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Abstract 

Lately, the high cost and low productivity of machining hard materials such as Ti-6Al-4V has 

drawn major attention to the development of a modular and scalable tool system with 

integrated laser as one piece of equipment. The present study focuses on a new concept of 

laser-assisted milling with a spindle and tool integrated laser beam guiding. A modular tool 

with the mechanical interface is joined to a spindle which consists of a focal lens and a prism 

for deflecting the laser beam on the working plane. The laser beam is located in front of the 

cutting insert and moves synchronously with the cutter. In order to optimize the process with 

respect to the force reduction, various machining conditions were investigated, both 

experimentally and by simulation. For this purpose, the material behavior at high temperature 

was described with the thermo-plastic shear instability consideration for the Johnson-Cook 

equivalent stress. The approach was compared and validated with the results of hot 

comparison tests. Furthermore, a completely coupled moving laser heat source with a 

mechanical simulation has been developed to link the laser parameters to machining 

conditions. Finally, the numerical 3D FEM simulations were carried out with the commercial 

software DEFORM 3D. A Johnson-Cook type material model was applied in the simulation 

and specifically modified for very high strain rates and system temperatures, which is called 

nonlinear thermal softening (NTS). In this material modeling approach with respect to the 

thermo-plastic shear instability attention, the thermal softening coefficient does not drop more 

linearly as the strain rate exceeds a critical value. Results such as temperature distributions 

and maximum cutting forces could directly be compared to the experimental findings. The 

simulation results expressed ample agreement with the experimental results. 
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Kurzfassung 

In letzter Zeit haben die hohen Kosten und die niedrige Produktivität der Zerspanung harter 

Materialien wie beispielsweise Ti -6Al-4V große Aufmerksamkeit auf die Entwicklung eines 

modularen und skalierbaren Werkzeugsystems mit integriertem Laser gelenkt. Die 

vorliegende Studie konzentriert sich auf ein neues Konzept des laserunterstützten Fräsens 

mittels Spindel und werkzeugintegrierter Laserstrahlführung. Ein modulares Fräswerkzeug ist 

verbunden mit einer mechanischen Schnittstelle in einer Spindel, welche eine Fokusierlinse 

und ein Prisma zum Lenken des Laserstrahls auf der Bearbeitungsebene hat. Der Brennfleck 

befindet sich vor der Schneide und bewegt sich synchron mit der Schneide. Um das Verfahren 

in Bezug auf die Kraftreduzierung zu optimieren, wurden verschiedene 

Bearbeitungsbedingungen untersucht, sowohl experimentell als auch mit  Simulation. Zu 

diesem Zweck wurde das Werkstoffverhalten bei hoher Temperatur mit der thermoplastischen 

Scherinstabilität für die Johnson-Cook Vergleichsspannung beschrieben. Der Ansatz wurde 

verglichen mit den Ergebnissen eines Warmstauchversuches. Ferner wurde eine vollständig 

gekoppelte bewegte Laserwärmequelle mit  mechanischer Simulation entwickelt, um 

Laserparameter mit den Zerspanungsbedingungen zu verbinden. Schließlich wurden die 

numerische 3D FEM Simulationen mit der kommerziellen Software DEFORM 3D 

durchgeführt. In der Simulation wurde ein Materialmodell von Johnson-Cook angewendet, 

welches speziell für hohe Dehnraten und Temperaturen modifiziert wurde. Dieses nennt sich 

nicht-lineare thermische Entfestigung (NTS). In diesem Ansatz zur Modellierung des 

Materials ausgerichtet auf die adiabatische Scherinstabilität sinkt der thermische 

Entfestigungskoeffizient und  nicht mehr linear, sobald die Dehnrate einen kritischen Wert 

überschreitet. Ergebnisse wie Temperaturverteilungen und maximale Schnittkräfte wurden 

mit den experimentellen Ergebnissen verglichen. Die Simulationsergebnisse erzielten eine 

solide Übereinstimmung mit den experimentellen Ergebnissen. 
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1 Introduction 

1.1 Motivation 

The machining processes have the main share in manufacturing and shaping the diverse 

components in the industry. The key of sustainability in the machining processes can be 

defined with the following words involving its priority: to achieve high surface integrity with 

low costs and a high material removal rate. Apart from the complex geometry and outdated 

technology, this goal is not always accessible linking to the physical, chemical and 

mechanical work piece material properties. 

Advanced materials such as Titanium alloys and Nickel-based super alloys are good 

representatives for so-called hard to machine material. Because of high strength at the 

moderate and high temperatures (which on the other hand makes plausible the application of 

these alloys in the aerospace industry), high hardness, low thermal conductivity and reaction 

with the tool material do not make the machining of these materials cost-friendly. More 

specifically, here, the high cost means excessive tool wear which increases the number of 

used cutting inserts during machining of super alloys. To improve the machinability of this 

material, various innovative and competitive machining processes are applied where the most 

relevant processes are ultrasonic machining, plasma machining, high pressure water jet 

machining, electro-discharge machining and laser-assisted machining. 
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The heating of material to reduce the mechanical strength and to reach a softening 

temperature using the laser beam in front of the cutter is called laser-assisted machining 

(LAM). The hybrid machining process decreases the cutting forces and the subsequent tool 

wear and also presents a positive effect on the surface integrity. On the other hand, absence of 

coolant also supports environmental preventive care. 

The central aim of using the localized heat source is the improvement the machinability 

without adverse consequences on the finished part. The fundamentals of the LAM process 

look easy to understand and logical, but it gives no warranties for sharing only benefits of the 

laser. There are many factors from different of points of view which can bring entirely inverse 

results than expected initially. As a clear example, the overheating from a material science 

point of view sometimes results in surface hardening instead of softening in alloys with a 

potential to phase transformation (LAM of Ti-6Al-4V) among other forms of thermal loading. 

This adversely affects the machining process in terms of efficiency and profitability. 

Therefore, as first steps in the realization of an effective laser assisted machining, the major 

influencing factors related to design, machining, and laser parameters should be brought 

together with the material properties. 

1.2 Objectives of Research 

A thermo-mechanical process model for the laser assisted machining of high strength metallic 

and ceramic materials will reduce time consuming and expensive testing periods. A finite 

element model (FEM) for a laser-assisted milling with the integrated optical and mechanical 

modules can be used as an auxiliary tool to predict the required machining and laser 

parameters for different materials, operation modes and target geometries. Such a model is 

highly desired by respective end users and will be helpful to optimize any laser-assisted 

cutting process such as milling and turning. 

Consequently, the terminal objective of this thesis is identified as: 

1. Using the adiabatic shear instability criterion to model chip formation (2D) and model 

validation via compression tests 

2. To adjust the  material modeling approach for 3D simulation of laser-assisted milling 

and validation via the resulting cutting forces 

3. To develop and validate a machining integrated 3D laser heat source model 

4. The process- and geometric-dependent optimization of machining operations with 

respect to force reduction 

1.3 Organization of Dissertation 

The dissertation involves four chapters: 
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The present chapter is divided into two parts. After a short review of the cutting processes and 

applied analytical approaches, the state of research of laser assisted machining in the case of 

Ti-6Al-4V will be outlined. 

Chapter 2 introduces a novel laser assisted milling in detail (optical elements, mechanical 

components and process control conditions) and presents experimental results with various 

laser and machining parameters. 

Chapter 3 focuses on the numerous material modeling approaches used to predict the chip 

morphology and validation compression test. Also, the shear instability criterion will be 

modified for 3D material modeling. 

Chapter 4 presents a 3D simulation of the novel laser assisted milling. First, the applied three 

dimensional thermal model will be described in detail. Furthermore, the experimental and 

numerical trials to determine the absorption coefficient for the according processes will be 

recounted. Also, it gives a short observation of the frictional and heat transfer behavior at the 

tool and work piece areas. Finally, the measured result of laser assisted side milling will be 

compared to the 3D simulation results. 

1.4 Principle of Orthogonal Cutting 

The main difference in the modeling of machining operation compared to the other forming 

processes can be stated within the deformation zone. The plastic deformation in the 

machining process is limited only in the small area around the tool (cutter) tip. If the cutting 

edge is perpendicular to both the cutting velocity and feed velocity direction, it is called 

orthogonal cutting. The orthogonal cutting process is normally used for the observation and 

understanding of the cutting process and the chip formation. The forming zone in the cutting 

process is divided into three sub-zones which are called primary, secondary and tertiary shear 

zone. Figure  1-1 shows the location of these zones in orthogonal cutting. The primary shear 

zone is a region which the material flow direction changes along cutter rake face. Then the 

chip is formed. The high strain (up to 6), strain rate (up to 10 6 s-1) and temperature (over 300 

°C) are identified as attributes of this zone [1]. The frictional phenomena at the tool rake face-

chip interface causes plastic deformation which is known as secondary shear zone. Here, the 

interface temperature can be achieved even up to melting temperature of the work piece 

material. The secondary shear zone is normally divided into two sticking and sliding regions 

[2, 3]. The tertiary shear zone is created as a result of the tool clearance face with the 

machined surface. The compression stresses in the tertiary shear zone are more remarkable 

than the shear stresses. 
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The segmented chip formation can be attributed to thermo-plastic instability [10] at high 

cutting speeds. Poor thermal properties of work piece material such as thermal conductivity 

and thermal capacity (e.g. titanium and nickel alloys, hardened steels) shift the segmentation 

to more moderate cutting speeds. Komandary states a catastrophic shear (adiabatic shear) 

takes place as the thermal softening overcomes the strain hardening effect. This means that 

the heat generated due to the plastic deformation localizes in a narrow region with high shear 

strain. An approach to formation of the segmented chip begins with a shear deformation along 

the maximum shear strain direction in the primary shear zone which causes an inclination at 

the free surface of the work piece. At the same time, with advancing the tool, the materials in 

front of the tool cutting edge are upset and have a tendency to move along the maximum 

shear strain direction. The thermo-plastic instability promotes this displacement in the form of 

slippage (Figure  1-2) [11, 12]. 

1.4.2 Analytical Calculation of Machining 

The analytical calculation in machining process is restricted to orthogonal cutting for 

continuous chip formation (steady state) and sharp tool. On the assumption that width of cut is 

very much bigger than depth of cut, the rigid plastic plan strain can be achieved. The goal of 

analytical models is to determine the angle of maximum shear strain direction with the cutting 

direction which is called shear angle, ߶. The main approach to achieve this goal can be 

derived from the flow field (velocity discontinuity or streamlines).  

In early studies [2, 3, 13, 14], the deformation zone is confined to a plane with a discontinuity 

in velocity, however is known now that shear deformation occurs in a deformation zone 

where cutting velocity changes continuously into a chip velocity. Simple relations help us to 

find first predictions in the cutting of metals. These relations consist of work piece velocity 

where similar to a turning process, the cutter does not move. As the work piece velocity 

transits the shear plane, it changes into chip velocity. With respect to the rake face angle 

(inclination of cutter which can be positive or negative) and assumed shear angle, the velocity 

on the shear plane can be determined. The proportion of tangential and normal velocity on the 

shear plane expresses the shear strain. 

 Ernst and Merchant developed [3, 14] a purely mechanical model to determine the shear 

angle. The model does not consider the effect of stain, strain-rate, and temperature on material 

behavior during the cutting. They proposed that the shear angle trend to reach a value on the 

required energy is minimal. In this model, the deformation zone is also taken as a surface 

where work piece velocity changes instantaneously into chip velocity with considering a 

tangential component of velocity. Instantaneous change in velocity means that the maximum 

shear strain rate and consequently the maximum shear stress take place on this surface. The 

maximum shear surface (it is a straight line), acts like a slip line and the mean compressive 

stress is constant along the shear plane. Furthermore, the shear flow stress is constantly 
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parallel to the slip line (no work hardening). From Merchant’s force circle [14], the cutting 

force (ܨ௖) and thrust (or feed) force (ܨ௧) can be found. All forces on the chip tool interface and 

across the shear plane are in equilibrium. As mentioned above, the minimum cutting force 

takes place on the shear plane; this means that the derivation of the cutting force with respect 

to the shear angle should be equal to zero: 

௖ܨ݀
݀߶

ൌ 0 
Equation  1-1 

and from that the shear angle can be calculated as: 

߶ ൌ
ߨ
4
൅
ߙ
2
െ
௙ߣ
2

 
Equation  1-2 

where ߙ is the rake angle and ߣ௙ is frictional angle. With the assumption that the tool tip is 

sharp, the same resultant force which is divided into normal (ܨ) and tangential (ܰ), acts on 

the tool-chip interface. Then, basing Coulomb’s law, the coefficient of friction at the tool-chip 

contact area is (in fact, the cutting and thrust forces can be measured easily by a dynamometer 

in orthogonal cutting): 

ߤ ൌ
ܨ
ܰ
ൌ
௖ܨ ൅ ௧ܨ tanߙ
௖ܨ ൅ ௧ܨ tanߙ

 
Equation  1-3 

In a similar manner, Rowe and Spick [3, 14] propose that the shear plane is located where the 

total energy on the shear plan and on the rake face is minimal. They also state that the 

increase in the contact length and shear flow stress leads to the higher rate of work done and 

its minimum shifts to the lower values of ߶. Consequently, the cutting and thrust forces 

increase. 

Attempts by Lee and Shaffer [2, 14, 15] to obtain the shear angle by means of a slip line field 

were concluded in following relation: 

߶ ൌ
ߨ
4
൅ ߙ െ  ௙ Equation  1-4ߣ

However, the mean compressive stress (݌) and the shear flow stress (݇) remain constant in 

their simple triangular plastic zone with parallel slip lines. Chakrabarty [14] proposes a slip 

line model with respect to a linear strain hardening effect above shear plane where the mean 

compressive stress varies with ߶, ቀ߶ ൑ గ

ସ
ቁ: 

݌ ൌ ݇ ቀ1 ൅
ߨ
2
െ 2߶ቁ Equation  1-5 
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The triangular region undergoes a uniform compression (above the shear plane) with an 

amount less than two times of the shear flow stress for a work hardened material. 

Also, there are some models by Fang and Dewurst [15, 16] that take into account the built-up 

edge and rounded edge tool, when the chip is curled because of forgoing the strain hardening 

effect. Since the slip line theory is complicated and is not easy to put into effect realize as a 

computer program, its application is limited in the calculation of the cutting process. 

A more realistic and predictive analysis of the cutting process can be achieved with 

considering the strain hardening, strain rate and temperature on the material properties, which 

was introduced by Oxley [14]. In aim of a comprehensive view of this model, more details are 

provided here. First, by Oxley’s model it is considered that the shear flow stress changes 

along the slip lines. Oxley took the shear zone in his model between two parallel boundary 

lines (CD and EF, as is illustrated in Figure  1-3) and shear flow stresses along AB, CD and 

EF were taken while the shear flow stress changes when the material moves form CD to EF. 

Based on the slip line theory, AB should be rotated with (
గ

ସ
െ ߶) until it meets the free 

surface. The mean compressive stress on the free surface is equal to the shear flow stress on 

the AB. 

஺݌
݇஺஻

ൌ 1 ൅ 2 ቀ
ߨ
4
െ ߶ቁ Equation  1-6 

and the variations of mean compressive stress along the shear plan (AB) can be calculated 

using the length (݈) and thickness of shear zone (∆ݏଶ):   

஺݌ െ ஻݌ ൌ
∆݇
ଶݏ∆

݈ Equation  1-7 

The variation of the shear flow stress along the shear (Δ݇) zone can be calculated by the 

separation into the partial variation and using a flow stress equation. Also, the shear strain rate 

can be determined by the shear velocity on the AB to the shear zone thickness while the shear 

strain is the fraction of shear velocity on the normal component of velocity on AB. With the 

assumption of the constant shear flow stress and linear variation of ݌ along AB, the angle 

between AB and resultant force (ߠோ) can be determined from a shear angle and friction angle 

subtract and rake angle: 

ோߠ ൌ ߶ ൅ ௙ߣ െ  Equation  1-8 ߙ

Based on Boothroyd’s work [14] from a power balance, the temperature evolution and 

average temperature in the primary shear zone was calculated by Oxley. The triangular 

secondary shear zone was assumed as a rectangular and the tool-chip interface undergoes a 

full plastic deformation. 
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Oxley’s theory was modified in terms of shape of primary shear zone (unequal divided shear-

zone model or pie-shaped model) by several researchers [17, 18]. Another application of 

Oxley’s approach is to invert determination of material constants in constitutive material 

models [18, 19, 20, 21, 22] from the measured process forces. Oxley’s model more than other 

analytical methods calculates machining problems. Also, Oxley’s approach was used with 

other thermal model (primary and secondary with assumption of moving heat source models) 

[23] and different constitutive material models [24, 25]. 

Figure  1-3: Parallel primary shear zone in Oxley’s model [14]. 

Latterly [17, 24, 25], Oxley’s model was extended for the JC material model, history 

dependent power law material and the mechanical threshold stress model. Moreover, they 

assumed that the ߚ as a fraction of total plastic works up to AB which converts to heat: 

න ௣݀ܶܿߩ ൌ ሺ1 െ ሻනߚ ߝ௘௤݀ߪ
ఌಲಳ

଴

்ಲಳ

்ೈ

 Equation  1-9 

Furthermore, the average shear stress along the shear plan was adopted with the deformation 

work per unit volume in the primary shear zone which introduces the effect of strain and 

temperature in the Hencky equation along the alpha slip line. Another study of Lalwani et al. 

