first studies on titanium machin-
ing in the 1950s (KOMANDURI 1982). The material properties severely limit the productivity
of machining titanium. Compared to aluminum alloys, the achievable metal-removal rate
during milling of Ti-6Al-4V is lower by a factor of 20 (NIKNAM ET AL. 2014). In addition,
KREIS (1973), ALTMULLER (2001), GEY (2003), ZANGER (2013), and GROVE (2015) investi-
gated the machinability of Ti-6Al-4V for different metal-cutting manufacturing processes.
Furthermore, the keynote papers by MACHADO & WALLBANK (1990), EzZUGWU &
WANG (1997), ULUTAN & OzrL (2011), and books by KLOCKE & KONIG (2008) and
DONACHIE (2000) summarized the findings on the machinability of Ti-6Al1-4V.



2.2 Properties of Ti-6Al-4V titanium alloy

According to DENKENA & TONSHOFF (2011), the four evaluation criteria for quantifying ma-

chinability are
e the chip formation,
e tool wear,
e the process forces, and
e the workpiece quality.

Therefore, the mechanical, thermal, and chemical processes, and the resulting effects on
the chip formation, the cutting forces, and the tool wear during Ti-6Al1-4V machining are
described below. The following description is based on the explanations of GEY (2003),
SCHLENKER (2014), WESSELS (2007), and GROVE (2015).

Chip formation: The material properties of titanium considerably influence the chip for-
mation. In this process, sliding bands and segmented chips with a high degree of segmenta-
tion are formed, as Ti-6Al-4V tends to shear locally due to its low thermal conductivity,
sharp strength reduction with increasing temperature, and low formability (PUERTA
VELASQUEZ 2007). In addition, the different material microstructures and vibrations influ-
ence the formation of segmented chips (KLOCKE & KONIG 2008). Considering the interaction
between the tool and the workpiece at the beginning of the cutting process, a part of the
material is initially compressed and elastoplastically deformed. This process continues until
a critical stress in the material is exceeded, and local shear occurs in the primary shear zone.
The resulting chip segment then slides along the shear plane, and the process is repeated

(ARRAZOLA ET AL. 2009, CALAMAZ ET AL. 2011).

Cutting force: During the formation of segmented chips, sliding and compression constantly
alternate. This subjects the tool to a pulsating load, which results in a high-pressure swell
and thermally alternating stress in the cutting edge, which is directly correlated with the
formation of chip segments. This results in a cyclic variation in the process forces, which is
influenced by the grain size of the material (GROVE 2015). Here, the dynamic force compo-
nent can amount to 20-35 % of the static cutting force load (KLOCKE & KONIG 2008,
KREIS 1973). Therefore, the main load on the tool cannot be described purely by the average
process forces, which are approximately at the level of steel alloys with comparable
strengths (DONACHIE 2000). Another negative effect results from segmented chip for-
mation, as this mechanism reduces the contact area between the cutting edge and the chip.
Therefore, the load is concentrated on a small area of the tool's cutting edge, which induces
high local mechanical and thermal stresses. According to MACHADO & WALLBANK (1990),

the contact area between the tool and the chip during titanium machining is approximately
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70 % smaller than that of steel, and the resulting stresses at the cutting edge are thus con-

siderably higher.

Tool wear: During milling, the low thermal conductivity and specific heat capacity of tita-
nium lead to an increased thermal load on the cutting edge. Energy is converted during chip
formation into heat predominantly. Only a small proportion of the heat can be dissipated
via the workpiece and the chips. This increases the local temperature at the cutting edge of
the tool (KREIS 1973). During titanium machining, 60-80 % of the generated heat energy is
transferred into the tool (KREIS 1973). In comparison, when machining steel materials, 40—
60 % of the heat is dissipated to the tool, which means that the maximum temperature
increase during titanium machining is approximately twice as high as that during steel ma-
chining (ABELE & FROHLICH 2008, ALTMULLER 2001). The thermo-physical properties of the
cutting material and the cutting speed determine the temperature reached during titanium
machining. According to ALTMULLER (2001), the temperature in the contact zone can reach
a value ranging from 200 °C to 900 °C. In this case, the maximum temperatures occur on
the bottom side of the chip shortly before the chip separates from the cutting surface of the
tool (KOMANDURI & HOU 2000, KOMANDURI & Hou 2001a, 2001b). This promotes the sub-
sequent melting of the material on the cutting edge and the associated adhesive wear. Thus,
the high thermal load on the tool is an important influencing factor on tool wear. In addi-
tion, the effects already mentioned are intensified by the high chemical affinity of titanium
to carbon, oxygen, and nitrogen. Moreover, the interrupted cut during milling leads to a
transient thermo-mechanical load on the tool. This results in thermally induced stresses on
the cutting edge, which can lead to the formation of cracks in the cutting material and thus
reduce the service life of the tool. During Ti-6Al-4V machining, in addition to the high
thermal stress, high mechanical stresses occur on the cutting edge of the tool because of the
high deformation resistance of titanium alloys, which persist even at higher temperatures.
According to KREIS (1973), the mechanical stress on the cutting edge during the machining
of titanium is considerably higher than that for steel because Ti-6Al-4V retains its defor-
mation resistance even at temperatures far above 200 °C. In addition, only a small amount
of plasticity is required for the cutting edge. Moreover, Ti-6Al-4V is capable of only small
deformation, as this material has a high yield strength ratio (yield strength R,/ ultimate
tensile strength R,,). Combined with the low Young's modulus, the material tends to plas-
tically deform when mechanically loaded by the cutting edge and elastically spring back
when unloaded. This leads to an increase in friction under the flank face of the cutting edge
and thus to increased abrasive wear and an additional increase in temperature. For this rea-
son, flank wear and micro-chipping of the cutting edge due to thermal and adhesive stress
are the most common wear mechanisms in the milling of Ti-6A1-4V. In the choice of cutting

material, tools made of cemented carbide are mostly used for cutting Ti-6A1-4V. Ceramics
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and cermets are unsuitable for machining due to their high chemical affinity for titanium.
In some cases, cutting materials made of polycrystalline diamond (PCD) and polycrystalline
cubic boron nitride (pCBN) are used for finishing operations due to their high thermal con-

ductivity (KLOCKE & KONIG 2008).

2.3 Basics of metal cutting

2.3.1 Mechanisms in the Chip-Formation Process

During chip formation, the cutting edge of the tool engages the workpiece material with a
cutting speed v and depth of the uncut chip thickness 4. Moreover, the material undergoes
elastic and plastic deformation (MILBERG 1992). Chip formation and the resulting shear and
friction zones are shown in Figure 2-3. During this process, the shear plane starts to form
in the primary shear zone (I) after the material-specific maximum permissible shear stress
has been exceeded. The deformed workpiece material forms a chip, which flows off over
the rake face of the tool with the chip velocity v,. The friction zone between the chip and
the rake face is called the secondary deformation zone (II). The friction between the flank
face of the tool and the generated workpiece surface forms the tertiary deformation zone
(III). During chip formation, a continuous, discontinuous, or segmented chip is produced
depending on the deformation capability of the material. Continuous sliding of the chip
over the rake face leads to continuous chips. If the shear strength of the material is period-
ically exceeded, discontinuous chip formation follows, resulting in discontinuous and seg-
mented chips. Chipping occurs in brittle materials when the chip separates from the work-
piece without significant deformation due to cracks preceding the cutting edge
(HoppPE 2003). During machining, mechanical work is performed, which is largely con-
verted into thermal energy and, to a lesser extent, into latent energy in the workpiece, chip,
and tool. The latent energy is primarily composed of residual stresses that remain in the
sub-surface of the material and kinetic energy in the form of chip acceleration
(ScHWARZ 2010). Heat is generated during chip formation due to the following mechanisms
(KLOCKE & KONIG 2008):

e Plastic deformation work in the primary, secondary, and tertiary deformation zones
o external friction between the rake face of the tool and the flowing chip

e extern friction between the flank face of the tool and the workpiece

e separation work before the cutting edge, and

¢ internal and external friction of the outflowing chip.

11



2 Fundamentals

If machining is performed without a coolant, the generated heat is primarily dissipated via
the chip, the tool, and the workpiece. For workpiece materials with good thermal conduc-
tivity, the largest proportion of the heat passes into the chip, while only a small proportion
flows away via the tool. Regarding materials with poor thermal conductivity, only a small
proportion of the heat flows into the chip, which means that more heat has to be removed

via the tool (VICTOR ET AL. 1983, MULLER 2004).

. I: primary shear zone

: tool

shear plane friction zone
rake face

. II: secondary shear zone

. I1I: tertiary shear zone

»  /  uncut chip thickness

. V. cutting speed

friction zone . v, chip velocity

flank face

workpiece

Figure 2-3:  The chip formation in the (I) primary, (II) secondary, and (III) tertiary shear
zone during metal cutting according to KLOCKE & KONIG (2018)

2.3.2 Process fundamentals of milling

Milling is a machining process performed using a geometrically defined cutting edge. The
relative movement between the workpiece and the tool is realized by a circular cutting
motion of the tool and a linear feed motion that is perpendicular or oblique to its rotational
axis (KLOCKE & KONIG 2018). This kinematics causes an interrupted cut as the cutting edge
loses contact with the workpiece at least once during each tool rotation
(KRONENBERG 1969). Depending on the tool geometry and the process kinematics, milling
processes can be divided into face, circular, screw, profile, shape milling, and gear hobbing,
according to DIN 8589-3 (Figure 2-4).

Face milling is the most common milling process, which is used to produce flat surfaces
through a linear feed motion. It can be further divided into peripheral milling and front
peripheral milling depending on the areas of the tool in engagement (DENKENA &
TONSHOFF 2011). When the angle of contact between the milling tool and the workpiece
during face milling is 180°, the process is referred to as slot milling. Other special processes

are screw milling to produce helix-shaped workpiece surfaces; gear hobbing, which is

12
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mainly used in the machining of gears; and circular milling, which produces circular—cy-

lindrical inner or outer surfaces.

milling
|
' ' [ [ | |
face milling cir.cL.JIar sc.r?w gea-r pr.oi-:ile 5|'faIPE
milling milling hobbing milling milling

87

Figure 2-4:  Classification of milling operations according to DIN 8589-3

Profile milling is used to produce special contours, such as T-slots, by mapping the profile
of the tool directly onto the workpiece. During shape milling, free-form surfaces can be
produced by using up to five controlled feed axes; thus, it is among the most important
milling processes in tool and mold production (FRITZ & SCHULZE 2015). In this work, the
peripheral milling process was applied; therefore, the following sections focus on this type

of milling operation.
2.3.3 Tool geometry, process kinematics, and engagement conditions

Tool geometry: Milling tools are available in various designs. The classification is based on
different factors such as the shape, area of application, and helix angle. The geometry, cut-
ting material, and coating of the tool depend on the specific application. Solid milling cut-
ters are among the most commonly used tools in multi-axis milling operations. Their tool
geometry can be characterized by the macroscopic and the cutting-edge geometry. This
distinction is important for process modeling, as not all models can consider both geome-

tries or geometry scales (ZABEL 2010).

Macroscopic tool geometry: Spiral-shaped solid carbide cutters (end mills) with a cylindri-
cal shank are generally used for peripheral milling. Depending on the machining task, the
shape of the milling tool can be cylindrical, tapered, or customized. The geometric dimen-
sions diameter D), cutting-edge length Z;, and the helix angle f of the main cutting edge are
used to describe the macroscopic geometry of an end mill, as defined in DIN 6528 as shown

in Figure 2-5.
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number of teeth z

milling process

main cutting edge

helical angle £

workpiece cutting length Z,

tool diameter D

Figure 2-5:  Solid carbide end mills with continuous cylindrical shank according to DIN
6528

The helix angle, which is defined by the angle between the tool axis and the cutting edge,
significantly influences the mechanical load on the cutting edges during the milling process
(KRONENBERG 1969). With a helix angle f > 0, the cutting edge continuously enters the
workpiece during peripheral milling, resulting in a smooth increase in force. Furthermore,
end mills differ based on the number of teeth z which determines the tooth pitch angle At
of the tool in evenly spaced tools according to

360°
At =

- (2-1)
Using milling tools with multiple teeth enables simultaneous engagement of individual tool
cutting edges due to the contact length and the tool pitch angle, which reduces the load on
the milling tool. In this work, cylindrical, right-twisted end mills were used. Therefore, the

following description of the kinematics is adapted to them.

Microscopic cutting-edge geometry: The cutting edge is defined according to the DIN 6581
standard. It is the part of the tool that effectively generates the machined surface. The var-
iables specifying the geometry of the cutting edge are shown in Figure 2-6. The rake face of
the tool is the area over which the chip flows until it leaves the workpiece. The flank face
is the area of the tool adjacent to the final machined surface. The wedge angle £, to be
selected, which is formed between the rake and flank face, depends on the physical re-
sistance that the workpiece exhibits when the cutting edge enters the workpiece material.
Smaller wedge angles result in lower resistance. A cutting edge with a larger wedge angle

is more stable and can better absorb the generated heat (Aw1szus 2002).

The clearance angle a is the angle between the flank face and the machined surface. A
compromise must be considered when selecting the clearance angle a because high values
lead to heat buildup in the cutting edge, which increases tool wear and the probability of

tool breakage. Values close to zero, however, can affect the quality of the machined surface
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and significantly increase wear on the flank due to pressure welding. In addition, ploughing

forces increase when the clearance angle decreases.

e —— ——

cutting-edge

radius r,
bl B

e

b workpiece I
Ll v, cutting speed = @: feed direction angle
Ll v,: feed velocity . a:. clearance angle
. v,. effective velocity . ﬁw: wedge angle
. n: effective direction angle . y. rake angle
Ll F’r: reference plane . Iy cutting-edge radius

Figure 2-6:  Depiction of the idealized cutting edge and cutting-edge geometry according
to DIN 6581

Another important angle is the rake angle y, which is formed between the rake face of the
cutting edge and the reference plane F.. The rake angle has a distinct influence on the chip
formation. As shown in Figure 2-6, y assumes a positive value in this depiction. However,
zero and negative values can also be used. In the positive range, the rake angle causes a
reduction in the tangential and the feed forces (ALTINTAS 2012). Using a large positive rake
angle, on the other hand, leads to higher stress on the cutting edge. In the negative range,
the rake angle stabilizes the process and improves the chip breaking. However, in this case,
the forces and thermal loads to which the cutting edge is subjected are higher. This leads to
an increase in wear on the rake face and reduces the tool life (KLOCKE & KONIG 2008).

In practice, no tools have ideal sharpness. In this context, a cutting-edge radius is consid-
ered, as illustrated in Figure 2-6 (KLOCKE & KONIG 2008). The flank and the rake face are
almost always rounded in the transition. This rounding is defined by the cutting-edge ra-
dius r3. While the characterization of the cutting-edge macro-geometry is internationally
standardized (DIN 6581, ISO 3002), no standard exists to describe the cutting-edge micro-
geometry, which is the actual shape of the intersection of the flank and the rake face of a
tool (WYEN ET AL. 2012). The cutting-edge shapes are described in the DIN 6582 standard.