[25] offered an equivalent strain hardening coefficient instead of ݊ in Oxley’s model for 

Johnson-Cook’s material model:  

݊௘௤ ൌ ൬
஺஻ߪ݀
஺஻ߝ݀

൰ ൬
஺஻ߝ
஺஻ߪ

൰ Equation  1-10 

1.5 The Finite Element Method in Machining  

Today, most studies in modeling of machining utilize the Finite Element Method as an 

effective instrument to solve machining problems. The application of FEM to machining 
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covers the extensive areas such as chip formation, thermal and mechanical loading as well as 

surface integrity and tool wear [26, 27, 28, 29, 30, 31, 32]. The machining process involves 

high strain rate, strain and temperature in a very small region in comparison to the whole 

work piece, thus it is not an easy task for numerical modeling. According to special aspects of 

simulation of machining, Lagrangian, Eulerian and Arbitrary Lagrangian-Eulerian (ALE) 

formulation have been used [33, 34, 35]. The determination of a maximum shear angle as a 

classical problem in analytical solutions is no more significant in FEA, and instead of it, 

definitions of the proper material model [36, 37], friction model [38, 39, 40], chip formation, 

mesh generation and also computation time play a central role to get realistic and predictive 

results. Furthermore, thermo-mechanically coupled modeling in FEA enables researchers to 

study the effect of generated or input heat on the mechanical, deformation and microstructural 

behavior during the machining process. 

In order to give an overview of how far the analytical solutions are from the FEM 

simulations, the approach used by Lalwani was calculated in this work for an orthogonal 

cutting of Ti-6Al-4V was compared with the common 2D-FEM calculation at the same 

physical and mechanical boundary conditions (density= 4302 Kg/m³, for simplification 

thermal conductivity and specific heat were taken from linearization of data, which are listed 

in Table  3-3 in section  3.3 5.8609+0.0147T W/m°C and 541.19+0.2168T J/Kg°C, 

respectively). The required input parameters for this calculation are cutting velocity =120 

m/min, depth of cut=0.5 mm, width of cut=10 mm, rake face angle=11° and initial work piece 

temperature=25 °C). The required material constants were taken form Lee-Lin [41] work, 

which are listed in Table  3-1 in section  3.1.The calculated forces, temperature at shear plane, 

temperature at tool-chip interface, strain and strain rate distribution are presented in 

Figure  1-4.  

The first and most important advantage of an analytical solution is the swift computation time 

and that it provides only a comparative value as a result which makes the interpretation of 

results easy. As it can be observed, the divergence between the analytical and FEM solution 

in the case of cutting force in the X direction is relatively low (3.2 %) and for the Y direction 

it is up to 30% which is an acceptable successes for fans of these methods. The maximum 

strain and temperature between the tool face and chip also expresses a good correlation 

between two results (up to 6 % for interface temperature and 16 % for the related strain). 

 In spite of the fact that the clarification of the strain, strain rate and temperature in the 

primary shear zone are not in consistence with each other, the analytical solution did not have 

any information about the distribution of each state variable. It should be mentioned that 

today the FEM is as an efficient routine to solve the diverse conventional and non-

conventional machining processes. 
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Figure  1-5: Microstructural morphology of Ti-6Al-4V (a) equiaxed (b) fully lamellar (c) bi-
modal α-microstructure [42].  

As mentioned, titanium due to some inherent properties is not popular in machining. Several 

factors such as low thermal conductivity (it leads to temperature localization on the tool-chip 

interface where it increases thermal loading in tool approximately two times more than the 

machining of carbon steels [44]), low elastic modulus, high strength and hardness even at 

elevated temperatures, high chemical reactivity with tool material at cutting temperature and 

welding of the work piece material to the tool (built-up edge) support this drawback. These 

aspects, beside the arising tool wear and machining costs cause the poor surface quality. 

There are a number of standard strategies in machining of titanium alloys which make the 

machining of Titanium alloys easier like low cutting speed, positive rake angle, sharp edge 

tool, high feed rate, large amount of cooling fluid, continuous feeding, tool coating [45]. In 

the cutting velocity between 30 up to 90 m/min [44, 46] the tool life (carbide) with increasing 

of feed rate and cutting velocity dropped dramatically (up to four times less). Since the 

frictionally generated heat increases with velocity at very high cutting velocities (more than 

120 m/min [47, 48]), it decreases the cutting forces indirectly. 

The tool wear phenomena in machining of Ti-6Al-4V alloy consist of crater wear (on the rake 

face), flank wear (on the clearance face), notch wear and chipping. Using the cemented 

tungsten carbide (WC-Co) tool is appropriate for cutting speeds under 50 m/min. The coated 

carbide tools (PVD multilayer TiN/TiCN/TiN or TiCN+Al2O3) can be reached at a higher 

cutting velocity (up to150 m/min) [49]. During the machining of Ti-6Al-4V alloy with 

carbide tools, cobalt can be diffused by cutting the tool into the titanium chip due to high 

interface temperature and hard WC grain carried away with it [50]. A forming of interlayer 

titanium carbide (TiC) as a result of diffusion of titanium atoms into the carbide tools and 

making a seizure zone shifts the cobalt diffusion to the higher temperatures (750 °C). The 

high speed machining (up to 350 m/min) of Ti-6Al-4V can be carried out with cubic boron 

nitride cutting (CBN) and polycrystalline diamond (PCD) tools. As shown in Table  1-1, the 

softening of these tool materials takes place at higher temperatures at which the softening of 

Ti-6Al-4V is already achieved. Also, the diffusion of nitrogen atoms from the tool and 

reaction with titanium begins at 1100 °C, where an increase in the tool wear will appear. 

c) b) a) 
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The most significant machining processes which are interesting for laser assistance are 

turning and milling. In the turning process where the work piece rotates and cutting tool does 

not move, the using of the laser equipment and set-up (the position of laser spot on the work 

piece surface and beam angle) is easier in comparison to the milling process. It means that the 

laser equipment does not need to move in the turning process [52]. Figure  1-6  shows the laser 

assisted turning process with a normal irradiation of laser beam on the work piece and the 

case of laser irradiation on the chamfer surface (cutting edge) with an incident angle. 

Figure  1-7 shows the principle and features of two possible approaches in laser assisted 

milling. There are two alternatives for integrating the laser beam into the milling process: 

first, the laser as a separate apparatus outside of the tool-spindle mill system; second, as a 

tool-spindle integrated laser system in terms of equipment without any additional peripheral 

device. With the laser irradiated form outside of the tool, the production boundary condition 

such as internal bore diameter, spindle-mill diameter, the tool length does not affect the 

process realization. The laser beam movement corresponds only to the tool movement in the 

feed direction. The feed direction velocity is slower than the tool rotation velocity which 

makes it possible to apply low laser powers. However, because of that, the laser device cannot 

accompany the milling tool overall, and the machining of complex geometry is not 

conceivable. 

The laser beam integrated tool-spindle system [53, 54, 55] is an effort to make the laser 

assisted milling a normal routine for machining of hard to machined material in the 

automotive and aerospace industries. As the irradiation of the laser beam is only limited on 

the cutting edge surface, the risk of undesirable microstructure transformation is decreased. 

Although this approach opens new possibilities, the realization and process control of a laser 

beam integrated tool spindle system is challenging. A consistent reduction of forces in three 

directions and consequential tool wear demand a uniform heat distribution in the according 

uncut chip volume before the cutting insert [56]where the milling direction varies. Only as an 

example here, every machine vibration which causes the non-equivalent machine mass 

distribution and especially at high rotations velocities changes the laser beam position. It 

means the good result of LAM is always in connection with a construction of mechanical 

parts, arrangement of optical elements, a maintainable process control and material depending 

thermal, mechanical and kinematical boundary conditions. The fabrication and process 

boundary conditions accompanied with a related process control will be discussed in detail in 

the next part. 
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the work piece which can be useful to minimize and save the heat input. But on the other 

hand, the risk of phase transformation in machined surfaces increases. Obviously, for high 

velocities, the request of high powers increases. An important guideline in LAM of Ti-6Al-

4V can be stated like this: the temperatures at the lower limit of depth of cut should be lower 

than 800 °C. Here, also the evaluated temperature in the tertiary shear zone should be 

considered (100-150 °C). 

 

Figure  1-8: CCT diagram for Ti-6Al-4V alloy [58]. 

As investigated by some researchers [52], amount and fluctuation of all force components 

(feed, thrust and cutting force) during LAM due to the softening of the work piece are 

significantly reduced. However, LAM process parameters (laser power, laser spot size and 

incident angle) and cutting condition (cutting speed, feed rate and depth of cut), which have 

an effect on the heat input and the heat transfer, affect the amount of the reduction of force 

components. 

Sun and Brandt [59] investigated the effect of laser beam on the chip formation and 

morphology at three different cutting velocities (20, 80, 230 m/min) in the case of laser 

assisted turning. The presented chip segmentation at low velocities in LAM in comparison to 

the conventional machining is a result of molten layer in the cutting zone. As the surface 

temperature exceeds the melting point of titanium (Ti6Al4V), the formability drops 

dramatically because of surface or grain boundary melting. In the conventional machining of 

titanium alloys, chip segmentation can be attributed to thermo-plastic instability at high 

cutting speeds.  

Surface quality in LAM of titanium alloy is analyzed from the viewpoint of mechanical 

(plastic deformation, micro- and macro cracking, residual stress), metallurgical 

(transformation of phases, grain size) and thermal (heat affected zone) aspects [60, 61]. In 

general, the surface integrity in LAM is better than the conventional machining which leads to 
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higher fatigue strength. LAM does not affect the surface roughness of machined surface in 

comparison to conventional machining. The surface roughness is between 0.4 and 0.6 µm 

independent of the laser power. In LAM, forces (stresses) required for material removals are 

reduced and the common defects such as grain pull-out and material build-up are less than the 

conventional case. The compressive residual stresses move in the direction of tensile stresses 

in LAM. This effect is more considerable with increasing the laser power and decreasing the 

cutting speed. Distinctive microstructure and hardness changes were not reported in literature. 

The microstructure is principally affected by temperature alteration and the heat affected zone 

is removed mainly by machining. However, it has been observed that the density of twining 

[62] (main deformation mechanism in Titanium with hcp structure) in the surface layer in 

LAM is lower than in conventional machining. 

According to the tool wear during LAM of Ti-6Al-4V, two points should be considered; the 

reaction of titanium with the tool material (wear diffusion mechanism) increases with the 

temperature, and parallel to it, the cutting forces and the mechanical load created on the tool 

surface, respectively. Dandekar [61]  showed that the cobalt-diffusion increases as long as the 

material removal (the material temperature as it moves in the primary shear zone) temperature 

exceeds an optimum temperature. Using the liquid nitrogen (LN2) for the cooling of the rake 

face and as well as a TiAlN coating decreases the tool wear considerably for conventional 

machining. Furthermore, CBN and PCD tools (because more mechanical and chemical 

stability at high temperatures) presents a longer tool life in comparison to WC-tools during 

LAM.  
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2 Novel Laser Assisted Side Milling 

2.1 Tool Concept 

The relative movements between tool, work piece and laser beam makes the laser assisted 

milling more complicated than turning. The laser beam integrated machine-tool system as a 

solution is susceptible for industrial application. Here, after a brief description of the laser 

beam integrated machine tool system progress, the machine system used in this study (new 

successor of used machine by Rosen [53] ) will be observed.  

The presented laser tool machine system in this research was developed in framework of 

TooLAM project. The project is cooperation between Fraunhofer IPT (coordinator, open real 

time process control system, System performance testing and optimization), IWS Graz 

University of Technology (modeling of material behavior, process design and optimization), 

Sill Optics GmbH (development of active beam forming system), Rineck GmbH (scalable 

tool system design), Alfred Jaeger GmbH (spindle system with interfaces for mechanical 

coupling, optics and process gas), TECHSOFT GmbH (CAM system and NC-control 

software module), Huf Tools GmbH (Manufacturing of demonstrator geometries) and IPG 

Laser GmbH. 
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2.1.1 First Generation 

The laser itinerary from a fixed laser source on the working plane can be stated that as a main 

challenge in manufacturing a laser integrated machine tool system. This route can reduce the 

required component parts, the complication and the production cost in industrial series of an 

integration of the laser beam with the machining tool. In this connection, the interaction 

between the optical and mechanical components should not be impacted negatively by the 

thermal load on the machine tool and machining process. 

 An aggregate conventional machine tool consists of a motor spindle and cutting tool which 

are joined together by a HSK (Hollow Shank Tooling) tool holder. The HSK-tooling provides 

highly accurate positioning due to face contact even at high speeds. The basic structure of the 

motor spindles is often the same and regardless of manufacturer comprises a rotor, stator, 

clamping device, rotary feed through and central coolant tube. High pressure coolant is 

transported over the feed through into the hollow spindle and from there into the cutting tool. 

In the first efforts to develop a laser integrated spindle [63], the central coolant bore (without 

any new special spindle construction) was used for axial beam delivery. A fixed mounting of 

glass fiber for the delivery of laser beam into the tool end is difficult because of the relative 

movement between the machine frame and the rotating spindle. In Figure  2-1, three different 

design concepts for modular laser integrated spindle with axial beam delivery in a four axis 

milling machine tool MH600C from the MAHO Company are presented.  

 

 

Figure  2-1: Axial spindle-integrated laser beam delivery concepts, (a) Free propagation ,(b) End 
fiber fixed and (c) Fiber-fiber coupled [63]. 

a) c) b) 
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In the first concept, the laser beam delivery into the tool end is achieved by free propagation 

where the assembled optical lens in the rotary feed collimates the laser beam. The small 

central bore restricts the application of this concept. In the second one, the glass fiber is 

conducted through the spindle just before the cutting tool and the optical lens is assembled on 

top of the cutting tool. In the third design, which was used for further investigation by 

corresponding researchers, two glass fibers are used. The first glass fiber from the laser source 

is collimated in the rotary feed through and focuses into the second glass fiber. Next, collima-

tion is carried out by the mounted optical lens on the top of cutting tool. 

Some of advantages and disadvantages of the each modular laser integrated spindle can be 

found in Table  2-1. Despite the rotation of the mounted glass fiber with the spindle, a time-

synchronized focusing on the cutting edge was not possible. Because of that, the research was 

bound only with blade-repair by the laser powder melting in defected areas. 

 

Table  2-1: Comparison between three possibilities in laser guidance through spindle [63]. 

 Advantage Disadvantage 

Free 

propagation 
 simple design 

 few optical lenses 

 high beam quality 

 restriction by small central 

bore diameter 

End fiber fixed  no power loss 

 high beam quality 

 complicated construction 

 no supply of process gas 

Fiber-fiber 

coupled 
 required low conducting space 

through spindle 

 supply of process gas  

 complicated construction 

 requirement of additional 

optical systems 

2.1.2 Second Generation 

In the next steps, Rosen [53] realized a modular laser integrated machine tool and set it up for 

the side milling of diverse materials. In this machine tool system, the collimated laser beam is 

conducted into a cutting tool based on the free propagation inside the spindle. From the 

spindle, collimated laser beams have to find a seat on the cutting edge in front of the cutter. 

This key challenge blossoms the idea that the route of the beam can be deflected through 

mounting the reflective or transmissive optical components in a cutting tool. 

Figure  2-2 illustrates the fundamental system design and the optical approach for the active 

laser beam guiding. As can be seen, the glass fiber from the laser source station is guided 

towards the hollow spindle shaft via an adjustable rotary feed through a union with an optical 

lens and a protective glass. The collimation components build a nearly parallel beam which 

propagates through the hollow rotor shaft. The process gas is passed into the spindle system to 
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ensure the stable beam propagation through the whole system. The rotary feed through system 

further provides the necessary gas flow for the cooling of thermally loaded optical and 

mechanical components. Furthermore, applying process gas improves the thermal process 

efficiency through the immediate removal of the achieved machining chip out of the beam 

path. 

The modularly designed cutting tool consists of four units: HSK interface, optical module, 

housing module and cutter holder. The HSK 100-C tool holder is a mechanical interface 

which connects the spindle housing with the optical systems. Also, the process gas is 

regulated and distributed by passing through the tool holder. The optical system is the main 

special section of this tool which is made of a thermal neutral nickel iron alloy (Invar). This 

module consists of a focusing lens, a protecting glass and two mirrors (passive reflector). The 

mirrors deflect the incoming laser beam and conduct it on the cutting edge in front of cutter. 

The positions and angles of mirrors determine the distance between the laser spot and the 

cutter as well as the angle of incident. The mirrors are fixed on the brass and aluminum 

holders which absorb the scattered proportion of the beam. 

 

 
Figure  2-2: Modular laser assisted machine-tool system [51]. 

The rotatably mounted housing module captures and transports the dynamic process forces 

into the entire system. Also, the housing module supports the tool system balancing at high 

speeds (up to 10000 min-1). The height-adjustable cutter holder is installed at the housing 

module which makes vertical and radial setting of the cutter position possible. 

The advantages of a modular system design with optical and mechanical interfaces guarantee 

the scalability of all system modules, e.g. dimensions and aspect ratios of the milling tools. 

Additionally, modularity of the complete cutting tool system enables the essentially fast and 
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easy adjustment of laser beam parameters, as well as accessibility to all key mechanical and 

optical system components. One deficiency of this cutting tool can be seen in a multiple 

redirecting of the laser beam by the reflector mirrors, which decreases the beam quality. On 

the other hand, the scattered beams affect the thermal load and thermal efficiency of the 

process. Hence, a necessity of a special gas cooling system and optical system comes into 

consideration. Also, the small diameter of the entire cutting tool system (24 mm) does not 

support the precise position of the laser spot on the cutting edge as the cutting speeds 

increase. Another important point of view is that the high machining productivity still is not 

attainable. 

2.2 Optical Design 

This chapter provides an overview of the procedure for laser tracing techniques used in the 

design of some optical systems. The first one is the Ray transfer matrix analysis and its 

application to the Gaussian beams forming. Then, it is outlined that how to define the 

characteristic dimensions of machine tool system in order to attain the demanded laser 

parameters. 

2.2.1 Optical Requirements and Influencing Factors 

The Ray transfer matrix analysis [64] is a concept that traces a light beam during propagation 

through a rotationally symmetric optical system. The effect of an optical element on an input 

light beam with a transverse offset ݎ௢ and an offset angle ߠ௢from the optical axis using a 2 × 2 

matrix can be calculated as follows: 

ቂ
௢஻ݎ
௢஻ߠ

ቃ ൌ ൤
଴ܣ ௢ܤ
௢ܥ ௢ܦ

൨ ቂ
௢ிݎ
௢ிߠ

ቃ Equation  2-1 

This ABCD matrix is the multiplication product of the ABCD matrices of the each optical 

component in the system. 