Cutting-edge profiles can be chamfered, sharp, or rounded. A rounded cutting edge is
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formed by a rounded transition between the rake face of the tool and the flank face. The
nominal radius r3 of a rounded cutting edge is measured in the cutting normal plane. The
cutting-edge radius r is an important variable in milling, especially when its size is in the

same order of magnitude as the uncut chip thickness 4 (ALBRECHT 1960, WYENET AL. 2012).

The cutting-edge geometry plays a key role in the milling of titanium alloys from the per-
spective of tool wear. Results from research and industrial practice demonstrate that the
stabilization of the cutting edge by a defined radius in the range of 5-20 pm leads to a con-

siderable increase in the tool life (KLOCKE & KONIG 2008).
Process kinematics and engagement conditions

These terms clearly indicate that the cutting edge (tool) must always be considered in rela-
tion to the workpiece, which means that the process kinematics are of considerable im-

portance.

The model of the selected cutting point is often used to simplify the description of the pro-
cess kinematics between the cutting edge and the workpiece material (cf. Figure 2-6).
Therefore, the real kinematics are described by summarizing the spatial velocity fields in
the selected cutting point S. At the selected intersection point, the velocity fields can be
summarized by vectors. The resulting vectors can be combined into an overall vector by
addition. In most cases, the workpiece is assumed to be stationary and all movements are
performed by the tool. The resulting velocity vector is called the effective velocity ve. It can
be decomposed into two components; the cutting speed vz in the cutting direction and the
feed velocity i in the feed direction. Two angles are defined to uniquely locate the compo-

nents of the effective velocity:

e the direction of action angle 7 as the angle between the direction of action and the

direction of intersection, cf. Figure 2-6, and

e the feed direction angle @ as the angle between the feed direction and the cutting

direction, cf. Figure 2-6.

The investigation of the kinematics and geometry of peripheral milling processes has al-
ready been the subject of numerous research works. SALOMON (1924) conducted the first
scientific studies on milling using cylindrical milling tools. He found a transient load on the
cutting edge resulting from the discontinuous interaction between the tool and the work-
piece. Due to the helix angle £, this occurs with a time offset and is the same for each cutting
edge. In this context, the comprehensive analysis of the process kinematics requires specific
knowledge of the contact conditions between the workpiece and the tool. A distinction is

made between the macroscopic and microscopic contact conditions (WITTY 2014). The
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macroscopic contact conditions can be described using the feed velocity i, the axial depth

of cut a,, and the radial depth of cut a,, which are depicted in Figure 2-7.

y ______
! tool

—

A
. a_: radial depth of cut = £ : feed per tooth
. a: axial depth of cut = ¢ contact angle
. v;: feed velocity = D: diameter of the tool
= n: spindle speed

Figure 2-7:  Macroscopic engagement conditions for peripheral milling

Based on these process parameters, the contact angle ¢ can be calculated, which indicates

the angular section of the tool as being in contact with the workpiece:

¢ = cos™! <1 - (2 %)) (2-2)

The chip length [, can be derived from the contact angle. It describes the length of the

contact angle arc on the tool circumference:

D T w-D

. = — @ — =——". _
C 2 (p 1800 3600 (p (2 3)

The chip length can also be expressed as the product of the cutting speed v and the contact
duration between a cutting edge and the workpiece. A high contact duration results in a
higher thermal load on the tool cutting edge. The chip length thus has a direct influence on
the resulting tool wear (MEINECKE 2009).

The effective motion of the tool can be described by superimposing the rotational move-
ment of the tool and the translational feed velocity. The resulting cutting speed v, at the

tool circumference can be calculated based on the rotation of the tool.
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v.=m-D-n, (2-4)

where
D: diameter of the tool, and
7 spindle speed of the tool.

The translational feed velocity 14 is calculated as the product of the spindle speed n, the

number of teeth of the tool z, and the feed per tooth £;:
Vp=n-zZ-f, (2-5)

Depending on the orientation of the cutting direction of the cutting edge and the feed di-
rection of the workpiece, a distinction is made for the peripheral milling process in up- and
down-milling. During up-milling, the cutting edge moves in the engagement area against
the feed direction of the workpiece. The chip thickness is minimal at the tool entry angle
@s and peaks at the tool exit angle @,,. Because the minimum uncut chip thickness A, is
not reached at the cutting-edge entry, squeezing and friction processes occur before the
chip formation in this case. This results in an increase in the flank wear of the tool and a
higher heat input into the workpiece. When using up-milling, tensile residual stresses can
occur at the cutting edge at large chip thicknesses, which can lead to the formation of cracks
and, ultimately, the breakage of the tool. In addition, the low modulus of elasticity of tita-
nium in up-milling causes a long friction phase between the tool and the workpiece before
chip formation is defined (PEKELHARING 1978). Therefore, up-milling is generally not eco-
nomical, as it reduces tool life (ROSCH 2015). In contrast, during down-milling (Figure 2-8),
the cutting edge rotates in the engagement area in the direction of the feed direction of the

tool.

tool

Figure 2-8:  Tool-workpiece—interaction during down-milling
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This results in a maximum uncut chip thickness at the entry angle ¢t of the tool cutting
edge, which becomes zero at the exit angle @,,. In contrast to up-milling, tool wear can be
reduced and the surface quality improved by down-milling. Consequently, the down-mill-
ing process is particularly suitable for milling of titanium alloys, which are difficult to ma-
chine. The position of a tool cutting edge can be determined based on the tool rotation angle
@, starting perpendicular to the feed direction on the side facing away from the workpiece.
The tool entry angle @, and the tool exit angle ., describe the positions at which the

cutting edge contacts and exits the workpiece.

As the cutting speed is considerably higher than the feed velocity (v. >> ), the cutting-
edge movement can be approximated by a circular path. The superposition of the rotational
and translational motion of the cutting edge is neglected, as it would result in a cycloidal
path. Under this assumption, MARTELOTTI (1941) derived an equation for calculating the
instantaneous uncut chip thickness A(¢), which is the distance between two circumfer-
ences of the rotating tool. In the range (@5 < @ < @), the uncut chip thickness can be
approximated linearly from /Ay, to zero, leading to the following relationship
(MEYER 2009):

P — Pt

B(9) = By - ————
@ max Pnmax — Pst

(2-6)

where @y max represents the angular position at the maximum uncut chip thickness, which

can be calculated as follows:

D -sing —Zfz)

Pnmax = 180° — arctan( D= 2a,

(2-7)

In a simplified form, for processes where the feed velocity v is much smaller than the cut-
ting speed v;, and the feed per tooth is much smaller than the tool radius (£ << 2/2). The
uncut chip thickness /() can be expressed as follows (ALTINTAS 2012, KONIG ET AL. 1982):

h(p) = f; - sing (2-8)
Neglecting the cycloidal shape of the tool path curve results in an error of less than 1%
compared to the exact formulation; therefore, the uncut chip thickness 4 is calculated ac-

cording to equation 2-6. It is defined as the thickness of the undeformed chip. This provides

a phenomenological explanation of the chip formation and the wear mechanisms. In addi-
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tion, the uncut chip thickness forms the basis for most approaches for modeling the occur-
ring cutting forces, as it directly correlates with the local cutting-edge load
(MEINECKE 2009).

Surface generation during peripheral milling

Regarding peripheral milling a new workpiece surface is always generated during the en-
gagement of the cutting edge in the range @y < @ < @ (Figure 2-9a). However, this new
surface does not necessarily have to correspond to the final workpiece surface. During the
following tool rotation, a large part of the generated surface is removed, and only a small
part of the previously formed surface represents the final surface (¢, < ¢ < @), as illustrated
in Figure 2-9b. NESPOR (2015) defined this relationship in ball-end milling as surface gen-
eration, where a surface is technically generated at any time, but the term surface genera-

tion always refers to the final surface.

a)
D
c)
F' cutting-edge “.‘
B g / radius r; ; e)
@ \/ /
/ bmin S \\""--...__....-“ -
k v,— workpiece f<< By, h(e2) elastic recovery
|:| final surface . no surface generation

Figure 2-9:  The surface generation during peripheral milling and the size effect in the
chip formation according to ARAMCHAROEN & MATIVENGA (2009)

During the generation of the final surface, the plasto-mechanical processes in front of the

cutting edge must be considered, which are influenced by the uncut chip thickness and the

size of the cutting-edge radius (WARNECKE 1974). During chip formation, a part of the ma-

terial flows under the cutting edge. The separation point of the material on the cutting-edge
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radius is called stagnation point S, as shown in Figure 2-9c. At this point, the flow velocity
of the chip is at its minimum. The position of the stagnation point determines the propor-
tion of the chip thickness that flows into the chip /. and under the cutting edge. This
characterizes the so-called size effect, as illustrated in Figure 2-9d and Figure 2-9e
(ARAMCHAROEN & MATIVENGA 2009). The uncut chip thickness /4 that is forced to flow un-
der the cutting edge is called the minimum uncut chip thickness /y,;,. This is mainly deter-
mined by the rounding of the cutting edge (WARNECKE 1974, WALDORF ET AL. 1998). If the
uncut chip thickness 4 is equal to or smaller than the minimum uncut chip thickness /iy,
the material flowing under the cutting edge is ploughed instead of removed (Figure 2-9e).
Subsequently, it undergoes elastic recovery and consequently presses on the flank face. Un-
der these conditions, the specific cutting energy increases nonlinearly as the rake angle be-

comes negative.

2.4 Process variables during machining

2.4.1 Thermal load in milling processes

During milling, which is one of the manufacturing processes with a geometrically defined
cutting edge, most of the mechanical power introduced to the spindle is converted into
thermal energy. Heat is transferred through the primary, secondary, and tertiary shear
zones. The respective averaged share of the heat sources in the total heat is summarized
according to KUMAR & AJAY (2012), KOMANDURI & HOU (2000), and PABST (2008) as follows.
The majority of the heat (approx. 70-90 %) generated in the primary shear zone is dissipated
via the chip (KUMAR & AJAY 2012, SCHMIDT 1949, SHAW 1996). The specific distribution of
the heat depends on the selected process parameters, the manufacturing process, and the
tool-workpiece combination and can therefore not be generalized (VIEREGGE 1953). Tita-
nium alloys, such as Ti-6Al-4V, have a low thermal conductivity, which means that more
heat is dissipated through the tool and less into the chip or the workpiece (LOEWEN &
SHAW 1954, KOMANDURI 1982). ARMENDIA ET AL. (2010) demonstrated this experimentally
for the orthogonal cut using a thermographic camera. They investigated the machining of
Ti-6Al1-4V and 42CrMoS4. This confirms the calorimetric measurements conducted by
SCHMIDT (1949), which showed that the heat distribution between the tool, the chip, and
the workpiece is significantly dependent on the thermal conductivity of the material com-

bination as well as the cutting speed.
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2.4.2 Process forces during machining

During machining, the tool is under mechanical load, which is referred to as the cutting
force F. The cutting force can be divided into the cutting force components active force £,
and passive force F,. The active force is located in the working plane formed by the cutting
vector and the feed vector, and it significantly determines the power converted during cut-
ting. The active force can be further subdivided into the cutting force /. and the cutting

normal force Fuy, which act in the cutting direction and perpendicularly to it, respectively:
Fy= F+Foy (2-9)

The passive force £ is perpendicular to the active force F,, and consequently, the fol-

lowing equation applies:
Bo o (2-10)

The passive force has no contribution to the power that is converted during the milling
process (HEISEL ET AL. 2014). Figure 2-10 shows the relationships between the individual
force components in the peripheral milling process considered in this work. The compo-

nents of the cutting force depend on the contact angle ¢ and can be determined as follows:

F(p) = Fx(o) + F.y(@) (2-11)
Fen(@) = Fonx(@) + Fonyg (@) (2-12)
Fp((p) = Fp,z((p) (2_13)

The forces acting on the tool were measured with respect to a Cartesian coordinate system
as part of this work. In the following, the forces F,, F), and F, will therefore be referred to

as the cutting-force-components, where

Fx(@) = Fc,x(@) + FcN,x(§0) (2-14)
Fy((p) = E:,y(ga) + FcN,y(go) (2—15)
E,(p) = E,,(¢) (2-16)

Depending on the selected process parameters, multiple cutting edges may be simultane-
ously engaged in milling tools with multiple teeth. In this case, the respective cutting force
components F,, F,, and F, of the cutting edges in engagement can be summed up to a total

force.
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2.4 Process variables during machining

feed » F: cutting force

direction
cutting normal force

F;: active force
: B F;]: passive force
F: resultant force

workpiece

Figure 2-10: Cutting force components during peripheral milling following DIN 6584 and
DIN 6580

2.4.3 Influence of rounded cutting edges on the process forces

Taylor investigated the influence of rounded cutting edges on the process forces. He ob-
served an increase in the process forces over the tool life, which is not purely due to tool
wear but the result of the cutting edge becoming blunt and rounded after a certain cutting
length (TAYLOR 1907). MASUKO (1953) and ALBRECHT (1960) independently demonstrated
the relevance of the cutting-edge rounding for the machining process using essentially the
identical explanatory model for the occurring phenomena depending on the cutting-edge
radius. In addition to the chip forming force component F¢p,, which is responsible for chip
formation, ALBRECHT (1960) considered the ploughing effect. He defined the ploughing
force F as the pressure on the rounded area of the cutting edge. This leads to a force load-
ing, where the material in front of the cutting edge is pressed into both the chip and the
material surface (WYEN 2011). The material pressed into the newly formed surface leads to
residual compressive stresses, which in turn can lead to shape defects due to deformation if
the workpiece shape is not sufficiently rigid (ALBRECHT 1960). ALBRECHT (1960) presented
an adaptation of the force diagrams proposed by MERCHANT (1945), which is shown in Fig-
ure 2-11.

ALBRECHT (1960) determined that the amount of the ploughed material depends on the size
of the cutting-edge radius r3 and that the total force increases linearly with the feed per
tooth £, as soon as the surface of the cutting edge is fully engaged. However, the ploughing
force £, remains constant with increasing feed per tooth and the friction angle is independ-

ent of the uncut chip thickness /2 (ALBRECHT 1960). The ploughing force F}, can thus be
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determined by extrapolating the forces to an uncut chip thickness /4 of zero. For this pur-
pose, the model resembles the method proposed by ALTINTAS (2012). The ploughing forces

are consequently related to the edge force coefficient k.

cutting direction

cutting edge
feed direction

workpiece

= F]'J]: ploughing force component Ll F - active force component
= F,: chip formation force component Ll F_: cutting force component
= Iy cutting-edge radius Ll F.: feed force component

Figure 2-11: Force diagram according to MERCHANT (1945) and ALBRECHT (1960)

WYEN (2011) used a modified Kienzle model to determine the influences of the cutting-
edge radius for titanium machining. He described the linear and exponential coefficients 4;
and m; derived from the Kienzle model (equation 2-17) as a function of the cutting-edge
radius 73, the rake angle y, and the clearance angle a

m_ 1
-
r T8

F,=k; - b-h@m) = ki - y™ - amw .rﬁnrﬁ’ o O e ) 2-17)

The values of the coefficients kj; 1, 1y, Ngy, Npgs, Myr, M7, Mygr, and ¢ are obtained by
regressing the results of orthogonal experiments. Thus, they are valid only within the in-
vestigated range. The model error increases for values of uncut chip thicknesses outside the
investigated range. However, this model is only applicable in determining the cutting
force F, and the cutting normal force Fiy but not the axial force F, in multi-axis milling

operations, which require the calculation of the passive force component £,.

2.5 Sub-surface influence by machining processes

2.5.1 Sub-surface and sub-surface properties

The sub-surface critically affects numerous functions and the service life of the machined

part (LINSLER ET AL. 2016, BREIDENSTEIN ET AL. 2020). For this reason, individual properties
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2.5 Sub-surface influence by machining processes

are examined within the scope of downstream material testing, especially in the automotive

and aerospace industries, as well as in mechanical engineering.

The term sub-surface properties was first defined by FIELD & KAHLES (1964) as “inherent
and extended properties of a surface produced by machining or other surface generating
processes.” As shown in Section 2.4, during machining, the material is affected by the
thermo-mechanical load, which is dependent on the process variables and the tool geome-
try. This causes a change in the sub-surface properties. The functionality of a component is
significantly dependent on the quality and reliability of the generated surface and thus on
the topography, as well as the metallurgical and mechanical condition of the sub-surface
(M'SAOUBI ET AL. 2008). Consequently, investigating the interrelationships between the
process parameters, their influence on the workpiece sub-surface, and the resulting effects
on the component function is becoming increasingly important. FIELD & KAHLES (1971) de-
fined the relationship between the physical properties of a surface and its functional behav-
ior as surface integrity. In machining, the surface integrity depends on thermal, mechanical,
and chemical interactions between the tool and the workpiece (BRINKSMEIER ET AL. 1982).
The influence of the machining process on the surface integrity includes characteristic phe-
nomena, such as the plastic deformation of the microstructure, the formation of mi-
crocracks, phase transformations, hardness variations, and the alteration of residual stresses,

as illustrated in Figure 2-12 (JAWAHIR ET AL. 2011).

machining process surface integrity functional
- machined performance
O ® roughness
e .
[N = fatigue
- C = residual stresses l:'y>
= accuracy
arameters * hardness
P ®= wear resistance
.y = 4 = texture
C e
s £ L = structure
4

Figure 2-12: The influence of the machining process on the surface integrity and func-
tional performance

Within this work, the microstructure and residual stresses in the material Ti-6Al1-4V after
the milling process were investigated in detail within the framework of the sub-surface

analysis. Consequently, the sub-surface properties are briefly explained below.
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2.5.2 Microstructure and deformation of the sub-surface

Metallic materials consist of small grains, which are referred to as the microstructure. This
is characterized by the grain size, grain orientation, grain shape, and present phase. Me-
chanical processing can lead to a change in the microstructure. Changes with regard to the
microstructural properties in the sub-surface can be observed during machining, where
plastic deformation and the resultant temperatures cause alterations in the residual stress

state (BREIDENSTEIN 2011).
2.5.3 Residual stresses

By definition, residual stresses (RS) are mechanical stresses in a solid body where no exter-
nal forces or moments act, and thus, the internal forces or moments are in equilibrium.
Compressive and tensile residual stresses, which are distinct, compensate for each other in
a body, and therefore, their sum is zero. In principle, no completely residual stress-free
solids exist according to SCHOLTES (1991). Residual stresses occur due to the inhomogeneous
distribution of elastic or elastic—plastic deformations, which is called deformation incom-
patibility. These can be caused by thermal or mechanical workpiece loads or phase trans-
formations. In this context, thermo-mechanical loading can lead to both an increase and a
decrease in residual stresses. The mathematical proof of REIBNER (1931) demonstrated that
residual stresses can be described by an infinite number of stress sources. Therefore, the
residual stresses of multi-crystalline metallic materials are not classified by stress sources
but according to related objects in a material volume into 1%t (Type I), 2°¢ (Type II), and 3™
(Type III) order type residual stresses (MACHERAUCH ET AL. 1973). These are shown in Fig-

ure 2-13a for the example of a two-phase structure, such as Ti-6Al-4V.

The residual stresses ors of the 1% type, which are the cause of macroscopic shape-changes,
are obtained by averaging a suitable number of grains. They are therefore referred to as
macro-residual stresses. The 27 type residual stresses involve individual grains in the crys-
tal, whereas 3 type residual stresses are the result of lattice defects. The last two are called
micro-residual stresses. For the evaluation of technical components, the residual stresses of

the 1% type are relevant, as they significantly influence the component properties.

In the following, the residual stresses of the 1% type will be considered in more detail. These
can be described mathematically as a vector in 3-dimensional space in relation to a surface
and are described in the uniaxial case by dividing the applied force by the surface. However,
this simplified mathematical description does not apply to every point in the body. If the
stress vector and the surface are not perpendicular to each other, normal and tangential

components result (shown in Figure 2-13b).
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Figure 2-13: Schematic of the residual stresses of the 1%, 2" and 3™ type in a two-phase
material according to SCHOLTES (1991)

Therefore, it is necessary to divide the stresses into normal and tangential components, de-
pending on the selected reference system. An unambiguous description of the stress state
in any point of a body is possible with the stress tensor o, which consists of the shear stress

components 7; and the normal stress components ¢

Oxx Txy Txz
6 =05 = |Tyxx Oyy Tyz (2-18)
Tzx  Tzy Oz

Due to the rigid body condition, the matrix is symmetric (7; = 7;;), which uniquely describes
the stress tensor o by using only six independent components. The mathematical object

tensor can be interpreted here as an operator for linking any two vectors in space so that a

force vector is spatially completely described by F= oA

The residual stress state is often considered as one of the essential parameters in the evalu-
ation of surface integrity related to machining processes, as it has a direct effect on the
fatigue life of a machined component (MOHAMMADPOUR ET AL. 2010). This has been demon-
strated in numerous studies (KOSTER ET AL. 1970, MATSUMOTO ET AL. 1991, LU &
MITTAL 1998, YANG & LIU 2002b, YANG & Liu2002a, YANG ET AL.2002, KLEIN &
EIFLER 2010, M. KLEIN ET AL. 2011). The residual stresses present in the sub-surface have a
decisive role in the use of a component, as they determine the average service life and its
fluctuations. Tensile residual stresses at the surface of the component have a prominent
negative effect on the service life. Knowledge of the residual stress development is therefore

important for correctly predicting the fatigue life.
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2.5.4 Residual stress change due to thermo-mechanical loading

During cutting, the generated surface is affected by both mechanical and thermal loads,
which leads to a change in the residual stress state of the component sub-surface. The mag-
nitude and depth of the effect depend to a large extent on the process parameters. The ther-
mal and mechanical workpiece loads occur simultaneously during machining. Due to the
complex superposition, the two mechanisms cannot be separated (BREIDENSTEIN 2011). To
characterize the resulting residual stresses, JACOBUSET AL. (2000) introduced a mathematical
model that describes the general shape of a residual stress depth curve. Here, the sub-surface
of the workpiece is divided into regions where direct mechanical effects act deeper in the

workpiece than the direct thermal effects near the surface.

SCHOOP ET AL. (2022) adopted this schematic model and explained the thermo-mechanical
workpiece load acting during the cutting process in the contact zone between the cutting
edge and the workpiece by a separate representation of the effects. Here, the thermal and
mechanical effects are present simultaneously in a machined component but act on differ-

ent length scales and lead to different domains, as schematized in Figure 2-14.

machined
surface

mechanical residual Ognechanical
domain stress depth

compressive tensile

Figure 2-14: Schematic of the mechanical and thermal effects on the residual stress for-
mation and the relative extent of the mechanical and the thermal domain
residual stress contributions according to SCHOOP ET AL. (2022)

Mechanical effects

Purely mechanically induced residual stresses Opechanical result from direct mechanical ef-
fects that plastically deform the material microstructure. During machining, the material is
stretched due to the contact between the tool cutting edge and the material. This results in
three different deformation zones (cf. Figure 2-3) (IMBROGNO ET AL. 2018, WANET AL. 2019).
The highest shear strains occur in the primary shear zone. The severe deformation in the
primary shear zone, in combination with friction and ploughing effects in the tertiary shear

zone, leads to a strongly plastically deformed layer. The plastic deformation of the material
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structure results in residual stress curves in the compressive residual stress range. These can
be slightly shifted in the tensile direction by indirect thermal effects. An example of a pro-
cess incorporating the mechanical effect is shot peening, which induces purely mechanical
residual stresses (SCHULZE 2003). Direct thermal effects at the surface are negligible in this

case.
Thermal effects

In addition to the mechanically induced load, cutting temperatures increase during ma-
chining. These result from the plastic deformation of the material in the primary shear zone
and the friction at the secondary and tertiary shear zone (LIAO ET AL. 2019, KRYZHANIVSKYY
ET AL. 2019). The local or global heating of the workpiece with subsequent cooling can lead
to direct thermal effects. These cause local material expansion and resulting deformation
compatibilities and generate thermally induced residual stresses Oermal in the tensile re-

gion.
Thermo-mechanical workpiece load

During machining, a combination of thermal and mechanical effects occurs. As a result of
this, both compressive and tensile residual stresses are present. The thermal effects usually
occur in the layers closer to the surface, whereas the mechanical effects reach deeper into
the material. When the maximum residual stresses from thermal mechanisms are larger
than those from the mechanical effects, the residual stress depth curve exhibits more posi-
tive values at the machined surface. Subsequently, in the depth direction, a global minimum
is reached, which corresponds to the peak compressive residual stresses, followed by a de-
creasing tendency toward the initial residual stress value of the bulk material. As a result,
the residual stress value at the surface is either in the tensile or compressive range, depend-
ing on the machining process, the workpiece material, the tool geometry, and the cutting
parameters selected. Tensile residual stresses in this case provoke the formation and propa-
gation of fatigue cracks and are therefore disadvantageous. However, if the amount of com-
pressive residual stresses is higher than the tensile residual stresses, purely compressive re-

sidual stresses are induced.

Consequently, residual stresses are always a result of the superposition of mechanical and
thermal effects. These can be dominant or negligible, which tends to be dependent on the

resulting residual stress curve after the machining process (BREIDENSTEIN 2011).
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2.6 Methods for modeling residual stresses

2.6.1 Overview

In the last 20 years, the modeling of the residual stress state in the sub-surface has garnered
increasing scientific attention This is due to the prominent influence of residual stresses on
the component service life and the increased need for virtual optimization of machining
processes. Numerous modeling methods are available for determining residual stresses,
which are summarized and evaluated in the following. In this context, it is possible to dis-

tinguish between

e empirical models,

e analytical models,

e numerical model, and

e hybrid models.
2.6.2 Empirical models

Empirical models representing the correlation of input variables, such as the process param-
eters, with the machining-induced residual stresses, are used to describe cause—effect rela-
tionships. In most cases, the physical effects are not considered. This modeling method is
suitable for a fast and reliable prediction of complex interrelationships. However, the results
are only valid within the investigated parameter range and are usually not transferable to
other processes. For a suitable regression, statistical methods for the choice of the experi-
mental space are used, which are summarized under the term Design of Experiments (DoE),
and subsequent evaluation is carried out. This type of modeling was used, for example, by
AXINTE & DEWES (2002) for ball-end milling of X40CrMoV5-1, by EL-KHABEERY &
FATTOUH (1989) for face milling, and by EL-AXIR (2002) for orthogonal turning of different

materials.
2.6.3 Analytical models

Analytical models use physical input variables, such as process forces and temperatures, to
mathematically describe the generation of residual stresses and thus reduce the experi-
mental effort. Due to the high number of variables in the machining process, the analytical
formulation is usually simplified by setting boundary conditions. One simplification is, for
example, the consideration of an orthogonal process. An example for this is the modeling
of residual stresses by using the Hertz equations for mechanical loads or moving heat

sources according to, for instance, JAEGER (1943), whose respective input variables were
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formulated based on the machining process. For the orthogonal process, JACOBUS ET
AL. (2000), LAZOGLU ET AL. (2008), and LIANG & SU (2007), among others, were able to pre-
dict the residual stress depth curves after machining of different materials. For milling op-
erations, the analytical determination of residual stresses has been limited so far. This is
shown, for example, by the approach of SU (2006) for orthogonal grooving, which was later
transferred to flank or face milling of Ti-6Al-4V by SUET AL. (2013). However, the predic-
tions by SUET AL. (2013) agreed only qualitatively with the measured data. Another draw-
back is that material changes, such as microstructural changes due to plastic deformation,
are currently not represented by analytical models (JAWAHIR ET AL. 2011). Analytical mod-

els have the advantage of a short computation time.
2.6.4 Numerical models

Parallel to the development of analytical models for determining residual stress generation
in the sub-surface region during machining processes, considerable progress has been made
in the further development of numerical models within the last decades (JAWAHIR ET
AL. 2011). Using these, the chip formation during the cutting process is usually simulated
by the finite element method (FEM) (MARKOPOULOS 2013). The method is applied for the
orthogonal process in most cases. Here, the workpiece and the tool are discretized and the
stresses and strains at the nodes of the elements are calculated. Compared to empirical and
analytical models, this requires a high computational time. Additionally, FE chip formation
simulations in numerical models require different input variables, such as a suitable material
model and the modeling of the friction as well as the separation and chip breaking criterion
in the Lagrange approach. The used input variables exert a significant influence on the re-
sulting residual stresses. In this context, the empirical material model according to Johnson
and Cook is most frequently implemented in the FE simulation for machining (JOHNSON &
CooK 1983). In addition, according to FILICE ET AL. (2007), the simulated heat flow between
the tool, the chip, and the workpiece is dependent on the friction modeling, which also
exerts an influence on the residual stress calculation (L1U & GUO 2000). The separation cri-
terion, which defines the material separation at the cutting edge, influences the prediction
of the sub-surface properties (EE ET AL. 2005). In addition, the chip breaking criterion de-
fines the tool wear and shear chip formation, which also influences the residual stress pre-

diction (CHEN ET AL. 2004).
2.6.5 Hybrid models

Hybrid models combine the advantages of the previously mentioned approaches. LEON
GARCIA (2009), for example, used a semi-analytical model to predict the residual stresses.