In practice, laser beams are used with a nearly Gaussian beam profile which behaves 

differently by passing through an optical component. Beam Quality Factor M² based on the 

divergence at beam waist radius (radius of beam at narrowest point) is a value to define beam 

focus ability. Measurements of laser beam quality on a variety of real laser beams is useful for 

predicting the effectiveness of laser beams for practical applications such as materials 

processing.  The parameter M² describes how close a beam is to a perfect Gaussian beam 

where in this case M² =1 and for a non-prefect Gaussian beam, M² >1. Also,	ܭ  as inverse of 

M²   is called as beam quality number. This can be determined [53, 63]: 
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Figure  2-5: Experimental setup for the measurement of laser beam caustic [66]. 

 

Figure  2-6: Result of caustic of laser beam on the working plane [66]. 

Figure  2-7 shows two tracks of laser beams on the black checkered paper (each check box is 1 

mm) in a distance of approximately 14 mm (set point is 15 mm) from each other. The right 

one presents the track of collimated laser beam before the focus unit while the left one shows 

the track of focused beam after passing and deflecting of the focus unit. The depicted results 

demonstrate the effect of a variation in the position of the collimating lens on the position and 

size of the resulting laser spot size on the eventual working plane. These results also confirm 

that an optimal distance from the lens outside to the fiber end is 43.3 mm. 

In order to locate a laser beam at a working plane (i.e. cutting edge), the series of optical 

components with respect to type, material and geometry should be arranged precisely. Apart 

from these, for the goal of designing an effective laser system with low laser power loss and 

high laser quality at the working plane, the distance between each optical component as well 

as the thickness of the same element is very important. In this research project, a new optical 

system was designed and integrated in the cutting tool holder to improve the beam quality at 

cutting edge. The optical system consists of two separate units: collimation and focus unit. 

 

Target 

Optical unit 
Collimation lens 

Laser fiber 
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I =41.5 mm 
 

I =42.5 mm 
 

I =43.5 mm 
 

I =44.5 mm 
 

I =45,5 mm 
 

I =46.5 mm 
 

I =47.5 mm 
 

I =48.5 mm 
 

Figure  2-7: Variation of laser spot size before (right ones) and after passing optical unit (left 
ones) with the collimation lens position [66]. 

2.2.2 Collimation Unit 

The divergence beam from the laser source via glass fibers is propagated coaxial to the 

rotation axis of the spindle shaft. In addition, the collimation unit adjusts the precision of 

overlapping of the optical axis on the rotation axis. The details of the applied collimation unit 

at the present laser assisted machine system are illustrated in Figure  2-8. The optical fiber 

coupler connects the optical fiber with the unit case. The mechanical adjust unit fixes the 

collimation unit or rather fiber glass in the direction of X and Y. The water coolant system 

protects the fixed collimation lens from overheating. Because of the small number of surfaces, 

the only spherical lens used is made of quartz (diameter: 50 mm, edge thickness: 0.8 mm, 

middle thickness: 9 mm) with the focal length of 60 mm and decreases the aberration which 

causes the power loss [53] .Via a timing belt drive it is possible to set the suitable caustic of 

the laser beam to improve the laser beam quality on the working plane. The complete 

collimation unit is mounted on the spindle over the rotary feed through which the supplied air 

pressure protects the unit from penetration of liquids and particles. For the optical coupling is 

important that the interface between the rotating and fixed fiber glass is located at the 

collimated beam path. 
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reception .Via the rotary feed at the end of the spindle (after the collimating unit), the process 

gas and compressed air is supplied first into the center of the main spindle. The process gas is 

passed centrally into the tool and radially outward just before the end of the spindle and is 

transferred into the top of the cutting tool. The internal process gas can afford pressure of up 

to 40 bar. However, the process gas flow rate should not interrupt the whole process 

significantly.  

 In this work, the cutting tool is joined to the spindle using a HSK 63 interface, which is 

smaller than the previous model (HSK 100). Here, as can be seen in Figure  2-9, the cutting 

tool consists of four modules: tool housing, focus unit, tungsten carbide core and cutting 

insert holder. Because of the symmetrical design and consequently a mass balance, two 

diagonal inner bore are prepared, where from one of them, the laser beam is guided on the 

cutting edge. A tungsten carbide core is provided for fixing the cutting insert holder with the 

main cutting tool housing. The path of laser beam as well as the process gas flow is shown in 

Figure  2-10.a. 

The main tool housing involves a hole space with a stepped design (nut) where the optical 

module inside can be assembled. A ring-shaped holder fixes the optical model using a 

cylindrical pin from one side and on the other side it is fixed by a conical seat. The sum of the 

maximum deviation in position of the laser spot at the working plane (nominal value is 15.3 

mm) based on production tolerance and position deviation is 0.29 mm. Table  2-2 shows the 

effect of each component on the resulting deviation of laser spot on the cutting edge.  

Table  2-2: Results of deviation of laser spot position [66]. 

 Deviation/Tolerance Position deviation of laser spot [mm] 

nut +/- 0.05° 0.013 

fitting key joint 4 H7/g6  0.014 

ring shaped holder +/- 0.05° 0.013 

cylindrical pin 2 H7/h8 0.015 

orientation surfaces at lens +/- 0.05° 0.013 

orientation surfaces at prism +/-0.02 mm 0.014 

tool holder axis to optical axis +/- 0.05° 0.08 

sum  0.29 

 

The cutting insert holder (Figure  2-10.b) with the diameter 33.9 mm also includes toothing 

with scaling to adjust the radial and circumferential position of the laser spot. The cutting 

holder is able to carry two inserts in different manners (the screw fixing for metal based insert 

or sticking for ceramic one). 
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߮௖ ൌ ߮௔ െ ߮௘ ൌ arccos ቆ1 െ
2ܽ௘
݀௙

ቇ Equation  2-6 

where ߮௖ is the engagement angle, ߮௔ is the exit angle, ߮௘ is the entrance angle, ܽ௘ is the 

width of cut and ݀௙ is the tool diameter. The continuously exact determination of the entrance 

and exit angle has a particular meaning for adjusting of the laser power with the uncut chip 

thickness. In the 2D- milling plane, to simplify the modeling procedure, a great flexibility is 

offered for the calculation of the relevant required angles with componential displacements in 

X and Y direction with defining ߮௙ as the feed angle (actually, the feed angle is incrementally 

a description of the engagement angle). 
 

 

Figure  2-12: Direction of rotational and deed velocity in down (climb) milling [68]. 

In the machining of the industrial and complex components, the 2D machining with only one 

directional milling path is not satisfied [69]. Hence, it is essential to expand the model for 3D 

milling level by defining a fixed reference coordination system on the work piece. Using a 

transformation matrix, the displacements from the spindle coordination to the work piece 

coordination are transformed. The multiplicand transformation matrix consists of a 

displacement matrix (for origin transformation) and three rotation matrixes round the X, Y 

and Z axis.  

The main aspect that differentiates 2D milling from 3D milling is the width of cut which 

changes at the beginning and finish of paths as well as the direction changes (curved path). 

For this purpose, the cutting length (݈௔) according to the work piece coordination system is 

defined as the cutting progress respectively the work piece length (݈௪), which can be 

determined from: 

݈௔ ൌ ටܽ௘݀௙ െ ܽ௘ଶ Equation  2-7 

Figure  2-13 shows the variation of the cutting width and consequently the resulting feed angle 

(from the incremental form of Equation  2-6) at the tool entrance, full engagement and tool 
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exit. The comparison between the cutting length and related displacement in the work piece 

coordination defines the milling phase. The entrance and exit angle at the beginning and end 

of the path presents a same value. Then, the exit angle increases and reaches a constant angle 

while the entrance angle is constant till the tool exit phase. It increases after that. 

Figure  2-13: Three tool engagement conditions in down (climb) milling [70]. 

2.4.2 Determination of Uncut Chip Thickness 

Along with a determination of the entrance and exit angle in the side milling process, the 

important concern in control of laser assisted milling is to find out the instantaneous uncut 

chip thickness during the milling process. Figure  2-14 gives a geometrical schematic of the 

milling process regarding variation of the uncut chip thickness during the insert rotation. 

Actually, in the down milling manner, as mentioned above, the uncut chip thickness decreases 

with the insert rotation. With the neglecting chip thickness at zone I and an assumption which 

states that the path of insert rotation is circular (in comparison to the trochoid), Martellotti 

[56] developed a model to calculate the instantaneous uncut chip thickness for one insert: 

݄ௌ௉,ூூ	ሺ߮ሻ ൌ ிݎ ൅ ௓݂ ݊݅ݏ ߮ െ ටݎி
ଶ െ ሺ ௭݂ ݏ݋ܿ ߮ሻଶ Equation  2-8 

where ݄ௌ௉ is the instantaneous uncut chip thickness at zone II, ݎி is the mill radius, ௓݂ is the 

feed per insert and ߮ is the angular position of the cutting point in the working plane. 
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Figure  2-15: (a) Variation of chip thickness, chip surface and (b) volume with engagement angle. 

In the next step, the laser power ( ௅ܲ) should be adjusted with the uncut chip thickness with the 

time during one rotation of the insert:  

௅ܲሺݐሻ ∝ ሶܸௌ௉ሺݐሻ Equation  2-13 

where ሶܸௌ௉ሺݐሻ is the uncut chip volume rate. 

For more convenience for controlling the laser power in the process, the laser power profile 

with time is linearized with respect to the entrance and exit angle. Furthermore, because of 

process related conditions, the laser power does not go to zero at the exit angle and with 

defining a minimum value. It means that the slop of laser power line in Figure  2-15.b is 

slighter in comparison to the chip volume. Only after that, for angles greater than the exit 

angle the laser power turns off. 

2.5 Experimental System  

Laser-assisted milling experiments with an integrated laser–tool system (Figure  2-16.a) were 

carried out on a Satisloh G1 3+2 axis machining center with Bosch Rexroth MTX P60 NC 

control. An IPG YLR high fiber laser (Yb: YAG with a wavelength of 1070 nm) with a peak 

power output of 6 KW via a light conducting cable was applied to the laser radiation. The 

machining mode was set up for the side milling and the depth of cut was of 0.5 and 1 mm for 

Ti-6Al-4V. All the experiments were performed with round inserts (RDHX 07 07 MOT with 

D=7, D1= 2.7, S= 2.38 mm and the rake angle 11°) using TiAlN-coated cemented carbide 

(Figure  2-16.b). The process gas was delivered in the machine spindle system with 35 liters 

per minute. The dimensions of the work piece are 81 mm x 81 mm which provides the milling 

of 10 paths. As the first step for each milling surface, the edge of the work piece with respect 

to the planed depth of cut was chamfered (Figure  2-16.d and .e). The chamfering prevents the 

different cutting insert engagement conditions between the first contacts and the next [70]. 
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reference cutting force in this study, an average among the maximum forces is defined 

(Figure  2-17) as it was introduced and performed in Fraunhofer IPT by Hermani. 

In the first step, bottom (ݐ௕) and upper (ݐ௨) time domains were defined. These domains are 

based on the geometry of work piece, tool and cutting velocity where they can be identified 

from: 

௕ݐ ൌ
ܺ௕
௙ݒ
. 60 Equation  2-14 

௨ݐ ൌ
ܺ௨
௙ݒ
. 60 Equation  2-15 

where ܺ௕ and ܺ௨ can be found in the length of work piece (݈௪), tool diameter (݀௙) : 

ܺ௕ ൌ ݀௙ ൅ 1 Equation  2-16 

ܺ௨ ൌ ݈௪ െ ݀௙ ൅ 1 Equation  2-17 

Afterwards, the number of rotations at the measurement range (ܣ௫ ൌ 5) is defined and then 

the number of local maxima is found by: 

݅ ൌ ሺݐ௨ െ ௕ሻݐ
ሬ݊Ԧ

60. ௫ܣ
 Equation  2-18 

Then, the average of the maximum forces (ܨ௠௔௫) can be calculated as a value for the analysis 

of cutting process and next for the validation of simulations: 

௠௔௫ܨ ൌ
௠௔௫,௜ܨ∑

݅
 Equation  2-19

where ܨ	௠௔௫,௜ is the local maximum cutting force. 

Figure  2-17: (a) achieved process forces from the Kistler force measurement device, (b) force in 
a time domain, (c) local maximum and  minimum  cutting forces [70].  
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2.6.1 Effect of Laser Power and Cutting Velocity on the Force Reduction 

A first view on the result of experimental trials shows generally a reduction in three 

components of forces in all cutting conditions for all applied laser powers as illustrated in 

Figure  2-18. The left column diagrams (Figure  2-18.a, .b and .c) present the main cutting 

force (FY) for three cutting velocities (25, 50, 100 m/min) and three feed rates (50, 70, 90 

µm/rev) for diverse laser powers up to 1758 W. The right column diagrams (Figure  2-18.d, .e 

and .f) shows the forces in feed direction (FX) and normal to working plane (FZ) with 

changing the laser power up to 1428 W in the same three velocities and feed rates.  

As the laser power is turned off (Laser power=0 W), in connection with the common 

machining of Ti-6Al-4V alloy, the cutting forces increase with the feed rate and decrease 

slightly with the cutting velocity. As the laser power is on, the main cutting force in the Y 

direction decreases gradually with laser input down to a power of approximately 600-800W. 

The largest reduction between the conventional and LAM can be observed for a cutting 

velocity 25 of m/min and a feed rate 90 of µm/rev, although variations get small at laser 

powers higher than 1250 W. But this laser power leads to less force reduction at the velocity 

of 100 m/min. With an increase of the cutting velocity, the higher laser powers (1750 W) are 

more meaningful. Obviously, this could be attributed to the fact that for higher cutting 

velocities the material has less time to be heated. Here in this process, the heat dissipation is 

not relevant for all cutting velocity because of high rotation velocity. With increasing feed 

rate, the forces increase but the absolute amount of reduction in forces changes only slightly. 

The higher laser powers bring more force reduction for a feed rate of 90 µm/rev at three 

cutting speeds.  

The experimental results show the reduction of main cutting force (FY) more regularly than 

the force in a direction normal to the milling surface (FZ). The vertical force component (FZ) 

generally decreases at low laser power (lower than 1250 W). Between 1428-1758W, the force 

reduction is not clear due to a number of uncertain aspects in the experiment. The best results 

were achieved for laser power 1071 W for all three feed rates and cutting speeds. 
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Figure  2-18: The variation of the main cutting force FY with the laser power, (a) cutting velocity 
of 25 m/min, (b) 50 m/min and (c) 100 m/min and the variation of FX and FZ with the laser 

power, (e) cutting velocity of 25 m/min, (e) 50 m/min and (f) 100 m/min [71, 72].  
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The results can be explained by adhesive bonding of the chip on the tool tip as the laser power 

increases especially at low speed machining and low feed rate. This phenomenon increases 

the contact area and stress state in the vertical direction leading to unexpected results. 

The influence of laser power on the forces in the feed direction is not significant. These forces 

(FX) are more sensitive to the feed rate. Still, these feed forces reduce by up to 30 % at the 

laser power 1428W and for three cutting velocities. 

Another parameter in the machining condition which indirectly improves the LAM results is 

cutting depth. Using the higher cutting depth support, the application of higher laser power 

has meaningful influence to manage the laser spot position and consequently the absorbed 

heat input even with the machining tool vibrations. With increasing the cutting depth, the 

laser spot located deeper prevents the deflection of laser beams as the beam encounters the 

sharp upper chamber edge. Furthermore, with increasing the depth of cut, the uncut chip 

thickness decreases which supports thermal softening. A deflection of the laser beam on the 

un-machined surface has an inverse effect in terms of surface hardening. These unwanted 

results happened more at higher laser powers, where the surface temperature can easily 

exceed the martensitic transformation temperature. 

Moreover, in case of other laser parameters, increasing the laser advance more than 5 mm 

shows a negative effect on the amount of reduction. The effect of laser advance, position and 

size of laser spot has been studied also based on the numerical investigation. 

2.6.2 Effects of Tool Wear on the Force Reduction 

Figure  2-19.a and Figure  2-20.a show the resulting forces based on the material removal 

volume for the side milling process with /without laser (cutting velocity: 57 m/min, feed rate: 

80 μm/rev, laser power: 900 W with the TiAlN-coated cemented carbide insert).  It can be seen 

that the forces (main influence is on FY and FZ) increase with time in both processes, but the 

slope of force increase is lower in the case of laser assisted milling. The forces in Y direction 

increase by 19 % more rapid than conventional milling while this value improves to 32 % for 

the Z direction using a moderate laser power. The result can be explained with the change of 

the tool tip shape and tool (cutting insert) wear [73]. In other words, the slope of forces with 

time indirectly states the progression of tool wear for both processes. Figure  2-19.b and 

Figure  2-20.b illustrate the final tool tip geometry after the milling processes, which confirm a 

reduction of tool wear in case of milling with laser. In the case of machining without laser, a 

kind of damage localization (which is called notch wear) can be observed alongside flank 

wear. The wear mechanism in LAM can be summarized only in flank wear. The notch wear 

has a very bad effect on the finished surface roughness.  

In our study in terms of the introduced analysis (progression of cutting forces with time), 

using the polycrystalline diamond (PCD) insert had the best result, then also TiAlN-coated 
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3 Material Modeling in Machining 

Process 

3.1 Johnson-Cook Material Model 

Johnson and Cook [75] introduced an empirical model for the flow stress in materials. This 

model is a phenomenological model which considers plastic strain, strain rate and 

temperature. Three multiplicative brackets represent strain hardening, strain rate hardening 

and thermal softening. The Johnson-Cook material model does not refer to internal variables 

such as crystal system, anisotropy, grain size and movement of dislocation which principally 

cause plastic deformation.  