The incremental cutting force was used as a physical input variable and correlated with
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measured values of the residual stress curve. In addition, FE simulation without chip for-
mation was combined with an analytical cutting force and temperature model for the or-
thogonal cut by OKUSHIMA & KAKINO (1972). They proved that tensile residual stresses are
correlated with the angle of incidence of the mechanical ploughing forces. This approach
was further developed by VALIORGUE ET AL. (2007) in terms of the analytical equations for
the orthogonal machining of X2CrNiMo17-12-2 (1.4404, AISI 316L) steel and subsequently
applied to external longitudinal turning (VALIORGUE ET AL.2012). The method of
GUILLEMOT ET AL. (2011) combines an analytical description and an FE machining simula-
tion of bainitic steel 25MnCrSiVB6 (1.5233). In this work, ball-end milling was simplified
as an oblique cut, and the thermo-mechanical workpiece load was calculated to determine

the local residual stresses.

2.7 Concluding remarks

In this chapter, the fundamental principles underlying the machining of titanium alloys,
particularly Ti-6Al1-4V, were thoroughly presented. Section 2.2 discussed the classification
and material microstructure of Ti-6Al-4V, emphasizing the material’s unique properties,
such as its high strength and low thermal conductivity, which pose significant challenges
in terms of machinability. These material characteristics were analyzed in relation to their
impact on tool wear and the machining performance. In Section 2.3, the basics of metal
cutting were explored, focusing on the chip formation mechanisms, process forces, and the
influence of the tool geometry on the cutting process. A detailed analysis of the engagement
conditions and the thermo-mechanical interactions between the tool and the workpiece
was provided, underscoring the importance of the cutting-edge geometry in achieving de-
sired surface qualities and minimizing tool wear. Section 2.4 explained the process variables
in machining, with particular attention to the thermal loads and process forces, and the
influence of rounded cutting edges on these forces. Section 2.5 focused on the effects of
machining on the sub-surface, discussing the microstructural changes, the deformations,
and the residual stresses induced during the process. The chapter highlighted the im-
portance of managing residual stresses to maintain the integrity and functional performance
of the machined components. Finally, Section 2.6 reviewed the different modeling ap-
proaches used to calculate residual stresses, including empirical, analytical, numerical, and
hybrid models, emphasizing their utility in optimizing machining processes. The funda-
mentals presented in Sections 2.2 to 2.6 provide a comprehensive understanding of the key

factors that influence the machining process and the residual stress distribution during the
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milling of Ti-6Al-4V. These principles form the basis for the subsequent discussion in Chap-
ter 3, where the state of the art regarding residual stress changes during machining of tita-

nium and modeling of residual stresses in Ti-6Al-4V machining is explained.
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3 State of the Art

3.1 Chapter overview

As described in Section 2.6, several experimental works and modeling methods have been
dedicated to determining the effect of different metal-cutting processes on the machining-
induced residual stress state in the sub-surface of Ti-6Al1-4V. Chapter 3 offers an overview
of the state of the art concerning the relationship between the machining process and the
resulting residual stresses in the titanium alloy Ti-6Al-4V specifically. Section 3.2 focuses
on the influence of the process parameters and the microgeometry of the tool. In Section
3.3, separate approaches for modeling the residual stress state are provided, whereas in Sec-
tion 3.4, the state of the art is summarized, and the need for action is derived. Throughout
Chapter 3, recent advances in the modeling of residual stresses in different metal-cutting
processes are discussed, although the scope of this dissertation is confined to peripheral

milling.

3.2 Residual stresses after machining titanium

3.2.1 General findings

Material-specific findings: During the machining process, a change in the residual stress
state in the sub-surface can be caused by mechanical lattice deformations, thermal influ-
ences, or phase transformations (BRINKSMEIER 1982). Phase transformations caused by
Ti-6Al1-4V machining have been excluded for orthogonal grooving (VELASQUEZ ET AL. 2010)
and end milling (SUN & GUO 2009) as a cause for the residual stress change. Furthermore,
mechanical effects are primarily responsible for the residual stress change during the ma-
chining of Ti-6Al-4V (FRANZ 1979, GEY 2003, SUN & GUO 2009). The low thermal conduc-
tivity of titanium is considered to be the reason for this effect, which inhibits effective heat
dissipation during machining. As a result, most of the energy from the cutting process is
absorbed by mechanical deformation, leading to the development of mechanical residual
stresses. This was experimentally confirmed by NESPOR (2015). As shown by laser experi-
ments, he determined tensile stresses occur on the surface at a critical temperature of

480 °C. This temperature was not exceeded for any combination of the process parameters
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during the ball-end milling of Ti-6Al-4V, which led to the formation of compressive resid-
ual stresses. A negative residual stress state in the sub-surface was also demonstrated for
other machining processes of Ti-6A1-4V (FRANZ 1979, NARUTAKI ET AL. 1983, M'SAOUBI ET
AL. 2008, YANG ET AL. 2019, YANG ET AL. 2016, NESPOR 2015). The findings on the phase
transformation by experimental investigations of the microstructure after machining and
the occurrence of compressive residual stresses are the only correlations that can be com-

prehensively obtained from the literature.

Up- and down-milling: NESPOR (2015) demonstrated that the process strategy (up- and
down-milling) has a minor influence on the resulting residual stresses in the ball-end mill-
ing of Ti-6Al-4V. On the contrary, WYEN ET AL. (2013) and FRANZ (1979) investigated face
milling and peripheral milling and observed that the process strategy significantly influ-

ences the residual stress state.

Process kinematics and tool geometry: The change in the residual stress state due to the
machining of Ti-6Al-4V was conducted for different metal-cutting processes and thus for
various process kinematics. In this context, the studies on different turning processes of
titanium, such as the investigations by OZzEL & ULUTAN (2012) on facing turning, by
NARUTAKI ET AL. (1983) on external longitudinal turning, by VELASQUEZ ET AL. (2010), and
by ABBOUD (2015) on orthogonal grooving, demonstrate contradictory results. A direct
comparison of the investigations on the residual stress variation is therefore not possible
across different machining processes due to the varying process kinematics and the differ-
ence in the tool macro- and microgeometry as well as varying ranges of the process param-
eters. The contradictory results on machining-induced residual stresses were summarized
by ULUTAN & OZEL (2011) in their keynote paper on the sub-surface properties of titanium

and nickel-based alloys.
3.2.2 Effect of the process parameters on the residual stresses

Feed velocity: The influence of the process parameter feed velocity or feed per tooth £ on
the machining-induced residual stresses of the sub-surface has been qualitatively evaluated
as the most important in the literature across all processes. The feed per tooth % defines the
maximum chip thickness /., Which has a direct effect on surface generation
(TONSHOFF 1966). CAPELLO (2005), SASAHARA ET AL.(2004), TONSHOFF (1966), and
M’SAOUBI ET AL. (1999) demonstrated that an increase in the chip thickness /4 or the feed
per tooth £ leads to a shift in the residual stresses in the tensile direction. YANG ET
AL. (2019), MAIR ET AL. (2012), and YANG ET AL. (2016) confirmed this effect in their exper-
imental studies on the peripheral milling of Ti-6A1-4V. NESPOR (2015) demonstrated a sig-

nificant influence of the feed per tooth on the resulting residual stresses in the ball-end
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milling of Ti-6Al-4V. When the feed per tooth was changed in the range from 0.02 to

0.5 mm, the compressive residual stresses decreased by approximately 40 MPa.

ZANGER (2013) investigated the influence of the feed velocity during orthogonal turning of
Ti-6Al1-4V. The residual stress depth curves were all in the compressive residual stress
range, which hardly varied with a change in the feed velocity. He observed an increase in
the depth of residual stresses with increasing chip thickness, which he attributed to the
higher mechanical load. MAIR ET AL. (2012) only observed a small change in residual stresses
at the surface during face milling when the feed velocity was increased. They obtained the

same results when considering the peripheral milling process.

RAOET AL. (2011) observed an increase in compressive residual stresses at higher feeds per
tooth during the face milling of Ti-6A1-4V. They attributed this to reduced friction between
the tool and the material. Furthermore, ABBOUD (2015) observed a similar relationship,
when the residual stresses for feed velocities in the range of 0.05-0.25 mm/rev during ex-
ternal longitudinal turning were investigated. YANG ET AL. (2019) investigated the periph-
eral milling of Ti-6Al-4V and found that when the feed per tooth was increased from 0.02

to 0.04 mm, the residual compressive stresses decreased.

Cutting speed: The residual stress change caused by the variation in the cutting speed during
milling has been investigated by FRANZ (1979), GEY (2003), SUN & GUO (2009), and RAOET
AL. (2011), for example, but the results have been contradictory.

When the cutting speed v- was increased, a shift of the surface residual stresses in the di-
rection of tension was observed in most investigations, which is explained, among other
things, by the increased heat input (GEY 2003, M'SAOUBI ET AL. 2008, OUTEIRO ET AL. 2006).
In this context, ABBOUD (2015) observed a reduction in the surface compressive residual
stresses during the external longitudinal turning of Ti-6Al-4V when the cutting speed was
increased from 20 to 90 m/min. He attributed this to the temperature increase due to the
change in the cutting speed. YANG & L1U (2018) and YANG ET AL. (2019) observed a decrease
in compressive residual stresses when increasing the cutting speed v during the peripheral
milling of Ti-6Al-4V. They investigated the 20-110 m/min range. This was confirmed by
MADYIRA ET AL. (2013), who studied the turning process of Ti-6A1-4V. They found that the

compressive residual stresses decreased significantly when the cutting speed was increased.

SUN & GUO (2009) reported contradictory results: they observed a shift in the residual
stresses toward tensile stresses when the cutting speed v, was reduced. During the face mill-
ing of Ti-6Al-4V, MAIR ET AL. (2012) observed an increase in compressive residual stresses
with increasing cutting speed. Accordingly, the residual stress values at the surface varied

only slightly, whereas the values deeper in the sub-surface exhibited significant differences.
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They also investigated the peripheral milling process and found a reduction in the tensile

residual stresses at higher cutting speeds.

RAOET AL. (2011) did not observe any of these influences and attributed this to face milling
by the secondary cutting edge, which significantly generated the surface and thus resulted
in a lower heat input into the workpiece. YANG ET AL. (2012) investigated the high-speed
milling of Ti-6Al-4V and found a small effect of the cutting speed in the range of 80-
140 m/min on the machining-induced residual stresses. Even at high cutting speeds, high
residual compressive stresses were observed. Furthermore, NESPOR (2015) reported no sig-
nificant change in residual stresses for ball-end milling of Ti-6A1-4V when the cutting speed
v. was changed between 15 and 60 m/min. This is attributed to the low influence of thermal
effects on the residual stresses when machining titanium alloys. In addition, he clarified
that the forces generating the final surface are only slightly influenced by the cutting speed.
Additionally, OzEL & ULUTAN (2012) investigated the influence of the cutting speed during
the face turning of Ti-6Al1-4V for differently coated tools. Independent of the coating, no
significant change in residual stresses was found when the cutting speed v, was changed

between 55 and 90 m/min.

Depth of cut: In different investigations, the radial depth of cut a., respectively the axial
depth of cut a,, had no or only little influence on the residual stresses in the various pro-
cesses including longitudinal turning, face turning, and milling. The explanatory ap-
proaches of LEON GARCIA (2009) or SASAHARA ET AL. (2004), for example, are analogous to
those of TONSHOFF (1966), as these parameters do not influence the generation of the final
surface. This was confirmed by NESPOR (2015), who investigated the influence of the depth
of cut on the residual stresses in the ball-end milling of Ti-6A1-4V and detected no signifi-
cant influence. He attributed this to the final surface being indirectly influenced by the
choice of the cutting depth. Furthermore, YANG ET AL. (2019) could not find any significant
change in residual stresses during the peripheral milling of the titanium alloy Ti-6Al1-4V at
radial depths of cut ranging from 0.5 to 2.0 mm. Only MADYIRA ET AL. (2013) were able to
detect a reduction in compressive residual stresses on the surface at lower depths of cut

during turning.
3.2.3 Effect of the cutting-edge radius on the residual stresses

Cutting-edge radius: The cutting-edge rounding r significantly influences the residual
stresses after machining both with respect to the material and the process (DENKENA ET
AL. 2014). This has been demonstrated several times in the literature, among others, by
LEON GARCIA (2009) in the face milling of aluminum 7449, MATSUMOTO ET AL. (1999) in the
external hard turning of 100Cr6, and JACOBUS ET AL. (2000) in the orthogonal turning of
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40NiCrMob. This is due to the so-called ploughing effect, where the material is not sepa-
rated but quenched under the cutting-edge rounding. This leads to microstructural plastic
deformations, which have been demonstrated by KACZMAREK (1966), for example, by hard-
ness changes in the sub-surface. Consequently, the cutting-edge radius r has a significant
influence on the resulting residual stresses across the processes including external turning

(SASAHARA ET AL. 2004, CAPELLO 2005) and face milling (LEON GARCIA 2009).

ULUTAN & OZEL (2011) observed that the influence of the tool microgeometry during the
machining of titanium is still unexplored. In this regard, no studies have considered the
influence of different cutting-edge roundings on the machining-induced residual stresses
during the peripheral milling of Ti-6A1-4V yet. NESPOR (2015) investigated the influence of
the cutting-edge radius on the resulting residual stress profiles in ball-end milling of
Ti-6Al-4V. An increase in the cutting-edge radius between 5 and 60 pm resulted in an in-
crease in the compressive residual stresses. OZEL & ULUTAN (2012) observed contrary results
when face turning Ti-6Al1-4V, where slightly higher compressive residual stresses were in-
duced using larger cutting-edge radii. Notably, different coatings were used, making a com-

parison difficult.

ABBOUD (2015) observed contrary results when investigating the influence of the cutting-
edge rounding during the external longitudinal turning of Ti-6Al-4V by varying the cut-
ting-edge radius between 10 and 60 um. His experiments showed that larger cutting-edge
roundings resulted in lower compressive residual stresses at the surface of the component.

In this case, the compressive residual stresses were reduced by 60 %.

WYEN ET AL. (2013) investigated the influence of cutting-edge rounding during the face
milling of Ti-6Al-4V. They found that the residual compressive stresses on the surface par-
allel to the feed direction decreased for larger cutting-edge radii. The residual compressive
stresses perpendicular to the feed direction increased using cutting-edge radii between 6

and 50 ym.

3.3 Modeling of residual stresses in Ti-6A1-4V machining

This section focuses specifically on Ti-6Al-4V, as its unique properties, including the low
thermal conductivity and the high strength, result in distinct thermal and mechanical loads
during machining. Direct comparison with residual stress models for other materials is im-
practical because the assumptions, input parameters, and boundary conditions are material-
specific. The responses of Ti-6Al-4V to machining-induced deformation and heat differ sig-
nificantly from those of other materials, requiring tailored modeling strategies to capture

its unique behavior accurately. The modeling methods for residual stresses induced in the
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sub-surface by the machining process for Ti-6A1-4V can be divided into three categories:

Numerical, empirical and analytical.
3.3.1 Numerical simulation of the machining process

In the last decades, significant progress has been made in the numerical modeling of surface
integrity. This is due to the continuously increasing computing capabilities. A physically
based (numerical) calculation of the resulting residual stresses includes the simulation of
the entire chip-formation-process. In addition to a detailed description of the contact con-
ditions, an appropriate formulation of the elastic-viscoplastic material behavior is required,
in particular for the temperature- and strain rate-dependence. In this context, the use of
more complex material-behavior-models that represent variations in the yield stress with
the strain, the strain rate, and the temperature allow a comprehensive prediction of the
surface integrity. In addition, numerical modeling approaches are capable of enabling the
creation of specialized "user subroutines" that can include submodels to capture complex

phenomena such as phase transformations and dynamic recrystallization in the sub-surface.

Thermo-mechanical finite element models, which are numerically complex, allow a de-
tailed representation of numerous phenomena (e.g., the contact conditions, friction effects,
and plastic instabilities in the form of shear bands), which influence the resulting residual
stress distribution. The modeling approach requires numerous input parameters or variables
with uncertainties, which lead to strong deviations of the simulation results. This was con-
firmed by JAWAHIR ET AL. (2011), where the finite element method was used to determine
the residual stresses after an orthogonal cut of five different materials. A comparison of the
simulated results with the measured residual stress profiles of Ti-6A1-4V in the cutting di-
rection demonstrated a deviation of approximately 280 % at the surface. The models were
then calibrated based on the cutting forces measured in the process and the morphology of

the chip; however, this only slightly improved the simulation results.

ZANGER (2013) considered additional calibration coefficients in his work regarding the nu-
merical simulation of the orthogonal turning of Ti-6A1-4V. He calibrated the FE simulation
with the experimentally determined process forces, friction coefficients, chip temperature,
and chip shape. The residual stress state was influenced by the cutting speed v and the chip
thickness A. Different cutting-edge radii demonstrated no effect, which is contrary to the
findings in the literature. The investigations conducted in this context were purely simula-

tive.

Chip formation, the temperature in the sub-surface region, and the stress distributions dur-
ing the machining of the titanium alloy Ti-6Al-4V have been investigated with numerical

models (CHEN ET AL. 2004, OZEL ET AL. 2010, CALAMAZ ET AL. 2011, SIMA & OzEL 2010).
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3.3 Modeling of residual stresses in Ti-6Al-4V machining

CHEN ET AL. (2004) performed residual stress predictions with the FE software ABAQUS
using the Johnson—Cook model. They employed a damage model to represent the chip seg-

mentation. This improved the prediction of residual stresses.

OZzEL ET AL. (2010) investigated the use of a modified material model. A temperature-de-
pendent yield softening model for the titanium alloy Ti-6Al-4V was implemented in the
simulation. The investigations focused on the effects of tool coatings, the cutting forces, and
the temperature field, stresses, and tool wear during segment chip formation using 2D

elasto-viscoplastic and 3D viscoplastic simulation models.

ABBOUD ET AL. (2013) used a thermo-mechanically coupled FE model to predict the cutting
forces, temperatures, and machining-induced residual stresses during the external longitu-
dinal turning of Ti-6Al-4V. Higher prediction errors were observed at higher cutting
speeds, which they attribute to the effect of chip segmentation.

3.3.2 Empirical models

Empirical models correlate the process parameters directly with the resulting residual stress
distribution so that physical effects are not considered (ULUTAN ET AL. 2014). The residual
stresses are determined experimentally using statistical methods for a specific parameter
range and then summarized in an evaluation. Empirical equations or correlations are then
derived based on the results of the experiments. The input parameters of the models are
usually a combination of the cutting speed, feed rate, cutting depth, and tool geometry. This
approach is suitable for efficiently estimating the residual stresses induced in the sub-sur-
face or their characteristic parameters (e.g., the local maximum or the position of the max-
imum in the depth direction). However, the use of empirical models requires an extensive

experimental data base and is only valid for the investigated tool-workpiece combination.

In the literature, different empirical models have been used to predict the residual stresses
during metal cutting (CAPELLO 2005, SRIDHAR ET AL. 2003, JACOBUS ET AL. 2000, EL-
AXIR 2002). The effects of the cutting speed, feed velocity, depth of cut, and workpiece
properties have primarily been studied. The results of the investigations demonstrate that
the cutting speed and the feed per tooth have the most significant influence on the residual

stresses.
3.3.3 Analytical models

To determine the residual stresses, analytical models use physical input variables such as
the temperatures and the cutting forces during the process. In the mostly two-dimensional
models, the complete analytical solutions (of the heat conduction problem as well as of the

mechanical problem) of the thermo-elastic half-plane are used under various simplifying
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assumptions and constraints (plane strain state and given distributions of the local heat flux
and cutting force distribution at the cutting element). With the help of further hypotheses,
the occurring plastic deformations as well as the resulting residual stress distributions can
be estimated from the elastic solution. This approach was first proposed for rolling contact

modeling and adopted for machining (MERWIN & JOHNSON 1963).

Despite the modeling complexity being considerably lower than that of the numerical sim-
ulation of the machining process, these approaches have recently been further developed
and now represent a useful methodology in time-critical applications (ULUTAN ET AL. 2007,
DA HUANG ET AL. 2018). In the literature, the tool is described using the Hertzian equations
for mechanical loads or moving heat sources by, among others, JAEGER (1943) for the mod-
eling of the residual stresses, where the respective input variables are derived from the cut-
ting process. For this purpose, the residual stress depth curves were determined analytically
by LAZOGLU ET AL. (2008), LIANG & SU (2007), and JACOBUS ET AL. (2000) for the orthogonal

process of different materials.

Regarding the residual stress modeling during the milling process, the possibilities have
been limited to date, as demonstrated by the approach of SU (2006) and SUET AL. (2013) for
flank and face milling of Ti-6A1-4V. The residual stress depth curves were predicted based
on the analytically determined cutting forces and temperatures. However, the predicted

residual stresses agreed only qualitatively with the measurement results.

WAN ET AL. (2017) developed a theoretical model to predict the residual stresses after pe-
ripheral milling. Their analytical model describes the internal stresses induced in the work-
piece by the mechanical load based on Hertzian contact theory. They used a 3D contact
model for the oblique cut to describe the contact conditions between the tool and the work-
piece. They divided the load distribution into the force component acting in the shear zone
and the ploughing force due to the rounded cutting edge. The coefficient of friction was
determined purely analytically. The results of the analytical modeling were validated with
the aid of an FEM simulation. The analytical model required four hours to calculate the
residual stress curves, whereas the FEM model required two weeks. The theoretical simu-
lation results demonstrate high tensile residual stresses on the surface, which is unusual for

milling operations.
3.3.4 Hybrid models

NESPOR (2015) used a hybrid approach to calculate the residual stresses, incorporating an
analytical as well as an empirical input from the ball-end milling of Ti-6Al-4V. He deter-
mined the depth and the corresponding residual stress value at the global minimum. By

combining the empirical data with the analytical equation of the Herztian pressure, the
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residual stress curves were calculated in good agreement with the measured residual stress
depth curves. However, this approach has not yet been applied to the peripheral milling of
Ti-6Al-4V.

YANG ET AL. (2016) determined the residual stresses using a combination of FE modeling
and statistical methods for peripheral milling of Ti-6A1-4V. A variable chip thickness was
assumed in the FE simulation to represent the kinematics of the milling process. The simu-
lated residual stress depth curve was calculated using an exponentially damped cosine func-
tion. The study showed a good agreement between the experimental data and the results

generated by the hybrid model.

3.4 Conclusion and need for action

Influences of the machining process on the residual stress state

Building on the foundations in Chapter 2, Chapter 3 described the state of the art regarding
the residual stresses after machining of Ti-6Al-4V. Section 3.2 provided a comprehensive
overview of existing findings regarding the residual stress state after the machining of tita-
nium alloys. Various publications have been issued in this area of research for different
machining processes in recent years. During the machining process, a change in the residual
stress state in the sub-surface can be caused by thermo-mechanical effects. In addition, it
has been demonstrated that mechanical effects are mainly responsible for the residual stress
change during the machining of Ti-6Al-4V. This was explained by the low thermal con-
ductivity of the material, which limits the dissipation of heat during machining. Conse-
quently, thermal effects generally have a minor influence. A large part of these research
works deals with the influence of the process parameters on the residual stress state (cf.
Sub-section 3.2.2). Due to the variation in the process kinematics, the different tool geom-
etries, and the variety of the selected process parameters, the findings on the resulting re-
sidual stresses cannot directly be transferred to the peripheral milling process and are even
to some extent contradictory. In addition, the effect of the microgeometry of the cutting
edge has been studied (cf. Sub-section 3.2.3). The cutting-edge radius significantly influ-
ences the resulting residual stresses, independent of the process. The effect of the tool mi-
crogeometry on machining of titanium remains unexplored. In addition, there are only a
few studies on the influence of the process parameters and the microgeometry, which con-

sider the peripheral milling process.

The influences of the process parameters and the tool microgeometry in terms of the cut-

ting-edge radius r3 are qualitatively summarized in Figure 3-1.
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The consensus on machining-induced residual stresses is that they become more tensile or
change from compressive to tensile at the surface when the cutting speed v, the feed per
tooth £ or the uncut chip thickness 4, and the depth or width of cut &, or a, are increased,

although there is a non-negligible number of researchers claiming the opposite of these

findings.
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The relative influences of the process parameters and the cutting-edge radius
on the residual stresses during the machining of Ti-6Al-4V

Figure 3-1:

Residual Stress Modeling

The modeling and simulation of metal-cutting-operations has become very widespread to-
day, with many researchers developing and/or using models to calculate the residual stresses
during machining. The effectiveness of these models in predicting the relationship between

the metal-cutting process and the resulting residual stress depends to a large extent on the
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accuracy of the models and the quality of the used input parameters. Section 3.3 focused on

the methods of modeling the residual stresses in milling processes.

Empirical models generally offer the possibility of modeling relationships between the pro-
cess parameters and the resulting residual stresses. In this context, investigations were con-
ducted concerning the residual stress change as a function of the process parameters, the
tool geometry, and the tool wear as well as the material properties. The models are suitable
for quickly and reliably predicting effects in complex applications. However, the methods
lack a physical basis for explaining the mechanisms occuring during machining. Further-
more, empirical models are only valid in the experimentally investigated parameter range

and cannot be transferred to other processes or materials.

Numerical simulation approaches, which are mostly based on the finite element method,
can be used to determine the resulting residual stresses without conducting experiments.
However, FEM-based simulations usually require considerable time. The calculated results
are generally close to the experimentally determined residual stresses. The quality of the
results is strongly dependent on the material model used, which has to be calibrated exper-
imentally. Therefore, FEM-based simulation models continuously focus on calibrating the
parameters of the material constitutive model (commonly the Johnson—Cook material
model) or the flow stress data using experimental and simulation results. Using improved
material constitutive models and elasto-viscoplastic deformation, detailed simulations of
the chip formation and other physical phenomena during machining can be achieved. The
disadvantage of numerical modeling approaches is the high computational time required to

simulate a short machining time under different machining conditions.

The use of analytical approaches usually requires a simplification of the process. Therefore,
there is a risk of the modeling results deviating significantly from the effects that occur
during the actual process. In addition, material changes, including microstructural changes
due to plastic deformation, cannot be represented by analytical models (JAWAHIR ET
AL. 2011). However, analytical models are based on physical principles and can thus repro-
duce many phenomena better than purely empirical methods. Another advantage of ana-
lytical modeling approaches is the computation time being lower than that of numerical

simulations.

Hybrid approaches offer considerable potential for determining residual stresses in the pe-
ripheral milling of Ti-6Al-4V. They combine the advantages of the individual modeling
methods. In this context, for example, the long computation time of numerical models can
be considerably reduced. However, up to the writing of this dissertation, no experimentally
supported or validated hybrid model existed to describe the residual stress variation due to

the peripheral milling process of Ti-6A1-4V.
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The prevalent research deficit is summarized below. The following remarks refer to the
state of the art at the respective time of the publications issued according to the research

findings described in Chapter 6 of this dissertation.

e Few studies describe the effects of the process parameters on the residual stress
change for different machining processes. It is known that changes in the process
parameters and the microgeometry affect the resulting residual stress state in the
sub-surface. However, these influences have not yet been quantified comprehen-

sively for the peripheral milling process.

e The change in residual stresses during machining is caused by thermo-mechanical
effects. In the literature, compressive residual stresses in the sub-surface have been
demonstrated for different processes after the machining of Ti-6Al-4V, which can
be attributed to mechanical effects. For peripheral milling, there is no detailed ex-
perimental observation of the occurring forces and temperatures and their relation-

ship with the machining-induced residual stresses.

e The influence of the cutting-edge microgeometry has been investigated by compar-
atively few studies. Here, the cutting-edge radius was identified as the most consid-
erable variable concerning the residual stress change. However, no comprehensive
study has investigated tool wear in the form of the increasing cutting-edge rounding

during the peripheral milling of Ti-6Al-4V.

e Several works have considered the modeling of residual stresses for different ma-
chining processes. Hybrid method-based simulation models for predicting machin-
ing induced residual stress profiles seem to be the most promising research approach,
considering the recent advances. No model has considered the influence of the pro-
cess parameters that affect the resulting residual stresses in the sub-surface. In addi-
tion, a simplified 2D geometry of the manufacturing process is usually considered,

which means that the peripheral milling process cannot be represented.

e Although some studies have been reported on the effects of the tool edge geometry
during the machining of Ti-6Al-4V, the influence of the cutting-edge radius varia-
tion on obtaining favorable machining-induced residual stresses has not been ex-

plored well.

This dissertation aims to enable the determination of the residual stress state in the sub-
surface of Ti-6Al-4V during peripheral milling using a model. The abovementioned unre-
solved issues define the need for action and provide the basis for the research approach,
which is presented in the following chapter and was pursued over the course of this publi-

cation-based doctoral thesis.
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4 Research Approach

4.1 Chapter Overview

This chapter outlines the scientific objectives of this thesis and the pursued research ap-
proach in Chapter 6. Chapter 3 serves as the foundation. In Section 4.2, the scientific objec-
tive is initially specified, leading to the derivation of sub-objectives (SO). These sub-objec-
tives constitute the framework for the methodical approach presented in Section 4.3. The
integration of the five publications, which form the research core of this work, into the

methodology is also provided in this context.

4.2 Scientific objective

The overall objective of this work is to determine the relationship between the process pa-
rameters and the process variables affecting the resulting residual stress state during periph-
eral milling of Ti-6Al-4V. In this context, an optimized choice of the process parameters
should lead to the highest possible compressive residual stress state, as the service life of the
component can be consequently increased (cf. Section 2.5). In addition, the microgeometry
of the cutting edge is expected to have a considerable effect on the machining-induced re-
sidual stresses (cf. Sub-section 3.2.3). Depending on the material, the thermo-mechanical
workpiece loads that occur during machining and their effects on the sub-surface of
Ti-6Al1-4V will also be investigated. These interactions are to be experimentally validated
and modeled to derive quantitative findings on the machining-induced residual stresses

during the peripheral milling of Ti-6Al-4V.