௘௤ߪ ൌ ሺܣ ൅ ௡ሻߝܤ ൭1 ൅ ݈݊ܥ ൬
ሶߝ
ሶ଴ߝ
൰൱ ቆ1 െ ൬

ܶ െ ௥ܶ

௠ܶ െ ௥ܶ
൰
௠

ቇ Equation  3-1 

where σୣ୯ is the equivalent flow stress, ε is the equivalent (effective) plastic strain, εሶ  is the 

equivalent plastic strain rate normalized with a reference strain rate εሶ଴, T୫ the melting 

temperature of material and T୰ is room temperature, while	A,	B,	C,	n and m are the material 
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constants. The great advantage of the Johnson-Cook material model can be stated in the 

simple method of determination of its material constants.  

 

Table  3-1: The Johnson-Cook material constants of Ti-6Al-4Ti according to different references. 

 
 

A B C n m 
Strain rate 
range s-1 

Maximum 
true strain 
mm/mm 

Temperature 
°C 

Lee-Lin    
[76] 

782.7 498.4 0.028 0.28 1.0 2000 0.3  

Lee-Lin    
[41] 

724.7 683.1 0.035 0.47 1.0 500-3000 0.35 up to 1100 

Meyer-
Kleponis  
[77] 

862.5 331.2 0.012 0.34 0.8 000.1,0.1,2150 0.57  

Kay           
[78] 

1098 1092 0.014 0.93 1.1 up to 104 0.6  

Seo et al.  
[79] 

997.9 653.1 0.0198 0.45 0.7 1400 up to 0.25 1000 

Dandekar, et 
al.        [61] 

1080 1007 0.01304 0.6349 0.77    

 

The required tests (compression, tensile or torsion) are designed at constant strain rates while 

temperatures reach from room temperature to high temperatures. Parameter ܣ is the yield 

stress at room temperature and a strain rate of 1	ିݏଵ. With plotting the rigid-plastic true stress-

true strain curve on a logarithmic scale, the slope of the curve is	݊. The amount of stress as 

the plastic strain reaches the value of 1 signifies parameter	ܤ. To obtain parameter C, the 

slope of the curve of the true-stress versus the logarithm of the strain rate is determined at 

constant temperatures. The parameter	݉, is determined by two flow stresses, one at the room 

temperature and another one at the high temperature while the plastic strain and strain rate do 

not change. The data are put in the following relation as a result of the division of two flow 

stresses [80]. Generally, the Johnson-Cook model reliably reproduces value of flow stresses at 

low strain rates. With increasing the strain rates, the fluctuations in flow stress in terms of 

strain rate hardening and thermal softening has been reported. At high strain rates, the 

deformation mechanisms can be changed, e.g. in Ti-6Al-4V alloy (which consists of a 

majority of the hexagonal α-phase). With increasing the strain rate increases the twin fraction, 

(as anisotropy dependent deformation mechanism). This deformation mechanism leads to the 

higher strain rate hardening at low temperature which the Johnson-Cook material model is 

unable to predict acceptably for this kind of material behavior. T. W. Wright [81] has evinced 

another bug of the model in terms of initial rate of thermal softening. It could be argued as the 

deficiency of the model when it comes to generating the deformation localization and plastic 

instability. The rate of the thermal softening goes into infinity as ݉ ൏ 1 and goes into zero 

as	݉ ൐ 1 at room temperature. Furthermore, if the thermal softening parameter is supposed to 
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be equal one, the rate of thermal softening does not change until the temperature reaches 

melting point.  

However, the proposed constitutive material model by Johnson and Cook is extensively used 

in the finite element simulation of diverse material processing. Furthermore, several research 

studies have been performed to determine the material constants for a wide range of materials 

(Table  3-1). These arguments create a platform to modify the model in the areas with high 

strains, strain rates and temperatures, in fact, where there is still a lack of informative 

experimental outcomes. 

3.2 Johnson-Cook Material Model in Simulation of Machining Process 

 

The Johnson-Cook material model is the most widely used flow stress rule in simulation of 

cutting processes. From the point of view of the calculated cutting forces and achieved chip 

morphology, the material model has been evaluated by many researchers. Now and again, the 

model’s constants were optimized by minimizing the error between the calculated cutting 

forces and the experimentally determined one. Applying Johnson-Cook’s material model 

solely does not bring the segmented chip morphology which is demanded with scholars in the 

field of the simulation of machining process. 

3.2.1 Modified Johnson-Cook Material Model at High Strains 

Since the result of the split Hopkinson pressure bar (SHPB) is limited to the strain ranges of 

0.3-0.4, the typically predicted strain values in the machining process (0.5 up to 5) cannot be 

covered. Therefore, the understanding of the local material behavior during the cutting 

process still is located in the grey area. A modified Johnson-Cook material model has been 

used by Calamaz [82] and Sima [83]. The modifications consider the strain softening which is 

defined as decreasing the flow stress with increasing strain over a critical strain value. From 

the metallurgical viewpoint, the decreasing of the localized flow stress at the high strain is 

justified by the dynamic recovery and/or recrystallization which leads to a microstructural 

rearrangement. The microstructural evolution consists of the dynamically fine recrystallized 

grains (nano-scale) with a low dislocation density.  

Experimental investigations by Rittel [84, 85] and Duan et al. [86] are presented also by 

means of microstructure changing in the adiabatic shear bands of serrated chips of Ti-6Al-4V 

and hardened high strength steel (30CrNi3MoV). Rittel showed that a micro-structural 

evolution at the area near the shear localization occurred before the formation of the adiabatic 

shear band which is in opposition to attendance of the equiaxed grains at the center of the 

shear band [87]. Both studies are based on the microscopical analysis of the potential shear 

band (interrupted test at lower strains than cause adiabatic shear) and shear band areas. 
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Rittel’s investigations stated the very similar microstructures for both tests which were 

concluded for a prior dynamic recrystallization procedure. On the other hand, the result of 

Peirs et al. [87] showed major finer elongated grains (below 100 nm) in shear band with an 

equiaxed portion in the center of band at the low deformed test while these nano-scale grains 

were not observed at the high strain test. Needle-like martensitic morphology was justified for 

high temperatures in shear band. 

The above mentioned modified model takes into account the serrated chip formation as a 

result of dynamic recrystallization instead of the overcoming the thermal softening. This 

means that the dynamically fine recrystallized grains deform easier and consequently also the 

localization of the shear deformation. 

The modified model (TANH) helps to predict better saw-tooth chip formation in Ti-6Al-4V 

and INCONEL 718. The reason for this is a hidden failure model (but here instead of an 

update, the value of stress components equal to zero, the stresses decrease continuously) with 

a critical strain value. 

௘௤ߪ ൌ ൬ܣ ൅
௡ߝܤ

ୟሻߝሺ݌ݔ݁
൰ ൭1 ൅ ݈݊ܥ ൬

ሶߝ
ሶ଴ߝ
൰൱ቆ1 െ ൬

ܶ െ ௥ܶ

௠ܶ െ ௥ܶ
൰
௠

ቇቆܦ

൅ ሺ1 െ ሻܦ ൤݄݊ܽݐ ൬
1

ሺߝ ൅ ܵሻ௖
൰൨
௘

ቇ 
Equation  3-2 

where ܦ ൌ 1 െ ቀ ்

೘்
ቁ
ௗ

, ܵ ൌ ቀ ்

೘்
ቁ
௕
.  

The effect of the model constants on the flow stress curve is listed in Table  3-2 where it has 

been studied numerically by Sima. 

 

Table  3-2: The effect of defined material model constants in the modified Johnson-Cook 
material model (TANH) on the flow stress. 

Modified J-C 
model (TANH) 

parameters 
Effect on the flow stress curve 

S 
D 
a 
b 
c 
d 

Decreasing the critical strain value depending temperature 
Decreasing the flow stress at the high strains depending temperature 

Slope of the flow stress decreasing after the critical strain value at high strains 
Position of maximum flow stress (critical strain value) 

Slope of the flow stress decreasing after the critical strain value at low strains 
Magnitude of strain softening 

 

Figure  3-1 compares schematically the original Johnson-Cook material model with the 

modified one. As it can be seen in contrast to the modified form, with increasing strain the 
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In the finite element simulation, there are two choices as an element reaches the critical value: 

deleting or softening. The deleting of elements is more relevant for the modeling of the 

catastrophic failure and the latter is not different to the thermal softening due to shear 

localization which is more in conformity with the original model of Cockcroft and Latham 

which uses the equivalent stress instead of the positive part of principal stress. It means the 

value of ܦ is equal to the area under the curve flow stress versus the strain until a critical 

strain. 

3.2.3 Johnson-Cook Damage Model 

In comparison to Cockcroft and Latham fracture models, the Johnson-Cook damage model 

[78] considers different factors such as triaxiality of the stress state, temperature, the strain 

rate and strain. The model is conceived to predict the critical fracture strain based on the 

accumulative incremental strain which includes the previous loading. In the finite element 

analysis, the fracture begins at an element greater than one, where the damage value (ܦ௃஼ሻ in a 

given element is calculated in accordance with: 

௃஼ܦ ൌ෍ቆ
ߝ∆
௙ߝ
ቇ Equation  3-4 

where ∆ߝ  is the difference between the incremental equivalent plastic strains for an element 

and ߝ௙ is the strain fracture at the respective  time step which is determined with: 

௙ߝ ൌ ቈܦଵ ൅ ݌ݔଶ݁ܦ ቆܦଷ
ுߪ
௘௤ߪ

ቇ቉ ൤1 ൅ ସ݈݊ܦ ൬
ሶߝ
ሶ଴ߝ
൰൨ ൤1 ൅ ହܦ ൬

ܶ െ ௥ܶ

௠ܶ െ ௥ܶ
൰൨ Equation  3-5 

σୌ is the hydrostatic pressure: 

ுߪ ൌ
ଵߪ ൅ ଶߪ ൅ ଷߪ

3
 Equation  3-6 

Where the ߪଵ,	ߪଶ and ߪଷ are the main normal (principal) stresses. 

As can be seen in Equation 3.5, the constants ܦଵ, ܦଶ and ܦଷ are related to the stress state, ܦସ 

characterizes the model dependency at high strain rates while the parameter ܦହ controls the 

material behavior at high temperatures. Generally the material under compression states tends 

to build the shear fracture. Hence, as the failure appears under tensile states, this tendency 

goes in the direction of fracture due to the void formation and void growth. It means if the 

triaxiality stress state (σ∗ ൌ σୌ σୣ୯⁄ 	), is between -1/3 and 0, the Johnson-Cook damage 

model takes into account only the shear fracture and the required strain for fracture decreases 

with increasing the triaxiality stress. From another side, if the triaxiality stress exceeds 1/3, 

the damage model is restricted in fracture due to the void growth [90]. Since the amount of 
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damage in FEM simulations increases continually with the simulation step, the according 

model is suitable for ductile fracture which is also related to gradual growing of voids. 

The Johnson-Cook damage model in the simulation of machining has been used as damage 

criterion for chip breakage prediction [91, 92] and also as a chip segmentation criterion [93, 

94]. Zhang [94] has used the Johnson-Cook damage model to determine the damage initiation 

and energy based fracture model for decreasing the flow stress afterwards in a shear limited 

contact area system. 

3.2.4 Thermo-plastic Shear Instability 

Under specific conditions, the plastic strain can be localized and leads to the catastrophic 

shear which is called adiabatic shear. It is proposed that the flow instability begins as the flow 

stress achieves a maximum value: 

൬
௘௤ߪ݀
ߝ݀

൰ ൌ 0 Equation  3-7 

As can be seen, the instability initiates as the slope of the stress-strain curve becomes negative 

which means the thermal softening overcomes the strain hardening. In other words, the heat 

generation due to the plastic deformation drops the flow stresses more than the increasing of 

flow stresses due to the work hardening. 

With the consideration that the plastic flow is a function of strain, strain rate and temperature: 

௘௤ߪ ൌ ,ߝ௘௤ሺߪ ,ሶߝ ܶሻ Equation  3-8 

Then, the differential ݀σୣ୯ can be written: 

௘௤ߪ݀ ൌ
௘௤ߪ߲
ߝ߲

ߝ݀ ൅
௘௤ߪ߲
ሶߝ߲

ሶߝ݀ ൅
௘௤ߪ߲
߲ܶ

݀ܶ Equation  3-9 

which it can be rewritten in form of: 

݀σୣ୯ ൌ ሺܵ݊݅ܽݎݐ ߝሻ݀݃݊݅݊݁݀ݎ݄ܽ ൅ ሺܵ݊݅ܽݎݐ ݁ݐܽݎ ሶߝሻ݀݃݊݅݊݁݀ݎ݄ܽ

൅ ሺ݈ܽ݉ݎ݄݁ݐ	݃݊݅݊݁ݐ݂݋ݏሻ݀ܶ Equation  3-10 

Bai [95] had solved the above mentioned instability criteria analytically with a series of 

assumptions using the first law of thermodynamics, Fourier’s equation and equation of 

motion. He drew a conclusion from his calculations that adiabatic deformation and no work 

hardening are two significant ways in instability of flow. However, here is achieved the same 

criteria for instability of plastic flow with an assumption that the strain rate is constant during 

the deformation in case of adiabatic deformation: 
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ሶߝ݀ ൌ 0 Equation  3-11 

Therefore, the equation leads to: 

ሶߝ݀|௘௤ߪ݀ ൌ 0 ൌ
௘௤ߪ߲
ߝ߲

ߝ݀ ൅
௘௤ߪ߲
߲ܶ

݀ܶ ൌ 0 Equation  3-12 

and we obtain: 

௘௤ߪ߲
ߝ߲

ߝ݀ ൅
௘௤ߪ߲
߲ܶ

݀ܶ ൌ 0 Equation  3-13 

then the instability criteria simplifies to: 

௘௤ߪ߲
ߝ߲

ߝ݀ ൌ െ
௘௤ߪ߲
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݀ܶ Equation  3-14 

or 

ሺܵ݊݅ܽݎݐ	݃݊݅݊݊݁݀ݎ݄ܽሻ
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݀ܶ
ߝ݀

 Equation  3-15 

then, it is assumed that the plastic work converts into heat: 

ݍ ൌ ௣ܹ ൌ නߪ௘௤.  Equation  3-16 ߝ݀

If the process is the adiabatic at each time increment, it means that the heat conduction can be 

neglected, and then it can be concluded: 

௣݀ܶܿߩ ൌ .௘௤ߪ  Equation  3-17 ߝ݀

and put in the equation, we obtain: 

௘௤ߪ߲
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௘௤ߪ߲
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௘௤ߪ
௣ܿߩ

 Equation  3-18 

In order to calculate a critical strain for the beginning of the strain localization, in the case of 

the Johnson-Cook flow law, the strain hardening is:  
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ቇ Equation  3-19 
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and also the equation is partially differentiated with respect to temperature: 
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ቇ Equation  3-20 

Finally, put equation X and Y in equation Z to attain a polynomial equation, which critical 

strain (ߝ௖) for instability initiation is considered as unknown: 
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This equation, which is similar to the equation of Rafenbberg [96], should be solved for each 

element in each time increment in the finite element analysis. After it nucleates, a shear band 

would propagate forward and this post-instability process linked to a local softening or a final 

fracture. As can be seen in the above equation, if thermal softening parameter (݉) is equal to 

1, the critical strain is not dependent on the temperature, except that the density and the 

specific heat vary with temperature. Also, the critical strain is not related to the thermal 

conductivity, because with the assumption of the adiabatic condition at each unit of time, the 

last term of energy equation is omitted: 

ሶܹ ௣ ൌ ௣ܿߩ
߲ܶ
ݐ߲

െ  Δܶ Equation  3-22ߣ

where Δ is a Laplace operator. 

It should be mentioned that in the second alternative of instability in the analytical solution of 

Bai, where the work hardening is zero, thermal conductivity and strain rate hardening are 

embedded in the instability criterion. 

3.3 2D FEM simulation of Orthogonal Cutting 

In this section a finite element model is developed in DEFORM 2D to resolve the influence of 

different approaches to achieve serrated chip morphology in the orthogonal cutting of Ti-6Al-

4V. The Software owns the implicit Lagrange mesh formulation and is able to handle large 

deformations, but requires frequent re-meshing. The software supports automatic local re-

meshing, based on the impacted weighting factors [97]. In the regions of high strain, strain 

rate and temperature, the generated mesh is finer (in the primary shear zone and the area near 

the tool tip). Use of adaptive re-meshing increases the stability of the simulation where a 

dynamic mesh modification along the deformed or distorted elements is possible. 

Furthermore, in order to minimize the interpolation error during the re-meshing, the stress and 

strain state can be saved as nodal data, too. The DEFORM does not use any chip separation 
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criterion, and material flows based on the prescribed and the calculated velocity field of the 

free surface nodes in the direction of minimum energy. The model of work piece is assumed 

as plan strain geometry and consists of 10000 elements with a size ratio of 10. The tool has 

4877 elements with fine mesh at the tool tip (about 0.004 mm). The model represents the 

work piece as a rigid-plastic part and the tool as a rigid body with a four node element for 

both. The rigid-plastic modeling decreases the computing time remarkably. The length of the 

work piece is 1 mm and its total thickness is 0.1 mm. The uncut chip thickness is 0.1mm. The 

cutting tool has a clearance angle equal to 5° while the rake angle is 11 ° and the rounding of 

the tool nose has a radius of 0.015 mm. In order to simulate the milling process, the cutting 

tool moves with a constant velocity in the feed direction. It is assumed that the 90% of the 

plastic deformation work converts to heat and 100% of friction work converts to heat. The 

thermal boundary conditions (convection and radiation) were considered by applying the 

convection heat transfer coefficients and the emissivity to all elements with external contact. 