Understanding the residual stress state induced during milling machining would allow ef-
fective component-specific design and machining, which would consistently improve part
quality in terms of service life. Therefore, this work aims to determine the residual stresses
generated during peripheral milling of Ti-6A1-4V workpieces. Four sub-objectives (SO) can
be derived, which characterize the need for action identified in the preliminary stages of

this work (cf. Section 3.4) and are listed below:
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SO1: Identification of the significant influencing variables affecting the residual stress

state in the sub-surface

The state of the art indicates that the influencing variables affecting the residual stress state
in Ti-6Al-4V during machining are contradictory and not sufficiently known. The investi-
gated values are the process parameters for the peripheral milling process as well as the

cutting-edge radius.

SO2: Characterization of the thermo-mechanical load on the sub-surface during the pe-

ripheral milling process, considering the significant influencing variables

Measurements of the thermo-mechanical workpiece load during the peripheral milling pro-
cess with variations in the significant influencing variables are required to predict the ma-
chining-induced residual stresses. Accordingly, the fundamental physical effects have to be
explained. The aim was therefore to use a sensory tool holder for the in-process measure-
ment of the process forces and temperatures during the milling process. These process var-
iables subsequently serve as input variables for determining the thermo-mechanical work-
piece load. The residual stresses can be calculated based on the thermal and mechanical

stresses in the sub-surface.

SO3: Determination of the cause—effect relationships between the tool microgeometry

and the residual stresses

The microgeometry of the cutting edge influences the resulting residual stress state. For this
purpose, models had to be developed that also consider the cutting-edge radius. The micro-
geometry of the cutting edge has to be calculated to determine the exact contact conditions
between the tool and the workpiece. A suitable method which can be used in parallel to the

process, has to be identified.

SO4: Determination of the residual stresses in the sub-surface based on the significant

process parameters and the tool microgeometry

The physical principles that determine the residual stresses due to the thermo-mechanical
load on the workpiece have to be defined. Subsequently, suitable models should be estab-
lished based on this knowledge and considering the tool microgeometry to reliably calculate

the residual stress depth curves.

48



4.3 Methodology and integration of the publications

4.3 Methodology and integration of the publications

This section provides a classification of the publications written during the author's research

activities based on their thematic focus with regard to the research objectives formulated

in Section 4.2. The classification and the integration of the publications into the methodol-

ogy are summarized in Figure 4-1, whereas a more detailed description of the core research

findings is provided in Section 6.2. The section describes the need for action from a per-

spective as it existed prior to this research work.

SO1

SO2

SO3

Experimental study

First, process investigations for peripheral milling of Ti-6Al-4V are required. In this
experimental study, the process parameters, which significantly affect the residual
stress state, have to be identified. Subsequently, a sensitivity analysis has to be per-
formed to quantify the influence of the individual process parameters. In addition,
the effect of different cutting-edge radii on the residual stress state has to be ana-
lyzed. Furthermore, the microstructure of the Ti-6Al-4V samples has to be charac-
terized. The results will provide the basis for further investigations. This experi-
mental study is represented in Publication P1 and P2 as part of the methodical pro-

cedure shown in Figure 4-1 and addresses SO1, which was introduced in Section 4.2.
Experimental thermo-mechanical research

Subsequently, experimental investigations of the thermo-mechanical workpiece
load during the peripheral milling process have to be conducted. A study using con-
ventional measuring methods and a sensory tool holder to record the temperatures
and cutting forces is to be provided. Here the process values are to be investigated
by changing the identified significant process parameters. The aim is to determine
the relationship between the occurring temperatures and forces and the resulting
residual stress state. The relevance of the respective effect is investigated (cf. Sub-
section 6.2.3). These investigations are presented in the framework of Publication
P3 and address SO2.

Determination of the cutting-edge radius

Publication P4 provides the results that contribute to SO3. The objective is the de-
velopment of a model to determine the cutting-edge radius during the milling pro-
cess. For this purpose, investigations regarding the change in the cutting-edge radius
during the process have to be conducted. The parameter range of the significant

process parameters identified in P1-P3 must be representable in the model. The
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modeling of the cutting-edge radius and the comparison of the results with experi-
mental measurements have to be executed. The results can extend the knowledge
about the change in the cutting-edge microgeometry and the influence on the ma-

chining-induced residual stresses during the peripheral milling process. The devel-

opment of the model discussed above is presented in Publication P4.

SO1

Experimental study

identification of a suitable parameter space

determination of qunatitative relationships between the process parameters
and the machining-induced residual stresses

guantification of the effect of different cutting-edge roundings

S02

—

Experimental thermo-mechanical research

in-process measurement of the process variables
determination of quantitative relationships between the process variables and
the resulting residual stresses

S03

—

Determination of the cutting-edge radius

description of the relationship between the cutting-edge radius and the process
forces
model-based determination of the cutting-edge radius

S04

=

Modeling of the mechanical load and residual stresses

modeling of the mechanical load on the sub-surface during metal cutting
calculation of the machining-induced residual stresses in peripheral milling of
Ti-6Al-4V

Figure 4-1:

The methodical approach and the thematic classification of Publication P1-
P5 regarding the sub-objectives (SO) defined in Section 4.2

SO4 Modeling of the mechanical load and the residual stresses

The modeling of the mechanical load on the sub-surface and the remaining residual
stress state after peripheral milling is addressed in Publication P5 and contributes to

SOA4. In this context, an efficient and reliable modeling approach is required to de-
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termine the residual stresses. Currently employed empirical, analytical, and numer-
ical modeling methods are usually inaccurate and require a high number of experi-
ments for their calibration and validation (cf. Section 3.4). In addition, most model-
ing approaches consider only two-dimensional (2D) machining processes (e.g., or-
thogonal external longitudinal turning). Therefore, a hybrid modeling method must
be implemented to calculate the residual stresses due to the 3D peripheral milling
process, considering the process kinematics, size effects due to different cutting-edge
radii, and the material properties of Ti-6Al-4V. For this purpose, the results from P4
serve as input variables. To calibrate the model, a 2D in-situ test setup is to be used
to investigate the cause—effect relationships in the process zone. Digital image cor-
relation (DIC) is to be used to determine the equivalent Hertzian contact length, the
contact pressure, and the friction coefficients. The mechanical load on the work-
piece is calculated based on these input variables. These measurements are subse-
quently utilized to determine the plastic deformation in the sub-surface. By geomet-
rically converting the 2D modeling approach to the 3D peripheral milling process,
the resulting residual stress state after the machining of Ti-6Al-4V can be deter-

mined.
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5 Experimental procedure

Experimental machining tests were conducted to determine the significant parameters in-
fluencing the surface topography and the residual stresses. The description of the utilized
machine technology, material, and tools, as well as the employed sensory tool holder, is
provided in this chapter. If the test methods differ, for example in the case of analogy tests,

that is described separately in the respective chapter.

5.1 Experimental Setup

Milling Machine

For the experimental milling tests, a five-axis machining center (Grob, type G350T, 2™

generation) was used. The specifications of the machining center are summarized in Figure
5-1.

G350T-5-axis universal mill-turn
machining center

axes traverses:
x-/y-/z-axis = 600 x 855 x 750 mm?

motorized spindle:
n = 16,000 min?
max
P =32 kW
max
M =206 Nm
max
tool system:
HSK-A/T63

tool change for 117 tools

NC control:
Siemens 840d

Fijgure 5-1:  Specifications of the 5-axis universal mill-turn machining center Grob
G350T
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Workpiece

Plates of semi-finished Ti-6Al-4V were used for the experiments. The material was hot
rolled according to aerospace standards (Grade 5, material number 3.7164, according to
ASM 4911 specified by the manufacturer), vacuum straightened, descaled, pickled, and sub-
sequently stress-relieved to reduce residual stresses. The base material exhibits a purely bi-

modal o+B-microstructure.

Table 1 lists the chemical composition of the Ti-6A1-4V alloy used in this work according
to SPIER ET AL. (2009). The chemical compositions in Table 1 were verified using energy-
dispersive X-ray spectroscopy (EDX) and it turned out that they were within the specified
limits. The material properties of Ti-6Al-4V are listed in Table 2 and are based on the find-
ings of SPIER ET AL. (2009) and ROOS ET AL. (2017).

Table 1: Chemical composition of Ti-6AI-4V in weight percent (SPIER ET AL. 2009)
Ti Al \% N 02 Fe C Rest

>87.7 | 550-6.75 | 350-450| <0.05 | <0.20 | <0.40 | <0.08 | max.0.40

Table 2: Material properties of Ti-6AI-4V (SPIER ET AL. 2009, ROOS ET AL. 2017)

Description Abbreviation Value Unit
Modulus of elasticity E 108 GPa
Yield strength Ryo.2 989 MPa
Tensile strength Ry 1,016 MPa
Thermal conductivity Ari 6.30 W/(mK)
Mean specific heat capacity Com 565.2 JK/kg
Mean coefficient of thermal expansion arm 8.15 10¢/K
Density p 4,430 kg/m?
Tools

For the experimental investigations according to the incorporated publications in Chapter
6, end-milling tools were used. Their most important characteristics are summarized in Fig-
ure 5-2. The tools were mounted in a hydraulic expansion chuck, ensuring minimal runout

and excellent clamping stability.
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cutting force measurements

b
D
I
3 L cutting edge

type solid carbide end mill number of teeth z=4
manufacturer MAPAL helix angle f=40°
designation OptiMill-Titan-HPC clearance angle a=6°
diameter D=12 mm rake angle y=11°
total lenght L =83 mm cutting-edge radius = 5 um
cutting length L,=26 mm coating none

Figure 5-2:  Used solid carbide end mills

5.2 Test setup for the cutting force measurements

A variety of measuring methods for determining the residual stress state are available,
which rely on different physical effects. Most of the measuring techniques cannot be effec-
tively applied during the milling process due to a complex system-technology. Measure-
ment principles based on the ferromagnetic behavior of the material are also unsuitable for

Ti-6A1-4V due to its non-ferromagnetic nature.

Therefore, an alternative approach was employed for this work by implementing in-process
measurements of the cutting forces using a sensory tool holder. Accordingly, this system

was developed and integrated into the experimental setup, as shown in Figure 5-3.

X (F—Z

Y tool

sensory tool holder

spindle

Ti-6Al-4V workpiece

workpiece clamping

O

Y

machine table ~ data receiver

S S

Figure 5-3:  Experimental setup using the sensory tool holder for the in-process measure-

ment of the cutting forces based on WIMMER ET AL. (2023)

The tool holder comprises a hydraulic expansion chuck, in which the sensors, the data
transmission unit, and the power supply are integrated. Using two strain gauges attached to

the tool holder, the applied bending moment on the tool can be measured at two positions.
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These measured variables can be converted into the respective process forces during ma-
chining. In addition, a strain gauge on the chuck was used to measure the torsional moment
applied to the tool shank. The strain gauges require a one-time calibration before measure-
ment. The measured values can be recorded with a sampling rate of approximately 2 kHz
and a resolution of up to 12 bits, ensuring high temporal and spatial accuracy for the rec-

orded data.
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6.1 Chapter overview

6 Research Findings

6.1 Chapter overview

Building on the methodological approach presented in Section 4.3, this chapter provides
the research findings obtained in the context of this work. The results are presented in the
form of short recapitulations of the author's publications. After a summary of each publica-
tion, the respective contributions of the authors are briefly explicated. A classification of

the core findings in relation to the state of the art is provided in Section 6.3.

6.2 Recapitulation of the embedded publications

6.2.1 P1: “Methodology for a model-based control of the boundary zone prop-
erties during milling of Ti-6A1-4V”

In Publication P1, "Methodology for a model-based control of the boundary zone properties
during milling of Ti-6Al-4V" (WIMMER ET AL. 2019), the general approach for determining
sub-surface properties during milling of Ti-6Al-4V was presented. Initially, the state of the
art was analyzed, including the definition of the sub-surface properties and the importance
of the residual stress state for the component’s service life. In addition, the mechanisms
influencing the residual stresses in the sub-surface due to the machining process were ana-
lyzed and described. The influences of the individual process parameters, the microgeome-
try of the tool, and the thermo-mechanical load on the machining-induced residual stresses

were discussed.

Experimental investigations of the peripheral milling process of Ti-6A1-4V were conducted
based on the state of the art. The cutting speed v, the feed per tooth £, and the radial depth
of cut a, were varied in a statistically validated experimental plan. In addition, the influence
of varying cutting-edge radii 73 on the residual stresses was analyzed. In the first step, the
process variables occurring in the milling process, the cutting forces, and the process tem-
perature were examined, and the employed measuring methods were described. The results
indicated that the force component in the y-direction, which is directed perpendicular to
the machined surface, possesses the highest value in the peripheral milling process. Fur-

thermore, an analysis of the kinematics of the peripheral milling process revealed that a
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large portion of the surface generated in a tool revolution is over-milled in the subsequent
cutter revolution. As a result, only a small part of the total force contributes to the formation
of the final surface. It was found that an increase in the radial depth of cut a,, the feed per
tooth £, and the cutting-edge radius r; led to an increase in the cutting forces. Conversely,
lower cutting forces were observed at higher cutting speeds. A maximum temperature of
206 °C was measured using thermocouples positioned in the workpiece 0.01 mm below the
machined surface. This occurred at high cutting speeds v of 70 m/min in combination with

a high cutting-edge radius r;.

Subsequently, a sensitivity analysis of residual stress measurements obtained via X-ray dif-
fraction was presented. The results demonstrated that the cutting-edge radius r and the
feed per tooth £ had the most significant effect on the change in residual stresses in the sub-
surface. For instance, increasing the cutting-edge radius r3 from 5.4 to 16.5 pm resulted in
a significant increase in compressive residual stresses. Similarly, increasing the feed per
tooth £ from 0.04 to 0.08 mm caused a shift of the residual stresses towards the tensile
residual stress range. In contrast, variations in the cutting speed v, from 30 to 70 m/min and
the radial depth of cut a, from 3 to 6 mm exhibited only minor effects on the residual stress

variation.

It was noted that the measured process forces and temperatures cannot be directly utilized
to predict the residual stresses, as no explicit correlation between these variables was iden-
tified. To describe the relationship between the process variables and the resulting residual
stresses, the thermo-mechanical effects within the sub-surface must be characterized. These
effects should account for the specific conditions of peripheral milling of Ti-6Al-4V. Exist-
ing modeling methods were critically evaluated for this purpose. Different cutting force
models were analyzed regarding their suitability for predicting residual stresses during the
peripheral milling of Ti-6Al-4V. In addition, modeling approaches capable of representing
the entire temperature field or heat flow within the material were reviewed, and the re-
quirements were defined. Furthermore, the limitations of existing modeling strategies were

identified.

In the context of Publication P1, the influences of the process parameters and the microge-
ometry of the cutting edge on the process variables and the resulting residual stresses was
systematically analyzed. The process investigations established a foundation for under-
standing the interaction between the peripheral milling process and the resulting residual
stresses in the titanium alloy Ti-6Al-4V. This paper also outlines the implementation of a
sensory tool holder to measure the cutting forces and temperatures during the machining

process. The measured values are intended for use as inputs in modeling the residual stress
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state of the sub-surface after machining. The sensory tool holder is described in more detail

in Publication P2 and was applied for Publication P4.
Contributions of the authors

Matthias Wimmer, the author of this thesis, developed the idea for the paper concept. He
planned the experiments and was responsible for the evaluation of the measurement data.
The manuscript was written by Matthias Wimmer and edited by Phillip Rinck, Robin
Kleinwort, and Michael F. Zaeh. All authors discussed and commented on the findings.
Matthias Wimmer presented the results in a talk at the 15 International Conference on

High Speed Machining (HSM) in Prague, Czech Republic, in 2019.
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6.2.2 P2: “The influence of the process parameters on the surface integrity

during peripheral milling of Ti-6A1-4V”

Publication P2 "The influence of the process parameters on the surface integrity during
peripheral milling of Ti-6Al1-4V" (WIMMER ET AL. 2020) builds upon the process investiga-
tions conducted for P1 to elucidate the modifications in sub-surface properties resulting
from the peripheral milling of Ti-6Al1-4V. The microstructure of the titanium alloy Ti-6Al-
4V was examined and characterized, and the chemical composition of the material, deter-
mined through spectrometry, was presented. Furthermore, the changes in the residual
stress state induced by thermo-mechanical loads during the milling process were analyzed
in more detail. Thermal effects were found to increase tensile residual stresses, whereas

mechanical effects primarily generated compressive residual stresses.

In this context, the principle underlying the X-ray diffraction method was thoroughly de-
tailed, and the applied parameters were presented. Additionally, the measurement of resid-

ual stresses in the sub-surface was conducted using electrochemical layer-by-layer etching.

Throughout the main section of Publication 2, the process parameters — specifically, the
feed per tooth £, and the cutting speed v, — were varied at smaller increments compared to
P1. The radial depth of cut a, was kept constant, as it had no significant influence on the
residual stresses, as shown in P1. The measured residual stress curves in the depth direction
revealed that the compressive residual stresses in the feed direction were lower than those
in the axial direction. The results confirmed the findings from P1, with the residual stresses
at the surface in both directions exhibiting slightly higher tensile values. Moreover, the
characteristic residual stress profiles showed a distinct zero-crossing point at a depth of ap-
proximately 250 pm. Maximum compressive residual stresses at the surface were achieved

by combining a low cutting speed v, with a small feed per tooth .

Additionally, the design and function of the sensory tool holder presented in the approach
according to P1 were described in detail. This tool holder, developed in collaboration with
MAPAL Dr. Kress KG, Aalen, Germany, enables the in-process measurement of cutting
forces and temperatures. It consists of a hydraulic expansion chuck for mounting the cutting
tool, with strain gauges integrated at orthogonal orientations (90°) to measure strain, which
is subsequently converted into the respective cutting force components. The temperature
measurements were conducted using a thermocouple with a diameter of 5 mm, positioned
in a centered hole in the rotating tool, with the tip extending to the tool-center-point. The
energy supply for the sensory tool holder was provided by a rechargeable battery, and data

were transmitted wirelessly at a sampling rate of 2 kHz via WiFi.
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In the outlook of Publication P2, it was emphasized that determining the residual stresses
during the peripheral milling of Ti-6Al-4V requires a detailed understanding of the thermo-
mechanical loads applied to the workpiece. To model the resulting residual stresses, it is
necessary to establish the relationships between the process parameters, the process varia-

bles, and the residual stress state.
Contributions of the authors

Matthias Wimmer planned, coordinated, and executed the experiments. Vanessa Weisbrodt
assisted with the experiment execution as part of her master’s thesis. Matthias Wimmer and
Muhammed Zubair Shahul Hameed analyzed the experimental data and collaborated on
discussing the findings. The manuscript was written by Matthias Wimmer, Muhammed
Zubair Shahul Hameed, and Christoph Woelfle. Ewald Werner, Christian Krempaszky,
Thomas Semm, and Michael F. Zaeh edited the publication. All authors commented on the

results.
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6.2.3 P3: “The influences of process parameters on the thermo-mechanical
workpiece load and the sub-surface residual stresses during peripheral
milling of Ti-6A1-4V”

Publication P3, "The influences of process parameters on the thermo-mechanical workpiece
load and the sub-surface residual stresses during peripheral milling of Ti-6Al-4V" (WIMMER
ET AL. 2021) addresses the effect of the process parameters on the process variables in terms
of the cutting forces and the temperatures that occur during the peripheral milling of
Ti-6Al1-4V. The interactions between these process variables and the resulting residual

stresses are analyzed.

The concept underlying the modeling method used for P5, which calculates the thermo-
mechanical stresses based on the process variables, is introduced. Cutting forces generate
mechanical stresses, while elevated process zone temperatures induce thermal stresses in
the sub-surface. The total elastic stress results from the combined thermo-mechanical
stresses, and the residual plastic deformation, along with the corresponding residual

stresses, is derived from the sum of these thermo-mechanical stresses.

The sensory tool holder presented in P2 was employed to measure the cutting forces and
temperatures at the tool’s end during peripheral milling. Simultaneously, established meth-
ods were applied to measure process variables on the workpiece side. For this purpose, five
thermocouples (diameter of 0.5 mm) were positioned 0.01 mm away from the machined
surface. In addition, the cutting forces were recorded using a dynamometer of the type
Kistler 92578.

For the temperature measurement, experiments involving different feeds per tooth £ rang-
ing from 0.04 to 0.08 mm and cutting speeds v, ranging from 30 to 40 mm/min were per-
formed. The radial depth of cut a, was kept constant based on the findings from P1. The
temperature measurements in the process zone revealed low values, not exceeding 140 °C.
Comparing these temperature measurements with the residual stress data indicated no cor-
relation between them, confirming the findings of NESPOR (2015), who demonstrated that
tensile residual stresses only arise at a critical temperature exceeding 480 °C. The residual
stress depth profiles predominantly exhibited compressive stresses, suggesting that mechan-
ical effects dominate over thermal effects. In this context, the measured cutting forces were
also compared to the residual stresses, but no correlation between the surface residual
stresses and the process forces was identified. Consequently, the process forces are unsuita-

ble for describing the residual stress evolution during the peripheral milling of Ti-6Al-4V.

The simulation of the cutting forces using the model according to ALTINTAS (2012) demon-

strated that the cutting force can be calculated for various process parameter combinations.
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However, changes in the cutting-edge radius s3 due to tool wear significantly affected the
process forces. Conventional cutting force models are incapable of considering this effect.
The process investigations from P1 confirmed that the cutting-edge rounding has the most
significant effect on the resulting residual stresses. In this context, an increase in the cut-
ting-edge radius r3 leads to higher ploughing forces £, during machining, emphasizing the
importance of the microgeometry of the tool during peripheral milling. This aspect is fur-

ther explored in P4.
Contributions of the authors

Matthias Wimmer planned, coordinated, and executed the experiments. He provided the
input data and programmed the cutting force model. The data were analyzed by Matthias
Wimmer and Christoph Woelfle, who also collaborated on drafting the manuscript and
elaborated on the findings together. Christian Krempaszky and Michael F. Zaeh edited the
manuscript. All authors discussed the findings and provided comments on the results. Mat-
thias Wimmer presented the results in a talk at the 18™ CIRP Conference on Modeling of
Machining Operations (CIRP CMMO) in Ljubljana, Slovenia, in 2021.
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6.2.4 P4: “Determination of the Cutting-Edge Microgeometry Based on Pro-
cess Forces during Peripheral Milling of Ti-6Al-4V Using Machine

Learning”

Publication P4, “Determination of the Cutting-Edge Microgeometry Based on Process
Forces during Peripheral Milling of Ti-6Al1-4V Using Machine Learning” (WIMMER ET
AL. 2023), introduces a model for predicting the tool wear through in-process cutting force
measurements. The influence of variations in the cutting-edge radius r; on the force behav-
ior and the machining-induced residual stresses was investigated experimentally. The re-
sulting database was utilized to implement a machine learning (ML) algorithm for deter-
mining the hidden value of the tool wear. The predictions were validated through milling
experiments using tools with specifically prepared cutting edges under different process
parameters. The objective was to predict the cutting-edge radius s3 based on the measured

cutting forces.

The paper introduces a novel artificial intelligence approach that leverages the relationships
between the process parameters, the cutting-edge radius, and the measured cutting forces.
Experiments were conducted with feed per tooth values £ ranging from 0.04 to 0.08 mm to
generate a dataset comprising the process parameters v, 4, and £, the measured process
forces in the Cartesian directions £, £, and £, and the measured cutting-edge radius r3. A
tool holder equipped with integrated sensors (described in P2) was employed to measure
the forces during peripheral milling. Signal processing and data analysis were used to extract
characteristic values such as average forces. The cutting-edge radii were determined using
a laser scanning microscope (KEYENCE VK-X1050, Osaka, Japan) and extracted from the
resulting profiles. The pre-processed force data and the process parameters were used as

input variables, with the cutting-edge radius assigned as the output variable.

The experiments revealed that the average forces increased with higher £, values, starting
with an initial cutting-edge radius 73 of 5 um (sharp tool). The cutting force components in
the x- and z-direction showed slight increases with milling length, while the most signifi-
cant impact of the tool wear on the force behavior was observed in the cutting force com-
ponent /. Uniform wear behavior was noted among the individual cutting edges. The cut-
ting-edge radius increased with the milling length for all tested feed per tooth values £ (0.04
mm, 0.06 mm, and 0.08 mm). After 35 m of milling, the maximum cutting-edge radii were
measured as 31 pm for a feed per tooth £ of 0.04 mm, 43 um for 0.06 mm, and 54 um for
0.08 mm.
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Machine learning algorithms were applied to the pre-processed data to identify the rela-
tionships between the cutting forces £, £, and F, and the cutting-edge radius r for differ-
ent feed-per-tooth values. A multilayer perceptron (MLP) algorithm, based on the frame-
works of MURPHY (2012) and BisHOP (2006), was utilized as a universal function approxi-
mator. Various architectures were tested, and the performance was assessed using the root
mean square error (RMSE). The best results were achieved with an MLP employing an L-
BFGS solver and a tanh activation function. The cutting-edge radius r3 was predicted with
an RMSE of 8.94 ym, with the £ force component demonstrating the highest predictive
capability.

To validate the prediction model, additional experiments with eight tools featuring cutting-
edge radii ranging from 5 + 1 ym (new tool) to 60 + 1 um were conducted. The cutting
speed v and the radial depth of cut a, were held constant, while the feed per tooth £, was
varied from 0.04 to 0.08 mm in steps of 0.2 mm. The residual stresses on the machined
surface were measured using X-ray diffraction (Stresstech Xstress3000, Vaajakoski, Fin-
land). The objective was to expand the experiments performed in P1 to determine the quan-
titative relationships between the cutting-edge rounding and the machining-induced resid-
ual stresses. Defined cutting-edge radii were prepared to investigate their effects systemat-

ically.

The residual stress measurements demonstrated compressive residual stresses on the ma-
chined surfaces. The magnitude of the compressive residual stresses perpendicular to the
feed direction o, and in the feed direction o increased with higher cutting-edge radii. For
a feed per tooth of 0.04 mm, the residual compressive stresses perpendicular to the feed
direction increased from 114 MPa with a cutting-edge radius of 5 um to 289 MPa with a
cutting-edge rounding of 60 um. The resulting compressive residual stresses in the feed di-
rection changed from 52 MPa to 253 MPa. Higher feed per tooth values reduced the maxi-

mum compressive stresses for the same cutting-edge microgeometry.

The developed prediction model, combined with the residual stress measurements, provides
insights into the effects of cutting-edge microgeometry changes due to tool wear on the
process forces and the residual stresses during peripheral milling of Ti-6A1-4V. The residual
stresses in the sub-surface of the workpiece are influenced by the process parameters and
the cutting-edge microgeometry. The predicted cutting-edge radii served as input variables

for the model-based determination of the residual stress states later presented in P5.
Contributions of the authors
Matthias Wimmer developed the idea to predict the cutting-edge radius based on the meas-

ured process forces using ML methods. He was responsible for the experimental design and
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execution, prepared the milling tools with different cutting-edge radii, and conducted the
peripheral milling tests. Matthias Wimmer evaluated the measured data. The manuscript
was written by Matthias Wimmer and edited by Roman Hartl and Michael F. Zaeh. All

authors discussed the data and commented on the results.
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6.2.5 P5: “In-Situ Characterization and Modeling of Machining-Induced Re-
sidual Stresses in Peripheral Milling of Ti-6A1-4V with Rounded Cutting
Edges”

Publication P5, “In-Situ Characterization and Modeling of Machining-Induced Residual
Stresses in Peripheral Milling of Ti-6Al-4V with Rounded Cutting Edges” (WIMMER ET AL.
2024), presents a semi-analytical model for determining the resulting residual stresses after
peripheral milling of Ti-6Al-4V. For this purpose, a hybrid approach based on physical
principles is presented for the efficient calibration of a 2D model of the machining-induced
residual stresses, utilizing the digital image correlation (DIC) analysis of in-situ-character-
ized displacement fields in the sub-surface (SCHOOP ET AL. 2022). Correlations between the
two-dimensional process parameters, the cutting-edge radius, and the input variables of the

model were determined analytically based on the experimental data.

First, the experimental characterization method was presented, in which the relevant input
parameters were determined using an in-situ test setup. The high-speed in-situ images were
analyzed using DIC. While most efforts focused on continuous flow (finite/large strain)
through the primary and tertiary deformation zones, DIC was used to study nanometric
subsurface deformations, which significantly influence the residual stress distribution. The
principle underlying this specialized DIC technique is based on a two-step approach, which
was first proposed by TAUSENDFREUND ET AL. (2015), for analyzing sub-surface deformation

fields in milling.

The equivalent (quasi-elastic) Hertzian contact length 2a, the friction coefficients 1, and
the contact pressure p, for different feeds per tooth £ and uncut chip thicknesses 4 were
determined based on the shear angle and the cutting forces. The experimental setup with
its linear axis was equipped with an ultrahigh-speed camera and ultrahigh-intensity LED
lighting to capture the deformation of the sample microstructure due to the cutting process.
This experimental setup was specifically developed to investigate the sub-surface during
finishing processes and to analyze strain localization. A detailed characterization of the dy-
namic material behavior and the elasto-plastic deformation was performed using various
cutting-edge radii (cf. P4). The experimentally determined variables and the material prop-
erties of Ti-6Al-4V (hardness, flow stress, Poisson's ratio, and Young's modulus) used to
describe the elastic material behavior provided the input parameters for the semi-analytical

model.