The bottom surface of the work piece was fixed in three directions. Based on Zorev’s model 

[98], the frictional condition at the tool-chip interface express with the following relations: 

߬ ൌ ௡ߪߤ                      ௡,                          ifߪߤ ൏ ഥ݉
ఙ೐೜

√ଷ
 

Equation  3-23 
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where ߪ௡ is normal stress, τ is shear stress, ߪ௘௤ the equivalent flow stress, μ is Coulomb 

friction coefficient and ഥ݉  is shear factor. The values for ഥ݉  and μ were kept constant at 0.7 

and 0.5, respectively. The heat interface coefficient between tool and chip is taken as a 

constant value of 50 kW/m²K, which is assumed because of the high pressure and temperature 

on the rake face and chip contact area the heat transfer rate from the chip to the tool is high. 

Thermo-physical material properties of Ti-6Al-4V which in all simulations in this chapter 

have been used are listed in Table  3-3. The constants for original Johnson-Cook material 

model for all simulations are taken from Lee-Lin [41] in Table  3-1. The modified Johnson-

Cook material model (TANH) constants are listed in Table  4-4. The critical value for 

Cockcroft and Latham criterion is chosen from DEFORM material library equal to 240. The 

Johnson –Cook damage model constants are taken from G. Kay [78] where ܦଵ,		ܦଶ,		ܦଷ,		ܦସ 

and ܦହ are -0.09, 0.25, -0.5, 0.014 and  3.87, respectively. 

In order to compare the simulation result with the experimental chips, three chip 

characterization parameters are considered: tooth spacing, tooth depth and chip body. The 

experimental chips (Figure  3-2) were taken from the literature (Ye et al. [99]). A comparison 

has used the average space between teeth (AST) and average depth of teeth (ADT), both of 

which increase with the cutting velocity. Based on the reported results and microscopically 

images of Ye et al., the AST for cutting velocity of 3, 30 and 300 m/min are 0.03, 0.05, and 

0.07 mm, while the ADT are 0.01, 0.03 and 0.06 mm, receptively. For very high cutting 
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deformation. The temperature at the localized strain band in the simulation rises up to 500°C, 

which can be a reason for occurrence of the dynamic recrystallization.  

3.3.3 Chip Morphology using the Johnson-Cook Damage Model 

The according damage model was written in usr_msh.f subroutine which provides to save the 

effective strain of previous increment in a user defined variable without reference to the re-

meshing procedure. The incremental and summation of the Johnson-Cook damage model 

were saved and were illustrated in the post processor interface. However, the subroutine does 

not have access to the flow stress which is requested for the modeling of chip segmentation. 

In this section, only the initial location of damage is presented, where the beginning of strain 

localization could be conducted to the high damage value along the shear band. 

Figure  3-8 shows the incremental and summation of the Johnson-Cook damage model with 

increasing the cutting velocity at the beginning of the simulation. A first observation of results 

verifies that the model is not sensitive enough with the cutting velocity and consequently the 

effective strain rate, although the term due to the strain rate in the model is embedded. As a 

reason it can be stated that the constant regarding to the strain rate (Dସ) fades the variation of 

strain rate. As mentioned earlier, the main attempt to determine the model’s constants focuses 

on the first three ones (Dଵ,	Dଶ,	Dଷ) and  torsion tests at different shear strain rates do not cover 

the high strain rate regime that is discovered during the simulation. As can be explored from 

Figure  3-8, the damage begins from the contact area in front of the tool tip which expresses 

high values of plastic strain which can be used as an initiation point for beginning the damage 

(softening). Zhang [94] has been used this model in combination with Hillerborg’s fracture 

model and limiting shear stress on the tool-chip interface for modeling of serrated chip 

morphology. However, the result of these investigations does not produce clearly a transition 

from the continuous chip morphology into the segmented chip at least in frequency in 

localization attempts. This chip morphology transition happens with the varying of the rake 

angle where the negative rake angle increases the tendency of segmentation. 

As the rake angle goes into the negative values, the hydrostatic pressure at contact area 

between rake face and chip increases which emphasizes the trend to the serrated chip 

morphology. 

The result of simulation in this work shows that the value of incremental Johnson-Cook 

damage model at low cutting velocity (0.005 m/s) is higher than the according value at high 

cutting velocity (5 m/s). Because of that, the simulation is studied only at the beginning steps, 

the temperature at the high cutting velocity for corresponding elements (40 °C) at the 

according element is higher in comparison with the low one (250 °C). Because of that, the 

softening and strain localization is not realized in this study, the propagation and distribution 

of the damage model in further simulation steps is not meaningful as a tool for comparison 

between the different cutting conditions.  
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௖ܦ ൌ
௖ߝ
ߝ

 Equation  3-25 

or for the exponential one: 

௖ܦ ൌ ௖ߝሺ݌ݔ݁ െ  ሻ Equation  3-26ߝ

Based on this assumption, Hillerborg proposes a model for the material stiffness degradation 

in case of ductile fracture. In order to describe the behavior of the material in the post ultimate 

stress state at the present work, the exponential reduction of flow stress with a lower limit was 

considered for the isotropic softening of material after achieving the critical strain as: 

௖ܦ ൌ  ௕భሻ Equation  3-27ߝሺെܽଵ݌ݔ݁

where	ܽଵ and ܾଵ are a material constant and have been estimated experimentally. The effect of 

these constants on the value of ܦ௖	is illustrated in Figure  3-9. It should be mentioned that the 

applied softening path is quite different to the original description where parameter fracture 

energy is used which depends on the fracture toughness, elastic modulus and the Poisson’s 

ratio. 

 

Figure  3-9: The effect of damage parameter constants on the level of flow stress reducing (a) 
with variation of b1 and (b) a1. 

The deformation pattern is investigated from two points of view: the frequency and the power 

of localization. From this arrangement, it is concluded that the strain localization in the 

continuous chip formation initiates more often but the resulting softening is not adequate for 

further deformation in sliding the material along the shear band. In contrast to the continuous 

chip formation, the frequency is less, but the power of shear localization is more. The power 
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A special feature of applied manner can be observed in Figure  3-15.b where the AST presents 

even up to 0.0034 mm and ADT up to 0.0018 mm. These low values are explanatory of high 

frequency of localization phenomena related the calling of threshold strain. The last two 

adjustments were considered here as particular cases in the thermo plastic shear instability not 

as a routine manner. In the Section 3.7, the model will be adjusted to use for 3D simulation 

where the adiabatic threshold strain solely is not adequate for FE-modeling of material. 

3.4 Hot Compression Test  

In order to determine the susceptibility of materials to the occurrence of adiabatic shear 

failure, the compression tests were performed. In this study, a Gleeble® 3800 based on a 

servo-hydraulic deformation system was used. The Gleeble system with a resistance heating 

enables the high heating rates (up to 10000°C/s). The temperature of specimens was measured 

by the welding of K type thermocouple (Ni – Cr [+] vs. Ni – Al [-]) on the longitudinal center 

of specimens. A maximum stroke rate of 2000 mm/s makes it possible to reach a strain rate of 

about 0.01 up to100 s-1 in the compression test by use of cylindrical specimens with 16 mm 

height and a diameter of 10 mm. The maximum stroke can be reached of 100 mm and a 

maximum force of 20 tons in compression test is accessible. The hot compression test using 

Gleeble® 3800 enables to measure directly stress - strain curves which can be interpreted 

from a macroscopical point of view. All compression tests with different temperatures (600 

and 750 °C) and strain rates (0.01, 1, 10 and 100 s-1) were carried out first to achieve a strain 

of 1. After an analysis of the stress-strain curves according to the maximum achieved stress 

state, some tests were repeated for strain 0.4 and 0.6. The aim of this procedure is to 

investigate the adiabatic shear evolution at different steps of formation up to the occurrence of 

specimen fracture. The compressed specimens were cut precisely and were prepared for 

metallography analyses. The metallography parts underwent macro etching (100 ml H2O, 2 

ml HNO3 and 0.2 ml HF) and then micro etching (100 ml H2O, 5 ml HNO3 and 2 ml HF) for 

microscopic examinations at for edges of each specimen. The results of compression test will 

be presented in section  3.6 for validating of 2D simulations. 

3.5 2D FEM Simulation of Compression Test of Ti-6Al-4V 

All numerical hot compression tests were performed using the DEFORM 2D software. 

Table  3-5 shows the performed simulations corresponding to the true strain rate and 

temperature. An axisymmetric cylindrical rigid-plastic as work piece body accompanied with 

two flat rigid dies was assumed as model component. The work piece consisted of 7500 four 

nodes elements with a size ratio of 15. The cylindrical specimen has an initial diameter of 10 

mm with a length of 16 mm. The billet was compressed between two dies while the imposed 

downward vertical displacements were applied on the top die with the constant velocity while 

the bottom die was constrained in two directions. 
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Table  3-5: Performed simulation conditions. 

Name Strain rate s-1 Temperature °C Die velocity mm/s 

600_01 0.01 600 0.16 

600_1 1 600 16 

750_1 1 750 16 

750_10 10 750 160 

 

The initial billet temperature was 600°C and the initial die temperature was 25°C. During 

compression, the heat transfers through the contact area into the die where the coefficient of 

heat exchange between the deformed metal and the tool was assumed of 10 [W/ mm2°C]. The 

specimen loses heat to the environment with a convection coefficient of 0.02 [W/ mm2°C]. 

The friction behavior at contact areas between the dies and the work piece follows from the 

Coulomb’s law with a constant coefficient of 0.3. It was assumed that the deformation work 

converts to heat with an efficiency of 0.9 while the whole friction work converts to the heat. 

Ti-6Al-4V was used as work piece material for the studies; the thermo-physical properties of 

the work piece material were the same as in the previous section. The mechanical behavior 

was based on the Johnson-Cook material model as used earlier.  

3.6 2D Material Model Validation 

This section focuses on the microscopic observation of adiabatic shear instability evolution 

and comparison with the result of the FEM simulation using the before described approach in 

section 3.2.4. The formation of adiabatic shear band before the incident of fracture is 

classified in three levels as they are illustrated in Figure  3-16. Figure  3-16.a shows potential 

nucleation sites for deformation instability where the grains are elongated slightly in one 

direction but the deformation follows a homogenous regime [101]. Figure  3-16.b clarifies the 

transition from homogenous deformation into inhomogeneous which leads to a fresh shear 

band. This thin band is not enough matured for a catastrophic fracture like the thickly formed 

shear band in Figure  3-16.b. The distinct region of shear band comparison with neighboring 

domains in Figure  3-16.c gave evidence of the sharp gradient in the strain rate, the strain and 

the temperature. Figure  3-16.d shows a fracture path in the whole specimen where it is 

continued from the upper left side to the bottom right side. 

This classification helps more for a systematic comparison between the stages of adiabatic 

shear band formation in simulation and corresponding trial one. The supposed regions in the 

top-left edge between two parallel lines with 1 till 3 (level of band formation) are identified. 

In the present study, the evidence of incident, power and propagation of shear bands in the 

corresponding strains are summarized by visual point of view. This manner is satisfactory for 

the determining and matching of applied model constants in the previous section. 



Material M

 

 

Figure 

Figure  3

strain o

differen

observe

simulati

until str

which i

material

rate of 

stress s

simulati

localiza
 

a) 

c) 

Modeling in M

 3-16: (a) Sh
at tru

3-17.a and 

of 0.4 and 0

nt types of 

ed while at s

ion results i

rains of 0.6

is in agreem

l model (wh

1 in flow s

state in exp

ion results.

ation areas r

Machining Pro

hear band nu
ue strain of 

Figure  3-1

0.6 for an i

magnificat

strain 0.6 ca

in Figure  3-

6. However

ment with t

hich is suita

stress equat

perimental 

 The final 

reach a valu

ocess 

uclei (b) seco
0.6 with str

7.b show th

initial temp

tion. At th

an be seen 

-18.a do no

r, the simul

he experim

able for hig

tion) is use

condition f

failure sim

ue of less tha

ond type (c)
ain rate 100

he microsco

perature of 

he strain of

in Figure  3

ot show any

lation predi

ment in Figu

gh rate defor

ed for deter

for the low

mulations ha

an 100 MPa

b)

d)

Institu

) third type o
0 s-1 and tem

opically cro

600°C and

f 0.4, any 

-17.d the se

y strain loca

icts a catas

ure  3-18.c. 

rmations w

rmination of

w strain rat

appened as 

a.  

ute of Materia

of shear ban
mperature 75

oss section 

strain rate

kind of str

econd level 

lization and

strophic fail

Because of

ith defining

f shear inst

tes (0.01 s-

all elemen

als Science and

nd (d) fractu
50 °C. 

of specime

e of 0.01 s-

rain localiz

 of shear ba

d flow stres

lure at the 

f the Johnso

g of referen

tability, the
-1) is less t

nts along th

64 

d Welding 

ure path 

en at the 
1 in two 

zation is 

and. The 

ss falling 

strain 1 

on-Cook 

ce strain 

e general 

than the 

he strain 



Material M

 

Figur
ster

e

a) 

c) 

e) 

Modeling in M

re  3-17: (a) T
reo cross sec
ngineering s

Machining Pro

The stereo c
ction and (d)
stress-strain

ocess 

cross section
) top-left cor
n diagram w

 

 

n and (b) top
rner at true 

with strain r

5

10

15

20

25

30

35

S
tr

es
s 

[M
P

a]

b)

d)

f)

Institu

p-left corner
strain of 0.6
ate 0.01 s-1 a

0

50

00

50

00

50

00

50

0 0,1 0,2

f) 

ute of Materia

r at true stra
6, (e) true st
and tempera

0,3 0,4 0,5

strain [mm

als Science and

ain of 0.4, (c
train of 1 an
ature 600 °C

0,6 0,7 0,8

m/mm]

65 

d Welding 

 

 

c) The 
nd (f) 
C .  

0,9 1



Material M

 

Figure  3

The res

(Figure 

Figure  3

at the s

with the

occurs a

shear b

evidenc

b) 

c) 

a) 

Modeling in M

3-18: Effecti

sults of the

 3-19) do n

3-20. Both 

train of 0.6

e partial dr

as the spec

bands in Fi

ce that the fi

Machining Pro

ive strain an
strai

e compressi

not show s

simulation 

6. The secon

ropping of f

cimen reach

gure  3-19.e

inal failure h

ocess 

nd stress dis
in rate 0.01 

ion test at 

shear locali

and experim

nd type of 

flow stresse

hes 6.7 mm

e in compa

happens bef

 

 

 

stribution in
s-1 and temp

the temper

ization at th

mental imag

adiabatic s

es at the po

m (strain equ

arison with

fore the stra

Institu

n true strain
perature 600

ature of 60

he strain 0

ge verifies

hear band i

otential site

uals to 0.87

h the uniqu

ain reaches 

ute of Materia

s of (a) 0.4 (
0 °C .  

00 °C and 

.4 as the s

a shear inst

is character

es. The pred

7) in simula

ue case in F

the value of

als Science and

(b) 0.6 and (

strain rate 

simulation r

tability seco

rized in sim

dicted finia

ation. The 

Figure  3-1

f 1. 

66 

d Welding 

 

 

 

c) 1 with 

of 1 s-1 

result in 

ond type 

mulations 

al failure 

repeated 

7.e give 



Material M

 

Figur
ster

 

a) 

c) 

e) 

Modeling in M

re  3-19: (a) T
reo cross sec

engineering

Machining Pro

The stereo c
ction and (d)
g stress-stra

ocess 

cross section
) top-left cor

ain diagram 

 

n and (b) top
rner at true 
with strain 

S
tr

es
s 

[M
P

a]

b 

d)

f)

Institu

p-left corner
strain of 0.6
rate 1 s-1 an

0

100

200

300

400

500

600

700

0 0,1 0

[
]

f) 

ute of Materia

r at true stra
6, (e) true st

nd temperatu

,2 0,3 0,4 0,5

Strain [m

als Science and

ain of 0.4, (c
train of 1 an
ture 600 °C .

5 0,6 0,7 0,8

mm/mm]

67 

d Welding 

c) The 
nd (f) 
.  

0,9 1



Material M

 

Figure  3

The com

that the 

0.27 for

and tem

As it ha

in the fo

propaga

simulati

adiabati

b) 

a) 

c) 

Modeling in M

3-20: Effecti

mparison of

global crit

r 1 s-1. Sinc

mperature, th

as been obse

form of crac

ation such 

ions and m

ic shear ban

Machining Pro

ive strain an
stra

f the global

ical strain f

ce the goal 

he material b

erved for co

cks. Howev

as what ha

microscopic

nd are the 

ocess 

nd stress dis
ain rate 1 s-1

stress-strai

for peak str

of this wor

behavior at 

ompression 

er, it does n

appened in

 images d

upper edge

stribution in
1 and tempe

in curve bet

ress shifts fr

rk is focuse

low strain r

tests at 600

not mean th

the case o

demonstrate,

es, bottom e

Institu

n true strain
erature 600 °

tween the s

rom strain o

ed on the d

rates is not 

0 °C, the cat

hat the adiab

of brittle m

, the vulne

edges and c

ute of Materia

s of (a) 0.4 (
°C .  

train rates 0

of 0.15 at 0

eformation 

relevant. 

tastrophic fa

batic shear 

materials. A

erable sites

center of sp

als Science and

(b) 0.6 and (

0.01 and 1 

0.01 s-1into 

at high stra

failure appe

band follow

As the resul

s for nucle

pecimen. A

68 

d Welding 

c) 1 with 

s-1 states 

strain of 

ain rates 

ars itself 

ws crack 

lt of the 

ation of 

As it was 



Material M

 

mention

simulati

softenin

adiabati

With co

directio

any add

strain a

undertak

as it wa

 

Figure  
specim

The fin

Figure  3

a) 

c) 

Modeling in M

ned, these n

ion model a

ng. The flo

ic shear ban

ontinuing c

n or in one

ditional con

as it was il

ken a shear

as observed 

 3-21: (a) Th
men at true s

nal result o

3-21. The sp

Machining Pro

nuclei can b

as the critica

ow softenin

nd, because 

compression

e chosen sur

nsiderations

llustrated in

r stress or te

in the Figur

he stereo cro
train of 1 an

of hot comp

pecimen rea

ocess 

be declared

al strain wh

ng in the c

the accordi

n loading, t

rface. Ther

s. As contin

n Figure  3

ensile state.

re  3-17.e an

oss section a
nd (d) engin

temp

pression tes

aches a strai

d in flow b

here both of

enter of th

ing zone ha

these local 

reby, it occu

nuous lines

-16.d) are

. This load 

nd Figure  3-

and (b) top-l
neering stres
perature 750

st at 750 °

in of 1 with

1

1

2

2

3

3

4

4

S
tr

es
s 

[M
P

a]

b)

Institu

behavior as 

f these aspec

he specimen

as undergon

softening z

urred and a

s of shear b

formed, th

changing le

-19.e.  

eft corner a
ss-strain dia
0 °C .  