In the hybrid model, the 2D residual stresses were first calculated using the tractional slid-
ing Hertzian contact model (MERWIN & JOHNSON 1963). These calculations were subse-

quently extended to the 3D peripheral milling process by incorporating the tool geometry
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and the kinematics. By considering the physical fundamentals of the process, Publication
P5 demonstrates an experimentally calibrated approach validated against measured residual
stresses. A correlation between the proposed 3D model and validation data was found to be
within the margin of experimental error for most conditions. The proposed model ade-
quately captures the overall behavior of 3D residual stress depth profiles with acceptable
accuracy, particularly the key metrics of the near-surface stress, the peak stress magnitude
and location, as well as the overall residual stress depth dis. The maximum RMSE was
29.87 MPa.

Contributions of the authors

Julius Schoop proposed the development of a semi-analytical model to evaluate the result-
ing residual stresses. Matthias Wimmer provided the experimental data, uncluding the cut-
ting force measurement results, DIC images, and details regarding the milling process di-
mensions. Matthias Wimmer and Julius Schoop conducted the simulation studies and opti-
mized the model parameters. Matthias Wimmer developed the 3D residual stress model,
with support from Julius Schoop during the model’s development. The data was analyzed
by Matthias Wimmer and Julius Schoop, who also collaborated on drafting the manuscript.
Michael F. Zaeh edited the manuscript. All authors discussed the findings and provided

comments on the results.

6.3 Discussion of the findings

In this section, the results obtained and leading to Publication P1-P5 are briefly discussed,
with a focus on their main contributions to the knowledge base when compared to the most
relevant works from the state of the art. As shown in Figure 6-1, the publications can be
categorized according to the values investigated during machining, the field in which they
have contributed to knowledge and how the machining-induced residual stresses in the
sub-surface of Ti-6A1-4V are determined. These investigated values are the process param-
eters, the microgeometry of the cutting edge, and the process variables. The publications in
the field of residual stress modeling during the machining of Ti-6A1-4V can be sub-classified
according to their modeling method. As described in Section 3.3, there are various ap-
proaches available to determine the residual stress state after machining. Furthermore, the
effective interactions between machining and the resulting residual stresses in the sub-sur-
face of Ti-6Al-4V were investigated for different machining processes. This is presented in
Figure 6-1 using different background colors for the selected research contributions (gray

for peripheral milling and blue for other processes).
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Figure 6-1:  The classification of Publication P1-P5, arranged according to their respec-
tive investigated process parameters/values, and the modeling method, also
considering the closest publications from the previous state of the art (cf.
Chapter 3)

Publications P1 and P2 of this dissertation can be mainly assigned to the research field of
residual stresses after titanium machining. Section 3.2 confirms that the state of the art in-
corporates studies on the influences of the process parameters on the machining-induced
residual stress state of Ti-6A1-4V with contradictory findings. In this regard, it was experi-
mentally demonstrated in P1 that the cutting-edge radius has the most significant influence
on the change of residual stresses in peripheral milling. Previously, this effect was only
studied for ball-end milling by NESPOR (2015) and orthogonal slot milling by WYEN ET
AL. (2013). In P2, the influences of the cutting speed and the feed per tooth on the residual
stresses were investigated, which led to different results in comparison to experimental
studies by SUN & GUO (2009) and YANG ET AL. (2019). Specifically, the considerations of the
influence of the microgeometry of the cutting edge on the residual stress state go beyond
the state of the art (cf. Sub-section 3.2.3). Therefore, P1 and P2 fulfill the scientific subgoal
SO1 defined in Section 4.2.
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Publication P3 of this dissertation provided results that experimentally explain the thermo-
mechanical effects during peripheral milling of Ti-6Al-4V on the residual stress state. In
this context, the process variables were measured simultaneously with the process using a
sensory tool holder and compared with the resulting residual stresses. No direct correlation
between the thermal effects and the resulting residual stress state was detected in peripheral
milling. In this respect, the findings of NESPOR (2015) for ball-end milling and
ABBOUD (2015) for orthogonal external longitudinal turning were confirmed, which both
independently proved that the temperatures occurring in the process zone are too low to
cause phase transformations, respectively tensile residual stresses. The comparison of the
process force measurements with the resulting residual stress data revealed that the cutting
forces are not suitable for model-based descriptions of the resulting residual stresses and
confirm the findings of NESPOR (2015) for ball-end milling. Thus, the main reason for the
change in residual stresses during peripheral milling is to be seen in mechanical effects.
These are strongly dependent on the relationship between the uncut chip thickness, the
cutting-edge radius, and the resulting ploughing forces. Therefore, the scientific Sub-objec-
tive SO2 is fulfilled, which concerns the determination of the relationships between the

process variables and the resulting residual stresses.

Publication P4 contributed to a more profound understanding of the change in the cutting-
edge radius due to tool wear during the peripheral milling process and the effect on the
machining induced residual stresses. Thematically related research includes that by
NESPOR (2015) and WYEN ET AL. (2013), who empirically determined the effect of the cut-
ting-edge radius on the residual stresses. However, P4 differs from that by combining the
measurement of process forces by applying a data-driven approach to determine the current
cutting-edge radius existent during the process. In this context, an in-process modeling ap-
proach that uses a sensory tool holder was presented. Therefore, the formulated require-

ments of the scientific Sub-objective SO3 were fulfilled in P4.

Publication P5 provides a model for determining the resulting residual stresses during pe-
ripheral milling of Ti-6Al-4V with different cutting-edge radii. A semi-analytical approach
was chosen, which is based on the basic idea of NESPOR (2015). However, he investigated
the ball-end milling process, and the body responsible for the Hertzian pressure was con-
sidered as a sphere. The contact between the tool cutting edge and the workpiece is assumed
to be a cylinder in the model presented in Publication P5. Orthogonal cutting experiments
were performed to enable the in-situ determination of the characteristic chip formation
parameters and the process forces. The uncut chip thickness and the shear angle were meas-
ured using high-speed imaging combined with subsequent image analysis. The cutting

forces were recorded using integrated force sensors under identical boundary conditions.
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For the first time, the influence of varying cutting-edge radii on the chip formation param-
eters and the process forces was systematically investigated, enabling a detailed analysis of
geometric effects on the cutting process. The experimentally determined data served as in-
put parameters for the subsequent development of a semi-analytical model to describe the
residual stress state after peripheral milling. As a result, the mechanical contact length, the
friction, and the Hertzian pressure were determined analytically. The approach of the or-
thogonal model was then applied to the peripheral milling process. In this context, the re-
sidual stress state of the sub-surface of Ti-6Al-4V was calculated as a function of the process
parameters, the cutting-edge radius, and the process variables. The hybrid modeling
method combines the advantages of analytical (WAN ET AL. 2017; SU 2006) and empirical
(SUN & GUO 2009) approaches. Sub-objective SO4 (cf. Section 4.2) regarding the modeling

of the mechanical load and the residual stresses was thereby fulfilled.
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7 Summary and Outlook

7.1 Summary

The titanium alloy Ti-6Al-4V is becoming increasingly popular due to its superior material
properties compared to other lightweight alloys, such as low density, high strength at ele-
vated temperatures, high corrosion resistance, high creep resistance, high toughness and
durability, and high biological compatibility (cf. Sub-section 2.2). The quality and lifetime
performance of a product are directly related to the surface integrity achieved by the final
manufacturing process (cf. Sub-section 2.3). The peripheral milling of Ti-6Al-4V alters the
residual stress state of the sub-surface due to the thermo-mechanical loading (cf. Sub-sec-
tions 2.4 and 2.5). The residual stress profile is a critical characteristic of the component’s
surface integrity and, therefore, significantly influences the functional performance and the
service life. Compressive residual stresses have a positive influence on the mechanical prop-
erties and are therefore in some cases deliberately induced in industrial settings via post-
treatment processes such as shot peening (cf. Sub-section 2.5.3). Complex measurement
techniques, such as X-ray diffraction, are required to evaluate the residual stresses. Using
models to calculate the residual stress state of the sub-surface (cf. Section 2.6) prior to pe-
ripheral milling would allow effective, component-specific design and process optimization

while maintaining high component quality.

The objective of this dissertation was to enable the model-based determination of the re-
sidual stress state in the sub-surface of Ti-6Al1-4V during and after peripheral milling. Chap-
ter 3 in this thesis examines existing approaches in the field of residual stresses after tita-
nium machining, with a detailed discussion of the influence of the process parameters (cf.
Sub-section 3.2.2) and the cutting-edge radius (cf. Sub-section 3.2.3). In addition, the resid-
ual stress modeling during milling processes (cf. Section 3.3) was discussed. The identified

need for action can be summarized as follows:

e The interdependencies between the process parameters, the process variables, and
the resulting residual stresses during peripheral milling had to be quantified. The

significance of the individual influencing factors had to be determined.

e A change in the microgeometry of the cutting edge due to tool wear, especially the

cutting-edge radius, is a key factor affecting the resulting residual stress state in the
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sub-surface of the machined surface. Therefore, these influences had to be consid-
ered and quantified comprehensively for the peripheral milling process. A predic-
tion of the actual cutting-edge microgeometry based on values measured during the

process was required.

e The change in the residual stresses is caused by thermo-mechanical effects. For the
peripheral milling of Ti-6Al-4V, a detailed experimental investigation of the forces
and temperatures occurring during machining and their correlation with the ma-

chining-induced residual stresses had to be conducted.

e Various modeling methods exist for the calculation of residual stresses. A hybrid
simulation model for the prediction of machining-induced residual stress profiles
had to be established. The influence of varying cutting-edge radii on the resulting

residual stresses had to be considered.

o In literature, the resulting residual stress state of the sub-surface has only been de-
termined for kinematically simple cutting processes. A model that represents the

complex 3D geometry of the peripheral milling process is required.

The scientific approach of this work includes the development of a foundational methodol-
ogy for determining the residual stress state after the peripheral milling of Ti-6Al-4V. The
influence of the individual process parameters and the microgeometry of the tool on the
resulting residual stresses was investigated (cf. Sub-section 6.2.1). The experiments were
subsequently extended to elucidate the change in the sub-surface properties due to the pe-
ripheral milling of Ti-6Al-4V. The most significant variables affecting the residual stress
state were identified. The results showed that the cutting-edge radius r of the milling tool
has a substantial influence on the residual stresses (cf. Sub-section 6.2.2). Furthermore, the
interactions between the process parameters and the process variables in terms of the cut-
ting forces and the temperatures were analyzed. The focus was placed on describing effec-
tive relationships between the process variables and the resulting residual stresses. Moreo-
ver, it was demonstrated that, in the milling of the titanium alloy Ti-6Al-4V, the thermal
load on the sub-surface has no significant influence on the resulting residual stresses. In-
stead, they are predominantly affected by mechanical effects (cf. Sub-section 6.2.3). With
respect to the significant influence of the cutting-edge radius on the residual stress state, a
model for the prediction of tool wear was developed. The aim was to predict the cutting-
edge rounding based on the measured cutting forces. The effects of changes in the cutting-
edge microgeometry on the force behavior and the machining-induced residual stresses
were experimentally investigated. The resulting database was used to implement a Machine

Learning algorithm for calculating the actual cutting-edge radius (cf. Sub-section 6.2.4).
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Subsequently, a semi-analytical model was established to calculate the resulting residual
stresses during peripheral milling (cf. Sub-section 6.2.5). In this regard, a data-driven ap-
proach based on physical principles was presented to efficiently calibrate a 2D model of the
machining-induced residual stresses by DIC analysis of in-situ characterized displacement
fields in the sub-surface. Based on the experimental data, correlations between the 2D pro-
cess parameters, the cutting-edge rounding, and the input variables of the model were an-
alytically determined. Additionally, the 2D modeling approach was adapted to the complex
geometry and the 3D kinematics of the peripheral milling process in a final step. By consid-
ering the physical fundamentals of the cutting process, the residual stresses were calculated
for different process parameters and cutting-edge radii. The model results were validated
based on measured residual stresses. The correlation between the proposed 3D model and
validation data was found to be within the margin of experimental error for most condi-
tions. The proposed model appears to capture the overall behavior of 3D residual stress
depth profiles with acceptable accuracy, particularly the key metrics of the near-surface
stress, the peak stress magnitude and the location, as well as the overall stress profile depth.

For each considered aspect, an enhancement compared to the state of the art was achieved
(cf. Section 6.3)

7.2 Outlook

Potential for advances can be identified based on the findings within the framework of this

thesis to translate the primary findings into practice. These are described in the following.
Process- and material-dependent thermal effects

In Publication P5 (cf. Sub-section 6.2.5), an important assumption is made: the exclusion of
thermal effects in the prediction of residual stresses. This simplification affects the interac-
tion between the material properties of Ti-6Al-4V and the process-specific variables of pe-
ripheral milling (cf. Sub-section 6.2.1 to 6.2.5). The extent to which these simplifications
can be applied to other materials and machining processes remains unclear. Presumably,
this simplification does not apply to high-speed milling, which means that the hybrid re-
sidual stress model developed in this work would no longer be applicable and would have
to be extended by thermal influences. Future research should focus on developing an ap-
proach that integrates the coupled thermal-mechanical workpiece load, thereby enabling
the generalization of residual stress predictions. The interdependencies of the workpiece
load and deformation morphology need to be examined independently and in more detail

with a specific consideration of material- and process-specific factors.
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Rigid Workpiece

Another notable simplification in this work is the assumption of a rigid workpiece, which
is not the case for thin structures such as compressor blades or blisks. In practice, clamping
systems are designed to minimize workpiece compliance and vibration by means of adaptive
fixtures. However, these systems are not always comparable to a rigid workpiece. To adress
this limitation, the workpiece compliance, as well as the tool and the workpiece vibrations,
along with their interactions should be considered for the calculation of the residual stresses

to improve accuracy and applicability.
Implications for industrial usage

The experiments described in Publication P1 (cf. Sub-section 6.2.1), Publication P4 (cf. Sub-
section 6.2.4), and Publication P5 (cf. Sub-section 6.2.5) demonstrate that the residual
stresses during peripheral milling of Ti-6Al-4V are significantly affected by the cutting-
edge radius r3. This insight presents an opportunity for tool manufacturers to design tools
with specially prepared cutting edges. Therefore, tools with large cutting-edge radii should
be used for applying high compressive residual stresses near the workpiece surface while
maintaining the desired surface quality (e.g., roughness). Additionally, the rake and clear-
ance angles should be optimized to extend the tool life. Productivity can be improved by
increasing the cutting speed and the radial depth of cut, which only slightly influences the

resulting residual stresses.
Control of the machining process

Publication P4 (cf. Sub-section 6.2.4) provides a model for determining the cutting-edge
radius during peripheral milling of Ti-6Al-4V in parallel (simultaneously) to the machining
process. Building upon these results, the mechanical load and the resulting residual stress
state in the component sub-surface during machining were modeled in Publication P5 (cf.
Sub-section 6.2.5). The models could be used for a process control concerning the residual
stress state. In this context, tool wear can be considered as a disturbance variable. This re-
quires the development and implementation of a suitable control concept and the verifica-
tion of the control for robustness against disturbances. Furthermore, the model and the
control strategies can be extended by incorporationg additional variables. For instance, be-
yond the conventional process parameters already considered, the influence of the tool in-

clination angle could be investigated and integrated into the control system.
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