°C and stra

hout the occ

0

50

100

150

200

250

300

350

400

450

0 0,1 0,2
d) 

ute of Materia

a maximum

cts can be s

n does not 

ne the comp

zones prefe

agreed with 

band (with 

he center of

eads to a ca

t true strain
gram with s

ain rate 1 

urrence of c

0,3 0,4 0,5

Strain [mm

als Science and

m stress an

summarized

follow a 

pression stre

er to extend

simulation

the high l

f specimen

atastrophic 

n of 1, (c) Th
strain rate 1

s-1 is illust

catastrophic

0,6 0,7 0,8 0

m/mm]

69 

d Welding 

nd in the 

d in local 

classical 

ess state. 

d in one 

without 

localized 

n is also 

damage, 

he whole 
1 s-1 and 

trated in 

c failure. 

0,9 1



Material M

 

The mic

specime

result sh

which i

of speci

strain o

directio

 

Figure  3

The sim

0.6, wh

of secon

this stud

the leve

shear d

discusse

of occu

Figure  3

 

b) 

a) 

Modeling in M

croscopic im

en edges wh

hows also th

s attributed

imen under 

of 1 withou

n, which ex

3-22: Effecti

mulation pre

ich is stron

nd type) wa

dy, the reor

el of stress 

deformation 

ed before, in

urrence is 

3-20). The s

Machining Pro

mage show

hich are in 

hat the effe

d to shear in

r strain rate 

ut incident 

xpresses a d

ive strain an

edication (F

nger than Fi

as expanded

ganization b

degrading. 

 line whic

n low powe

more than

simulation a

ocess 

s a shear in

agreement w

ctive stress 

nstability of 

10 s-1 and 

of final fa

directional so

nd stress dis
rate 1 s-1 an

Figure  3-24

igure  3-22.a

d to the susc

between the

The micro

h consists 

er shear inst

n the high 

and experim

nstability of

with the sim

degrades s

f the first ty

temperature

failure, alth

oftening. 

stribution in
nd temperat

.a) indicate

a. The degr

ceptible are

e different s

scopic and 

of the firs

tability (Fig

power de

mental inves

Institu

f the second

mulation res

lightly at th

ype. Figure  3

e 750 °C. T

ough the s

n true strain
ture 750 °C 

s a first typ

ading of ef

eas (X form

shear instab

macroscop

st and seco

gure  3-22 an

eformation 

stigation con

ute of Materia

d type in th

sults in Figu

he strain of 

3-23 presen

The specime

specimen h

s of (a) 0.6 a
.  

pe of shear 

ffective stre

m window) a

bility levels 

pic investiga

ond type o

nd Figure  3

instability 

nfirms this a

als Science and

he center an

gure  3-22. T

0.6 (Figure

nts the cross

en has achi

has inclined

and (b) 1 wi

instability 

ss (shear in

at the strain

is distingui

ation shows

of shear ba

3-24), the fr

(Figure  3

assumption

70 

d Welding 

nd at the 

The FEM 

  3-22.a), 

s section 

eved the 

d to one 

th strain 

at strain 

nstability 

n of 1. In 

ished via 

s a thick 

ands. As 

requency 

-18 and 

n. 



Material M

 

Figure  
specime

Beside 

degree a

Ti-6Al-

used in 

Naturall

in comb

or homo

evolutio

From a 

mesh de

tried to 

compres

a) 

c) 

Modeling in M

 3-23: (a) Th
en at true st

temperature

and propaga

4V, morpho

this study) 

ly, the meta

bination wit

ogeny heati

on of bands.

numerical p

ependency.

minimize t

ssion tests 

Machining Pro

he stereo cro
train of 1 an

e and defor

ation rate of

ology of m

or grain si

allurgical m

th the test ac

ing) decreas

. 

point of vie

 In this wo

the interpola

in terms of

ocess 

oss section a
nd (d) engine

temp

rmation vel

f adiabatic s

microstructur

ze has an e

material defe

ccuracy (for

se or increa

w, unfortun

ork, using a

ation error.

f prediction

and (b) top-l
eering stress
perature 750

ocity which

shear bands

re (as it has

effect on ha

ects also cha

r example p

ase the stres

nately, every

a relative fi

The 2D FE

n of beginn

10

20

30

40

50
S

tr
es

s 
[M

P
a]

b)

d

Institu

eft corner a
s-strain diag
0 °C .  

h have been

s depend on

s been seen

ardness whic

ange the ad

precise cont

ss peak or c

y finite elem

ine mesh an

EM results s

ning of shea

0

00

00

00

00

00

0 0,1 0,2
) 

ute of Materia

t true strain
gram with st

n considere

n another par

n, equiaxed 

ch affects th

iabatic beha

act between

critical strai

ment simula

nd absence 

show good 

ar instability

0,3 0,4 0,5

Strain [mm/

als Science and

n of 1, (c) Th
train rate 10

ed in this st

arameters. In

α morphol

he shear ins

avior. Thes

n dies and s

in for initia

ation result 

e of re-mesh

agreement 

y, determin

0,6 0,7 0,8

/mm]

71 

d Welding 

he whole 
0 s-1 and 

tudy, the 

n case of 

ogy was 

stability. 

e factors 

pecimen 

ation and 

involves 

hing has 

with the 

nation of 

0,9 1



Material M

 

stage o

specime

 

Figure  3

3.7  3

The des

function

main go

phases: 

the acco

critical 

stress d

critical 

the appr

The gen

instabili

b) 

a) 

Modeling in M

of adiabatic

en before th

3-24: Effecti

3D Mater

scription of

n of strain, 

oal regardin

detecting o

ording strai

strain rate 

degradation.

strain for th

roach is ado

neral cond

ity begins, w

Machining Pro

 shear ban

he crucial fra

ive strain an
r

ial Model

f the materi

strain rate

ng the mode

of a maximu

in. Since in

solely is no

 Hence, in 

he simple po

opted for the

ition for th

when: 

ocess 

nd and indi

acture.  

nd stress dis
rate 10 s-1 an

ling of Ad

ial behavior

and tempe

eling of the 

um value fo

ncreasing o

ot adequate 

this sectio

ower low m

e Johnson-C

he flow in

irectly the

 

 

stribution in
nd temperat

diabatic S

r based on 

erature, was

adiabatic sh

or equivalen

of the minim

for definin

on, a critica

material beh

Cook materi

nstability is 

Institu

prediction 

n true strain
ture 750 °C 

Shear Inst

a function 

s presented

hear instabi

nt stress and

mum eleme

ng of the da

al strain rate

avior like F

ial model. 

valid here

ute of Materia

of total u

s of (a) 0.6 a
.  

tability  

in which t

d in the pre

ility can be 

d degrading 

ent size in 

amage initia

e is determ

Frost and As

e, as menti

als Science and

undergone s

and (b) 1 wi

the yield str

evious chap

summarize

g of flow str

3D simulat

ation or rath

mined instea

shby [102] 

ioned, defo

72 

d Welding 

strain of 

 

 

th strain 

ress is a 

pter. The 

ed in two 

ress after 

tion, the 

her flow 

ad of the 

and then 

ormation 



Material Modeling in Machining Process  73 

  Institute of Materials Science and Welding 

ቆ
௘௤ߪ߲
ߝ߲

ቇ
்,ఌሶ

ߝ݀ ൅ ቆ
௘௤ߪ߲
߲ܶ

ቇ
ఌ,ఌሶ

݀ܶ ൅ ቆ
௘௤ߪ߲
ሶߝ߲

ቇ
்,ఌ

ሶߝ݀ ൌ 0 Equation  3-29 

and with the assumption that the strain state does not change during adiabatic shear and the 

whole generated energy due the deformation converts into the heat: 

ቆ
௘௤ߪ߲
ߝ߲

ቇ
்,ఌሶ

ൌ െቆ
௘௤ߪ߲
߲ܶ

ቇ
ఌ,ఌሶ

௘௤ߪ
ܿ௣

 Equation  3-30 

as the flow stress behavior defined as only function of work hardening (power law): 

௘௤ߪ ൌ  ௡ Equation  3-31ߝܭ

then with derivation of the flow stress respect to the  strain term, the corresponding critical 

strain regarding the maximum value of flow stress can be determined: 

௖ߝ ൌ
െ݊ܿ௣

൫߲ߪ௘௤ ߲ܶ⁄ ൯
ఌ,ఌሶ

 Equation  3-32 

Since the effect of temperature on the flow behavior of material is not considered in the power 

law material model, it is assumed that the ൫߲ߪ௬ ߲ܶ⁄ ൯
ఌ,ఌሶ

term is a fraction of flow stress. 

It was assumed that the whole deformation work converts into heat, it means that the strain 

rate is high enough and in these high strain rates, the time is not sufficient for the heat loss. 

For a better understanding, we limit our consideration only to the shear band as a control 

volume and try to find a critical strain rate whereby no heat goes out of this closed volume. 

The general form of Fourier rule without an internal heat source for the constant thermo 

physical material properties can be written 

ሶݍ ൌ െܶ׏ߣ Equation  3-33 

where ݍሶ  is heat flux density [W/m²] ,	ܶ׏ is the gradient of temperature [K/m] and ߣ is the 

thermal conductivity [W/mK]. 

With one dimensional heat flow in the flat wall in one direction: 

ሶݍ ൌ െߣ
݀ܶ
݀ܺ

 
Equation  3-34 

with multiplying both sides of the above equation with according area (ܣ௦௕) can be achieved 

the heat flux ( ሶܳ , [W]): 
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ሶܳ ൌ െߣ
݀ܶ
݀ܺ

 ௦௕ Equation  3-35ܣ

With rewriting and integration of above equation: 

ሶܳ න ݀ܺ
௫మ

௫భ

ൌ െܣߣ௦௕ න ݀ܶ
మ்

భ்

 Equation  3-36 

then, the heat flux can written: 

ሶܳ ൌ െܣߣ௦௕
ሺ ଶܶ െ ଵܶሻ
ሺܺଶ െ ଵܺሻ

 Equation  3-37 

or with respect to one dimensional heat conduction through the according flat wall: 

ሶܳ ൌ
௦௕ܣߣ
௦௕ܮ

ሺ ଵܶ െ ଶܶሻ Equation  3-38 

with consideration of the shear band,	ܣ௦௕ and ܮ௦௕ can be replaced with the area and thickness 

of the shear band. 

Now, considering the virtual heat loss, the heat balance equation for this shear control volume 

( ௦ܸ௕) can be written as: 

ߩ ௦ܸ௕ܿ௣݀ܶ ൅ ሶܳ ݐ݀ ൌ ௦ܸ௕ߪ௘௤݀ߝ Equation  3-39 

then, from Equation  3-38 and dividing both sides of the heat balance equation with ݀ݐ , the 

term of ݀ߝ ⁄ݐ݀  is substituted with strain rate (ߝሶ): 

݀ܶ
ݐ݀

൅
௦௕ܣߣ
௦௕ܿ௣ܮ

ሺ ଵܶ െ ଶܶሻ ൌ ௘௤ߪ
ሶߝ
ܿ௣

 Equation  3-40 

with dividing again both sides with ߝሶ , the heat balance equation can be rewritten: 

݀ܶ
ߝ݀

൅
௦௕ܣߣ
ሶߝ௣ܥ௦௕ܮ

ሺ ଵܶ െ ଶܶሻ ൌ
௘௤ߪ
ܿ௣

 Equation  3-41 

with rewriting of differential form of ݀ܶ ⁄ߝ݀ 	term to a discrete one: 

݀ܶ
ߝ݀

≅ ଵܶ െ ଶܶ

ଶߝ െ ଵߝ
ൌ ଵܶ െ ଶܶ

௖ߝ
 Equation  3-42 
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Here, it is assumed that the difference between two strains is equal to the critical strain. This 

cannot be far from reality, because it is tried to get a strain rate in which the deformation 

instability begins which is the same as the initial strain to a critical strain. Thus: 

1
௖ߝ
ሺ ଵܶ െ ଶܶሻ ൅

௦௕ܣߣ
ሶߝ௦௕ܿ௣ܮ

ሺ ଵܶ െ ଶܶሻ ൌ
௘௤ߪ
ܿ௣

 Equation  3-43 

Now, in order to satisfy the condition for beginning an adiabatic shear should be the 

conduction term much less than the first term of the left side. In this situation, the heat 

transfer into the outside of the control volume is hindered. Therefore: 

௦௕ܣߣ
ሶߝ௦௕ܿ௣ܮ

ሺ ଵܶ െ ଶܶሻ ≪
1
௖ߝ
ሺ ଵܶ െ ଶܶሻ Equation  3-44 

Or 

ሶߝ ≫ ௖ߝ
௦௕ܣߣ
௦௕ܿ௣ܮ

 Equation  3-45 

from which can be deduced that the minimum requested strain rate for beginning a shear 

instability is: 

ሶ௠ߝ ൌ
െܣߣ௦௕݊

௘௤ߪ௦௕൫߲ܮ ߲ܶ⁄ ൯
ఌ,ఌሶ

 Equation  3-46 

As mentioned, the ߝሶ௠ is an approximation of the lower limit of the critical strain rate. With 

considering heat conduction, the required strain rate for the setting of instability increases. 

With the consideration of the softening factor in a material model for the equivalent stress: 

௘௤ߪ ൌ ,ߝ௘௤ሺߪ ,ሶߝ ܶ,  ௖ሻ Equation  3-47ܦ

and the Johnson-Cook material model is used for the describing of flow stress, it can be 

written like that: 

௘௤ߪ ൌ ሺܣ ൅ ௡ሻߝܤ ൭1 ൅ ݈݊ܥ ൬
ሶߝ
ሶ଴ߝ
൰൱ ቆ1 െ ൬

ܶ െ ௥ܶ

௠ܶ െ ௥ܶ
൰
௠

ቇܦ௖ Equation  3-48 

where	ܦ௖ is a parameter for the material softening or rather the damage growth. This 

parameter can be defined in form of an exponential function with two control constants from 

section  3.3.4:  

௖ܦ ൌ  ௕భሻ Equation  3-49ߝሺെܽଵ݌ݔܧ
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where	ܽ௔	is equal to 0.25 and with ܾଵ	equal to 2.5. 

The numerical implementation of the shear instability routine is illustrated in Figure  3-25. The 

code is written in USRMTR subroutine in DEFORM 3D. First, the flow stress from the 

original Johnson-Cook model is calculated and then the critical area with the high strain rate 

is distinguished in order to decrease the number of calculations per step. For the elements 

with the strain rates higher than the critical value, the critical strain is calculated from 

Equation  3-21 numerically. If the according effective strain of the element is greater than the 

critical strain, the value of ܦ௖ is determined to define the degree of flow stress degradation or 

rather the material softening. In order to provide stability of simulations, a minimum value 

(greater than zero) for ܦ௖ has been chosen. This minimum value also plays a roll to coincide 

calculated forces with measured forces. 

 

 

Figure  3-25: 3D shear instability approach. 

3.8 3D Simulation results and Approach Validation  

A 3D finite element model with 50000 tetrahedral elements was developed in commercial 

software Deform 3D. The work piece geometry refers to the original cylindrical specimen 

geometry (16 x 10 mm) with a constant temperature. The hybrid frictional condition with 

coulomb coefficient of 0.5 and shear constant of 0.9 was defined in the contact area between 

the work piece and the dies. The heat transfer coefficient between the work piece and dies is 

taken as constant value of 10 kW/m²K while the convection coefficient was assumed to be 20 

W/m²K. The results of simulation using the above mentioned algorithms in 3D material 

modeling are illustrated in Figure  3-26.  

 

update flow stress
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shear bands are normally in the range of 0.01 up to 0.02 mm. From the other side, 3D 

simulation of the shear band requires at least 4 till 6 elements in these areas which is a very 

small element size essential for it. 

Also here, the routine begins (Figure  3-28) with the determination of flow stress from the 

Johnson-Cook model and then calculation of the thermal softening rate from Equation  3-20, 

Equation  3-50 and substitute in Equation  3-46 by replacing the minimum element size instead 

of shear band thickness to separate the high strain rate of area. For the corresponding 

elements, the thermal softening coefficient (݉) in the Johnson-Cook material model behaves 

as follows: 

݉ ൌ ݉଴ expሺെܽଶܶ௕మሻ Equation  3-50 

where ܽଶ and ܾଶ are constants and ݉଴ is the initial thermal softening coefficient. The ܽଶ and 

ܾଶ were fixed with several machining testing with and without laser. 

 

 

Figure  3-28: Nonlinear thermal softening (NTS) approach. 

The thermal softening rate is accelerated indirectly with the falling thermal softening 

coefficient which satisfied the main deformation instability criterion: the adiabatic shear 

happens as the thermal softening rate is greater than the strain hardening rate. 

Finally, it should be mentioned that using solely the nonlinear thermal softening approach 

does not suffice for chip segmentation studies, especially in 3D simulations. The introduced 

approach is appropriate and useful in the macro scale calculation of forces. With the 

observation of the force reduction in laser assisted experiments, it has been found that global 

update flow strsss

calculate thermal softening 
coefficient

from Equation 3.50

calculate critical strain rate from 
Equation 3.46

Claculate  the thermal softening rate

Calculate the flow stress fron JC
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thermal softening is not linear and accelerated at a certain temperature. The other models such 

as original Johnson-Cook model and modified one in section 3.2.1 do not consider this effect 

which does not lead to exact prediction. The modified Johnson-Cook model (TANH) is 

compared and interpreted with the non-linear thermal softening approach (NTS) in the next 

chapter. 
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4 3D Simulation of Laser Assisted 

Milling 

4.1 Modeling of the Laser Heat Source 

One of the most important aspects in the efficiency of laser assisted milling is temperature 

management. The higher laser power and the resulting high temperature does not always 

mean the decrease of force reduction magnitude and tool life. The overheated work piece 

increases the potential of micro crack formation when it exceeds the thermal strength of the 

material in the finished part. Furthermore, hot machining increases the chip-tool interface 

temperature which may decrease surface integrity, tool life and finally machining 

productivity. Thus, in this Chapter, a 3D transient finite element model for the moving 

Gaussian laser heat source is developed to analyze the thermal gradients and thermal response 

of work piece material in laser-assisted milling. The suggested thermal model in this study is 

coupled with the removal of material and considers the temperature distribution inside the 

work piece due to localized laser heating. Moreover, it is useful to determine the heat affected 

zone (HAZ) in the work piece in relation to machining process parameters such as cutting 

velocity, feed rate from one side and the laser control parameters such as laser power, spot 

size, laser advancement and laser beam irradiation angle from other side. Coordination 
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between these factors provides a chance to achieve the maximum benefits of laser machining 

and prevents an unnecessary expanded heat affected zone. 

Another step after developing an integrated and process parameter controllable thermal model 

is the determination of absorbed heat input portion in the material. The absorption coefficient 

is a physical material property which can be affected by many process-related parameters and 

surface quality. In present study, the depth of molten zone and the resulting microstructure 

changes is set as a benchmark to estimate the process depending absorption coefficient. Under 

different machining conditions, the laser power depth of molten zone was compared with the 

one calculated from simulation and the related absorption coefficients were detected. 

In the following sections, the implementation of integrated moving laser heat source is 

presented first. Then, model validation is showed by varying the parameters of laser power 

and cutting speed. Finally, the validate model is used to optimize tool construction in terms of 

the laser advance and the laser spot size. 

4.1.1 Transient 3D FEA Model 

In order to analyze and determine temperature distribution in the work piece caused by laser 

irradiation, based on the general energy balance equation during metal forming [103], it can 

be written: 

ଶܶ׏ߣ ൅ ሶܹ௣ െ ௣ܿߩ ሶܶ ൌ 0 

Equation  4-1 ׏ߣଶܶ: heat transfer rate  

ሶܹ ௣: heat generation rate  

௣ܿߩ ሶܶ : internal energy rate  

where ߣ is thermal conductivity, ׏ଶܶ is the Laplace operator with respect to temperature (ܶሻ, 	
ሶܹ௣ is the heat generation rate due to deformation, ߩ is the density, ܿ௣ is the heat capacity and 

ሶܶ  is the differentiation of temperature with respect to time.  

Irrespective of elastic deformation, the generated heat due to deformation is: 

ሶܹ ௣ ൌ  ሶ Equation  4-2ߝ௘௤ߪߚ

where ߚ states the fraction of generated energy which is converted to heat, ߪ௘௤ is the effective 

stress and ߝሶ is the effective strain rate. 
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tool, enviroment, local enviroment and local surface, respectively. ࣌ is the Stefan–Boltzmann 

constant  and ࢿ is emissivity. 

As can be seen in Equation  4-3, the input heat flux from laser with integration over laser spot is 

defined as: 

ܳ௅ ൌ ௅݄௅ሺܣ ௅ܶ௘ െ ௦ܶ௅ሻ Equation  4-4 

In the above equation if the local convection coefficient (݄௅) approaches zero, ௅ܶ௘ gets 

significantly higher than the surface temperature where irradiated by laser beam ( ஺ܶ௅) which 

leads to: 

௅ܶ௘ െ ௦ܶ௅ ൌ
௅ܫ
݄௅

≅ ௅ܶ௘ Equation  4-5 

Thus, in the surface region of direct laser input, the virtual environmental temperature can be 

calculated directly out of the laser power density (I), (I௅ ൌ ௅ܲ ⁄௅ܣ ) divided by a very small 

value of the convection coefficient (e.g. 0.0001).  

In the case of the moving laser heat source, the local coordination of the defined laser spot 

area (ܣ௅) change with the laser beam. As the laser beam moves along its diameter, the 

temperature at laser spot reaches a steady value. Also, the position of the laser spot area can 

be updated with tool velocity in each moving direction. 

 The laser spot area (ܣ௅ሻ can be divided into many subdomains which makes it possible to 

define different beam configurations such as Gaussian or top hat laser power distribution. 

4.1.2 Analytical Determination of Maximum Temperature at the Laser Spot 

In this section an analytical exploration of the maximum temperature [104, 105] at the laser 

spot is attempted as the laser beam scans with a constant velocity. Then, the analytical result 

provides a comparison with the FEM calculated peak temperature. 

The general form of Fourier’s law for the constant thermo-physical material properties and 

without the internal heat source is expressed as: 

߲ܶ
ݐ߲

ൌ ܽௗ׏ଶܶ Equation  4-6 

where ܽௗ is thermal diffusivity. 

The heat condition equation in one dimensional can be summarized in: 

߲ܶሺݖ, ሻݐ
ݐ߲

ൌ ܽௗ
߲ଶሺܶ, ሻݐ
ଶݖ߲

 Equation  4-7 
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It assumed that the laser beam is irradiated normally on the surface. The laser power is 

distributed uniformly on the applied surface with a continuous wave mode as illustrated in 

Figure  4-2: 

 

 

 

 

Figure  4-2: (a) Laser heat flux on the work piece surface, (b) continuous laser power mode [104]. 

A boundary condition of the second kind is applied at the surface 

െߣ
߲ሺ0, ሻݐ
ݖ߲

ൌ  ሶ௔ Equation  4-8ݍ

where ݍሶ௔ is the absorbed laser power density [W/m²] which is a portion of irradiated laser 

power density (ܫ௅): 

ሶ௔ݍ ൌ  ௅ Equation  4-9ܫ௠ܣ

where ܣ௠ is absorption coefficient. 

For the uniform beam profile the laser power density is defined as: 

௅ܫ ൌ
௅ܲ

଴ଶݎߨ
 Equation  4-10 

where ݎ଴  is the radius of the laser beam. 

With the consideration of boundary condition in Equation  4-8, temperature evolution during 

heating can be calculated [104] with: 

∆ܶሺݖ, ሻݐ ൌ
ሶ௔ݍ
ߣ
ሺ4ܽௗݐሻଵ ଶ⁄ ൤1 െ ݂ݎ݁ ൬

ݖ
ሺ4ܽௗݐሻଵ ଶ⁄ ൰൨ Equation  4-11 

where ݂݁ݎ is the error function: 

ݖ ൌ 0 
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erfሺݖሻ ൌ
2

ߨ√
න ݁ି௧

మ
ݐ݀

௭

଴
 Equation  4-12 

The surface temperature can be obtained when setting ݖ equal to zero (ݖ ൌ 0) in 

Equation  4-11. Consequently, the resulting surface temperature is: 

∆ܶሺ0, ሻݐ ൌ
ሶ௔ݍ
ߣ
൬
4ܽௗݐ
ߨ

൰
ଵ ଶ⁄

 Equation  4-13 

In case of the laser beam moving on the surface, as shown in Figure  4-3, the surface 

temperature reaches a maximum value with the laser beam moving over its diameter. Then, 

the interaction time (ݐ௜) [59] can be defined: 

௜ݐ ൌ
଴ݎ2
௖ܸ

 Equation  4-14 

where ௖ܸ is laser beam scan velocity. 

 

   

Figure  4-3: Reaching a maximum temperature with moving of the laser beam over its diameter.  

4.1.3 Model development using Finite Element Method 

Before discussing laser thermal modeling in the machining process in this section, a simple 

finite element model was developed to compare the above analytical result with the FEM 

calculated one. In this simulation, thermo-physical material properties were defined constant 

and the global heat convection coefficient with the environment (at surface ܣ௪)  was 

neglected.  

The heat source moves with a constant velocity along Y direction on the XY surface. The 

laser heat flux is distributed over the whole laser spot surface uniformly. The specimen 

geometry investigated in the present analysis is a 4 mm × 2 mm × 0.5 mm with a fine mesh of 

0.03 mm. The input data for simulation are listed in Table  4-1. 

Figure  4-4 shows a similar temperature development as Figure  4-3 to achieve a maximum 

temperature. 
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The results of temperature peak at diverse laser scan velocities for two laser powers of 1000 

and 1500 W with the same condition for both methods are represented in Figure  4-5.a and 

Figure  4-5.b. The analytically calculated peak temperatures validate the simulation results 

with a very good agreement. Both results show that with increasing laser scan velocity, the 

peak temperature decreases. 

 

Figure  4-5: Comparison between simulated and analytically calculated results for (a) laser 
power 1000 W and (b) 1500 W.  

4.1.4  Modeling of Incident Angle 

Fresnel’s [64] equations show that the absorptivity of an electromagnetic wave depends on 

the state of polarization, angle of incidence and optical constants: 

௣ܣ ൌ
࢔4 cos ߠ

ሺ࢔ଶ ൅ cosଶ	ଶሻ࢑ ߠ ൅ 2݊ cos ߠ ൅ 1
 Equation  4-15 

௦ܣ ൌ
࢔4 cos ߠ

ଶ࢔	 ൅ ଶ࢑ ൅ cosଶ ߠ ൅ ࢔2 cos ߠ
 Equation  4-16 

௠ܣ ൌ
௣ܣ ൅ ௦ܣ

2
 Equation  4-17 

where the ܣ௦ is the absorptivity of the  perpendicular polarized ray,	ܣ௣ is the absorptivity of 

the  parallel polarized ray, ࢔ (refraction coefficient) and ࢑ (extinction coefficient which is the 

imaginary part of the complex index of refraction) are optical constants depending on 

temperature and wavelength. The incidence angle (ߠ) is defined as the angle between the laser 

beam vector and the normal vector of the considered surface. ܣ௠ is defined as the absorption 

of circular polarization which is determined from the arithmetic mean value of the 

perpendicular and parallel components. 
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Figure  4-6.a shows an example of absorption as a function of polarization and angle of 

incidence for Titanium at 1.06 µm with optical constants ࢔ ൌ	3.39522 and ࢑ ൌ	3.3375. As 

can be seen, the absorptivity of the parallel polarized ray increases with incidence angle and 

takes a maximum of 80°. In contrast, the absorptivity of the perpendicular polarized ray 

decreases the incidence angle is increased. 

In order to consider the effect of the incidence angle in finite element modeling, we have to 

equalize the resulting elliptical cross section of beam (ܣ௘௟௟௜௣௦௘) an interface with the circular 

cross section (ܣ௖௜௥௖௟௘) in case of normal incidence (Figure  4-6.b). For this purpose, a cross 

section factor (ߙ஺) is defined from the division of two areas: 

஺ߙ ൌ
௘௟௟௜௣௦௘ܣ
௖௜௥௖௟௘ܣ

ൌ cos  Equation  4-18 ߠ

It means that the laser power density which is used for simulations is multiplied with the cross 

section factor to consider the proposed angle of incidence. 

 Figure  4-7 illustrates the achieved temperature field and absorbed power for the incidence 

angles of 0, 30 and 60° in the case of Titanium (Ti). The laser power is assumed at 1000 W 

which moves along the Y direction with a scanning velocity of 100 m/min. The absorbed 

portion of power follows the absorptivity of the parallel polarized laser as achieved from 

Fresnel’s equation (Figure  4-6.a).  The results of simulation show that the developed heat 

source model is also functional for different angles of laser incidence. As expected, the 

absorbed laser power increases with the angle of incidence. The absorption coefficient for 

incident angle of 0, 30 and 60° are 0.447, 0.498 and 0.673 for the parallel polarized beam, 

respectively. Since increasing the incident angles, the laser power density decreases and the 

maximum temperature is approximately equal for three incident angles. However, the heat 

affected area enlarges itself with the incident angle which is useful in laser material 

processing.  

 

 

 

Figure  4-6:  Three absorption coefficients depending on the angle of incidence, (b) elliptical cross 
section of beam.  

0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9

0 10 20 30 40 50 60 70 80 90 100

A
b

so
rp

ti
vi

ty

Angle of incidence [deg]

AS AM AP

a) b) 



3D Simul

 

Figure  4

4.1.5 D

The abs

incident

laser po

on the 

layer) a

roughne

c) 

b) 

a) 

lation of Lase

4-7: Implem

Determina

sorption coe

t power. Ap

ower. It shou

machined s

and surface 

ess and exi

er Assisted Mi

mented 3D m
(b) 30° a

ation of Abs

efficient is t

part from la

uld be ment

surface wh

roughness. 

istence of t

illing 

moving laser 
and (c) 60° f

sorbed Las

the fraction

aser characte

tioned that i

ich exposes

Generally, 

the oxide l

 

 

 

heat source
for the para

ser Power 

n of power a

erization, se

in the prese

s a particu

the absorpt

layer. D. B

Institu

e according t
allel polarize

absorbed by

everal proce

ent tool syst

lar surface 

tivity of me

Bergstrom [

ute of Materia

 

 

 

the angle of 
ed beam. 

y the work p

ess aspects 

em the lase

brightness 

etals increas

106] showe

als Science and

f incidence fo

piece relativ

affect the a

er beam is ir

(absence o

ses with the

ed that the

90 

d Welding 

for (a) 0°, 

ve to the 

absorbed 

rradiated 

of oxide 

e surface 

e surface 



3D Simul

 

roughne

result of

Because

the cutti

work, th

powers 

simulati

4.1.5.1 

The fol

Product

YAG la

with six

m/min. 

prepare 

engagem

properti

was not

laser sc

was per

changes

 

4.1.6 C

Figure  4

can be s

phase d

lation of Lase

ess causes m

f the oxide 

e of the com

ing surface 

he depth of

was implem

ions, the ab

Experime

lowing mea

tion Techno

aser with a w

x laser powe

In order to 

the surface

ment. In com

ies of work 

t considered

anning is sh

rformed to 

s. 

Figure  4-8

Compariso

4-9.a shows

seen, the lam

diagram of 

a) 

er Assisted Mi

multiple refl

layer can be

mplexity of 

is not possi

f molten zo

mented. Wi

sorption co

ental Setup

asurements 

ology IPT i

wavelength 

ers (893, 10

reproduce t

e condition,

mparison to

piece mate

d. The expe

hown in Fig

measure th

: (a) Subjec

on between

s the as-rece

mellar α-ph

Ti-6Al-4V 

illing 

lections and

e justified b

f the process

ible. Hence,

one and the

ith referenc

efficient in 

p 

were carri

in Aachen. 

1070 nm. T

071, 1250, 1

the real mac

, then, the w

o the real si

erial due to 

rimental set

gure  4-8. Fo

he depth of

 

ted surface 

the Experi

eived α+β-m

hase (hcp) is

is illustrate

b

d a larger in

by the multip

s, the preci

, in order to

e resulting 

ce to the ca

the laser as

ied out in t

The laser

Tests were 

1428, 1607 

chined surfa

work piece 

ituations, on

heat remov

t up and an

or each test

f the molte

with laser b

imental an

microstructu

s surrounded

ed at the le

b) 

Institu

ncidence ang

ple reflectio

se online m

o establish th

microstruct

alculated tem

ssisted milli

the laborato

used as the

conducted o

and 1758 W

ace, first, th

was irradia

nly probabl

val by chip a

n optical ima

t, a metallo

en zone and

beam, (b) exp

nd Simulati

ure of Ti-6A

d with the d

ft side of F

ute of Materia

gle. Increas

ons. 

measuremen

he absorbed

ture change

mperature f

ng can be d

ory of Fraun

e radiation 

on a Titaniu

W) with a m

e machining

ated only on

le variation 

and heat ge

age of the c

graphic ana

d the expec

perimental 

on Results 

Al-4V work

dark narrow

Figure  4-9.b

als Science and

sing the abso

nt of temper

d laser powe

es at differe

field from t

detected. 

unhofer Inst

source was

um alloy (T

moving spee

g was carrie

nce without 

in thermo-

eneration by

cutting surfa

alysis of the

cted micros

 

set-up [70]. 

k piece mat

w β-phase (b

b. At a tem

91 

d Welding 

orptivity 

rature on 

er in this 

ent laser 

the FEM 

titute for 

s an Yb: 

Ti6Al4V) 

eds of 25 

ed out to 

the tool 

-physical 

y friction 

face after 

e section 

structure 

 

erial. As 

bcc). The 

mperature 



3D Simul

 

above 9

should b

With ra

transfor

At temp

transfor

 

Figure

F

Figure  4

laser po

β transf

transfor

a) 

a) 

lation of Lase

995 °C (β- 

be mention

apid cooling

rms into the

peratures b

rmation doe

e  4-9: (a) As

Figure  4-10: 
m

4-10.b show

ower of 160

formation f

rmation, (V)

er Assisted Mi

transus-tem

ned that the 

g from temp

e needle-sha

below the 

es not take p

s-received α+

 (a) SEM an
icrostructur

ws five resu

07 W: (I) ini

from α, (III

) oxide laye

illing 

mperature) 

reference t

peratures ab

aped marten

martensitic

place. 

+β-microstr

nd metallogr
re (b) five re

ulting micro

itial micros

I) partial m

er and white

the whole 

temperature

bove of β- tr

nsitic micro

temperatu

 

ructure of T
[70].  

raphic obse
esulting mic

ostructure do

tructure (α+

martensitic tr

e surface lay

b

b) 

Institu

α-phase tr

e of 995 °C 

ransus-temp

ostructure, a

ure (MS: 8

i-6Al-4V, (b

rvation of n
crostructure

omains as t

+β), (II) no 

ransformati

yer (as a res

b) 

ute of Materia

ransforms in

is valid for

perature (10

as it is show

00-850 °C)

b) phase diag

needle-shape
 domains [7

the work pie

martensitic

on, (IV) co

sult of surfa

als Science and

into the β-p

r slow heat

050 °C) the 

wn in Figure

) more ma

gram of Ti-6

ed martensit
70].  

ece is unde

c transforma

omplete ma

ace melting)

92 

d Welding 

phase. It 

ting rate. 

β-phase 

e  4-10.a.  

artensitic 

 

6Al-4V 

tic 

ergoing a 

ation but 

artensitic 

). 



3D Simul

 

Figure  4

differen

that the

white la

 

Figure  

In order

complet

validatio

between

represen

melted a

the orde

the lase

the mel

enginee

informe

manner 

liquid p

The ong

and the

decrease

the melt

In order

assisted

laser po

b) 

a) 

lation of Lase

4-11 presen

nt points nea

e Titanium 

ayer forms o

4-11: EDX a

r to compar

te martensi

on tool. Th

n the experi

nts good co

area is deep

er of 0.3 is 

r power. Ho

lting tempe

ering metals

ed that the a

௠ሺܶሻܣ) ൌ

phase with 

going meltin

e metal den

es. The abs

ting thresho

r to conside

d machining

ower. The su

er Assisted Mi

nts the energ

ar the white

and alloyin

on the surfa

analysis of w

re the simul

itic transfor

he histogram

imental resu

orrelation f

per for a hig

more accep

owever, by 

rature of al

s lead to a su

absorption c

௠଴ܣ ൅ ௠௙ܣ

insoluble a

ng phenome

nsity while

sorptivity en

old [108]. 

er the effec

g the absorb

uggested va

illing 

gy dispersiv

e surface. T

ng elements

ce due to a 

white surfac
s

lation result

rmation zon

ms in Figu

ults achieve

for a low la

gher laser p

ptable. In ge

increasing 

lloy.  Laser

urface melti

coefficient o

௙ܶሻ. At the

alloying ele

ena simulta

 the dc co

nhancement

ct of temper

bed fraction

alue of abso

ve X-ray ana

The chemica

s are not m

selective so

ce layer whe
solution [70]

t and exper

ne below t

ure  4-12.a a

d. As it is o

aser power

powers (160

eneral, the a

the laser po

r power de

ing [104, 10

of metals in

e melting po

ements and 

aneously inc

onductivity 

t at the mel

rature on th

n of laser p

orption coef

Institu

alysis (EDX

al composit

ore in a so

olidification

ere Ti is (a) i
].  

rimental val

the subjecte

and Figure 

observed, an

s (893, 107

07, 1785 W)

absorption c

ower, the su

ensities of m

07]. Some r

ncreases wit

oint, the allo

consequent

crease the n

(unidirecti

ting point i

he absorptiv

power optim

fficient for t

ute of Materia

X) of white s

tion of the w

lid solution

n procedure 

in solid solut

lues, depth 

ed surface 

 4-12.b sho

n absorption

71, 1250, 1

). The absor

coefficient d

urface temp

more than 1

research wo

th temperat

oy state con

tly differen

number of co

onal flow 

s reported e

vity in the s

mized with

the range of

als Science and

surface laye

white layer

n. It means 

(segregatio

 

 

tion, (b) not

of melted z

are attribut

ow the com

n coefficien

1428) howe

rption coeff

does not de

perature may

105 Wcm-2 

orks [106, 10

ture in a lig

nsists of a s

nt optical co

onduction e

of electric 

even until 2

simulations 

h the corres

f power use

93 

d Welding 

er in two 

r verifies 

that the 

on). 

t in solid 

zone and 

ted as a 

mparison 

nt of 0.23 

ever, the 

ficient in 

epend on 

y exceed 

in most 

07] have 

ght linear 

solid and 

onstants. 

electrons 

charge) 

200 % at 

of laser 

sponding 

ed in this 



3D Simulation of Laser Assisted Milling  94 

  Institute of Materials Science and Welding 

work is listed in Table  4-2. The prediction errors, according to complete martensitic 

transformation at the laser power 1785 W, may be attributed to precisely distinguish between 

complete and partial transformed martensitic domains. 

 

Table  4-2: Absorption ratios 

Power [W] 893 1071 1250 1428 1607 1758 

Absorption Coefficient 0.22 0.22 0.22 0.26 0.27 0.27 

 

Figure  4-12: (a) Comparison between the molten depth and (b) completely transformed 
martensitic microstructure with assumed absorption coefficients (ABS) in simulations.  

Figure  4-13 compares the resulting temperature distribution according to the absorption ratio 

of 0.23 for three laser powers. The melting area with the red scalar can be distinguished. As 

mentioned, in absence of the melting zone, the results show a very good agreement. The 

histogram in Figure  4-14.a illustrates the comparison between the partially transformed 

martensitic zones with the three absorption ratios. The relative difference between results at 

higher laser powers can be justified with the dwell time. The Figure  4-14.b shows the 

achieved zone with the 0.06 s dwell time after passing the laser (laser power 1758 W with an 

absorption coefficient of 0.27) which the according zone reaches 0.3 mm, which is very close 

to the experimented one. Figure  4-15 finally shows the implemented thermal model in laser 

assisted side milling, where the thermal model and milling process are fully integrated. The 

laser power decreases with the rotation angle as it calculated in section  2.4 . As it can be seen, 

the maximum temperature of 1280 °C decreases to 753 °C, as the laser spot has already 

rotated half-path. The model was used frequently and successfully in terms of the entire 

process of optimization.  
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4.2 Modeling of Contact Area 

The tool-chip interface contact area in the machining process can be affected by the chip 

formation, cutting forces and tool wear. But the tool-chip interface in terms of friction and 

heat transfer behaviors, is not yet fully investigated from the point of view modeling. In the 

following sections, two aspects of contact (mechanical and thermal) are presented. 

4.2.1 Frictional Behavior at Tool-Chip Interface  

Frictional conditions at the interface tool-chip are difficult to determine because they are 

influenced by several factors such as the sliding velocity, local contact pressure, temperature 

and the tool and work piece material behavior in the cutting state. First, the friction coefficient 

in the modeling of the machining process influences the cutting temperature and secondary 

shear zone. Afterwards, it upsets the tool wear, the formation of built-up edges and the 

morphology of the achieved chip. Therefore, it is necessary to understand the mechanism of 

friction between the tool and the chip in order to estimate correctly the above mentioned 

appearance in the machining process. In the literature, there are several friction laws and 

models which allow for determining the tangential component of the stress vector in the tool-

chip interface. The friction stress is always opposite to the sliding direction. The ratio between 

the stress and the contact pressure is represented by a coefficient, called coefficient of friction, 

often denoted μ. This is usually considered constant, but in reality it depends on several 

parameters such as the contact pressure, the rate of slip, the average temperature, the 

roughness of the contact surfaces, etc. However, the exact quantitative interrelation is still 

unclear. Model friction Zorev is among the most commonly used machining models to 

represent the nature of the contact between the tool and the chip within the sticking-sliding 

region aspects. Based on the Zorev’s model [98], distribution of compressive and shear stress 

at the interface tool/chip are used by many researchers. Zorev states that the compressive 

stress (normal stress) is high at the cutting edge and becomes zero as the chip miss its contact 

with the tool while the shear stress (tangential stress) profile takes a more stable run along the 

rake face and then goes into zero at the end of the contact area (Figure  4-16). The friction 

model of Zorev is used on the rack face of sharp tools. Another friction assumption based on 

the round edge tool is developed by Ulutan [109]. In this model, the contact areas between the 

tool and work piece are separated into three regions of rake face, round face and clearance 

face. The friction behavior similar to the Zorev model governs on the rake face, where both 

sliding and sticking conditions are expected. The pure sticking condition is assumed along the 

tool curvature, which means that in these areas the tool and work piece are completely in 

contact. Furthermore, the clearance face presents only sliding behavior regarding to its contact 

with the workpiece. In current simulations on the rake face, the friction behavior follows a 

sliding-sticking condition. On the tool (insert) round face a full sticking condition (shear 
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power adjustment, feed rate and cutting velocity) have been corresponded to experimental 

investigation. 

Table  4-3: Used input data for performed simulations. 

 

Inelastic heat fraction 0.9 

Conductivity 
(W/mK) 

Work piece (Ti6Al4V) [111] 

T [° C] W/mK 
25     
500 
900 
995 
1100 
1650 

7 
12.6 
20.2 
19.3 
21 
28.4 

Tool (TiAlN-coated cemented carbide) [97] 
T [° C] W/mK 
25 
1000 

12 
20 

Heat capacity 
(J/Kg K) 

Work piece (Ti6Al4V) [111] 

T [° C] J/Kg K 
25 
500 
900 
995 
1100 
1650 

546 
651 
734 
641 
660 
759 

Tool (TiAlN-coated cemented carbide) [97] 598 

Contact area 

Heat transfer coefficient  (kW/m²K) 
݄௜௡௧
ൌ 25 exp 	ሺ0.0001  ௡ሻߪ

Friction coefficient 
Rake face mഥ= 0.7       μ= 0.5 
Tool round face mഥ=1 
Clearance face μ= 0.5 

Friction energy transformed into heat 1 

Environment 
Forced convection (Air jet cooling, 
Overhead) (W/m²K) 

2000 

Milling 
conditions 

Cutter RDHX 0702 MOT 

Cutting width(mm) 8 

Rake angle (° ) 11 

Nose radius(mm) 0.02 

Depth of cut (mm) 0.5 

Cutting velocity(m/min) 25, 50, 75, 100 

Rotation velocity of tool (rpm) 332, 663, 995, 1326 

Feed (mm/rev) 0.05, 0.07, 0.09 

Laser power (W) 
536, 714, 893, 1071, 
1250, 1428 

Work piece  

Number of elements 319200 

Weighting factors 
strain 0.4 
strain rate 0.6 

Minimum element size (mm) 0.005, 0.007, 0.01 

Size ratio 15 

Tool 

Number of elements 25000 

Minimum element size 0.0837 

Size ratio 4 
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4.3.2 Material Model Parameters 

In order to provide a comparative study between the presented approaches (NTS) in this 

work, the simulation results are compared with the result achieved using the TANH model 

and also with the experimental results. The applied material constants are listed in Table  4-4. 

 

Table  4-4: Material constants for TANH and NTS modified models. 

Constants for NTS [41] Values 
A (MPa) 724 
B (MPa) 683.2 
C 0.035 
m 1.0 
n 0.47 
T୫ (°C) 1660 
a2 10ି଻

b2 2.9 
m଴ 1 
αሶ  10ିସ

  
 

Constants for TANH [109] Values 
A (MPa) 724 
B (MPa) 683.2 
C 0.035 
m 1.0 
n 0.47 
T୫ (°C) 1660 
a 2 
b 5 
c 2 
d 1 
e 0.05 

 

4.3.3 Results  

In order to validate the model, developed in the present work, the numerically calculated 

cutting forces were compared to the experimentally determined ones. The simulations have 

been done for different stands of the cutting velocity, feed rate and laser power.  

Before starting the interpretation of mechanical results, the maximum temperature curve in 

the work piece during one tool rotation are illustrated in Figure  4-18. As it calculated in 

section  2.4, the laser power varied with respect to the entrance, exit and uncut chip thickness. 

The variation of laser power led to optimization of temperature profile in work piece. As it 

can be observed in Figure  4-18.a and .b, the peak temperature decreased from 1780 °C 

approximately 400 °C at end of the cutting insert rotation. For instance, in the represented 

laser assisted cutting condition (cutting velocity= 50 m/min, feed rate= 70 µm/rev, laser 

power= 1428 W), the surface melting was occurred only at beginning of cutting edge path, 

where the uncut chip thickness was large as well. With respect to this feature, the protection 

against unwanted phase transformations was ensured. Figure  4-18.c shows the temperature 

distribution in the work piece after one cutting insert revolution and just before the laser beam 

meets the work piece for second times. The work piece temperature ranged between 100°C 

and 175 °C. The according temperature distribution in the work piece varied depending on the 

applied laser power and performed machining conditions). Figure  4-18.d shows the 

temperature field, as the work piece was subjected for second times by the laser beam. The 

peak temperature on the laser spot surface increased slightly (around 1810 °C). The reason is 

that the thermo-physical properties of work piece changes with increasing the initial 
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Figure  4-21: Comparison between simulated and measured milling forces with increasing laser 
power for used-JC-model (NTS) and TANH model (HYP). 
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Figure  4-22: Comparison between simulated and measured milling forces with increasing laser 
power for used-JC-model (NTS) and TANH model (HYP). 
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The predicted the forces in X direction by the NTS approach showed very good agreement in 

case of without laser. However, the calculated reduction of forces in X direction is higher than 

the experimental results. The reason is that additionally to the mechanical workpiece strength, 

the value of cutting forces in X direction depends on the tool vibration and tool thrust. The 

dynamic properties of machine did not include in simulation and FEM results considered only 

the physical and mechanical material properties. 

The simulation results validate that the developed thermo-mechanical FEM model for laser-

assisted machining in the tested cutting conditions is robust and can be utilized for process 

optimization. 
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5 Conclusion and Outlook 

The present research aims to develop and to optimize an integrated laser assisted tool machine 

system. The developed tool is based on the free propagation laser beam through the spindle. A 

modular tool with the mechanical interface (HSK 63) is connected to spindle which consists 

of a focal lens and a prism for deflecting the laser beam onto the working plane. The laser 

power is adjusted according to the tool entrance angle, tool exit angle, maximum chip 

thickness and minimum chip thickness. The developed machine was operated to the laser 

assisted side milling of Ti-6Al-4V alloy with the down (climb) strategy. Because of the 

potential phase transformation at high temperature, Ti-6Al-4V has been selected as a good 

choice for material that is hard to machine.  The short term and long term of cutting forces in 

three directions were measured for the milling with and without laser, where the long term 

forces subsume the amount of tool wear indirectly. The process forces progressed slowly with 

the assistance of the laser beam during milling. The value of the three process forces 

decreased with the laser power in all of the conducted tests which shows that laser input 

significantly enhances the machinability for Ti-6Al-4V. The high force reduction-to-laser 

power ratio were achieved in combination with the laser powers up to 1428 W and low 

cutting velocities (25-50 m/min). In contrast, the laser powers more than 1428 W requires the 

high cutting velocities (100 m/min). Due to the potential of the chip melting and sticking with 
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the cutter tip, a very low feed rate interrupts the advantages of laser and especially for forces 

in the direction of normal to working plane. 

In order to focus on the main core of the current research, the three common chip 

segmentation criterions were emphasized in the simulation of the machining process 

(modified Johnson-Cook model at high strains, Cock and Latham crack criterion and 

Johnson-Cook damage model) in comparison with the thermo-plastic shear instability. In this 

work, thermo-plastic shear instability was adjusted for the Johnson-Cook flow stress with 

finding a critical strain and for first time, the according approach was applied to simulate the 

serrated chip in the machining of Ti-6Al-4V. On the basis that the segmented chip in 

machining is as a result of the adiabatic shear and neither fracture nor the dynamic 

recrystallization can assume its responsibility. The shear instability was considered in term of 

frequency and power. It is assumed that as the shear instability happens, this instability tries 

to develop and present itself as an adiabatic shear band. The stronger shear instability (power) 

is less than the number of trials (frequency) to form a mature adiabatic shear. The introduced 

model was approved at the very low and very high cutting velocity in 2D orthogonal cutting 

simulations. A qualitative and comparative analysis was conducted in term of occurrence and 

the stage of adiabatic shear band. The microscopic cross sectional images of hot compression 

tests at two temperatures (600 and 750 °C) and two strain rates (0.01 and 1 s-1) were verified 

the simulation results in 2D and 3D simulations. Since the constants of the Johnson-Cook 

material models determined in several studies and also covered a wide range of material 

spectrum, the applied approach can save cost of extra investigation and gives a good chance 

of finding the remaining constants in comparison with other models, especially, with the 

modified Johnson-Cook at high strains which also presents acceptable results. 

In the next step, in order to reduce the computational costs (simulation interruptions) and 

realize shear instability effect even for large scale mesh, the present work provides a linking 

between thermal softening constant in the original Johnson-Cook model and a definition of shear 

instability. The thermal softening coefficient is not dropped not more linearly as the strain rate 

exceeds a critical value. According to a defined control volume (shear band thickness or an 

element size in FEM mesh) and not the sufficient time for heat transfer, the relating critical 

strain rate can be found. The model was adapted using several cutting force measurements in 

different cutting conditions and was utilized for the optimization of the real laser assisted side 

milling. 

Also, first attempt was to develop and apply a completely coupled moving laser heat source 

with the mechanical simulation. Both analytical and numerical methods have been used for 

describing the transient thermal model. When defining a domain (as laser spot) with local 

boundary condition, the local convection coefficient approaches zero the virtual 

environmental temperature can be calculated directly from the laser power density by a very 
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small value of the convection coefficient. The model validated analytically and 

experimentally based on the estimated absorption coefficient. 

Finally, a series of 3D simulations of laser assisted side milling for Ti-6Al-4V were selected 

to validate the full coupled thermo-mechanical model. The results are in very good agreement 

with the experimental results at diverse cutting conditions. 

Despite of the good results regarding modeling and machinability improvement, further 

experimental investigations are well-intentioned. Increasing the number of tests for diverse 

strain rates and temperatures helps to find out the instability point with illustration variation of 

flow stress versus temperature. Also, the shear instability approach can be extended regarding 

phase transformation at 1050 °C using hot compression tests at related temperatures. And in 

the next, the approach can be applied to other materials which adiabatic shear is susceptible, 

for example Inconel 718 or AISI 4340 are proper materials. 

From a machinability point of view, the productivity of process (material removal rate) can be 

improved by increasing the number of insert, as predicted in the cutting tool module also. 

These aspects first avoid possible surface damage at the high laser power and spread the 

material induced boundary conditions. 
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