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SUMMARY 

The precision machining has long been focused on the machined part geometrical 

consideration, such as dimensional accuracy and surface roughness. The machined part 

dimensional accuracy is strongly influenced by the tool wear and tool deflection. The surface 

roughness is a function of process parameters, such as cutting speed, feed rate, and tool geometry 

(edge radius, rake angle). With the rapid development of precision machining technology, the 

manufacturing end-product functionality requires the precision machining capability beyond 

machined part geometrical properties. Other aspects of the machining end-product, including the 

surface physical properties, metallurgical, chemical and biological characterizations are also part 

of the precision machining requirement. The surface residual stress profile could significantly 

influence the workpiece fatigue life and corrosion resistance. In additional to the mechanical states, 

the material microstructure attributes are closely related to the surface functionalities. For example, 

the surface micro-hardness is dominated by the grain size and phase composition for multiphase 

material. Other microstructure properties of the machined surface include the plastic deformation 

induced dislocation density, phase transformation, micro-cracks and inter-granular attack. To fully 

describe the precision machining process, the microstructure consideration is required. Compared 

with the traditional framework which only includes the thermal and mechanical considerations, 

the microstructure-based machining process model could provide a more in-depth understanding 

of the mechanical, thermal and microstructural interactions. 

The microstructure consideration in the machining process covers phase transformation, 

dynamic recrystallization, grain morphology and dislocation density. The material microstructure 

evolution in the machining process is a combined effect from the thermal-mechanical interactions. 
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For example, the phase transformation is dependent on the temperature history, grain growth is 

determined by the strain, strain rate and temperature effect. In addition, the material microstructure 

properties would inversely affect the material mechanical properties and heat generation in the 

machining processes. Therefore, a thermal-mechanical-microstructural coupled framework would 

be more desirable for the machining process description. The material microstructure evolution in 

the machining process could be lead to the undesirable direction, such as increased grain size on 

the machined surface, or undesirable phase transformation effect. To avoid this, a comprehensive 

machining process design process would be required, which takes the machining process 

parameters, machine tool configuration and workpiece material properties into consideration. The 

current work aims to bring out a computational framework to assist the machining process design 

and optimization, which outputs the machined end-product microstructure states related surface 

integrity properties. The model would need a material microstructure structural evolution model, 

explicit correlation of the material mechanical properties with material microstructural states. This 

thesis, for the first time, concludes from the current state of the art research in machining with a 

consideration of the material microstructure properties, brings out the material microstructure 

affected machining framework.  

Alternatively, the precision machining also includes the precise control the machined part 

dimensional accuracy, improved residual stress states and machined parts surface integrity. For 

the hard to machine material, especially Nickle based super alloy, advanced machining process 

would be required to solve the state of art challenges. An advanced thermal enhanced machining 

system is developed with improved machining efficiency and reduce energy cost. A novel co-axial 

laser-assisted milling system is developed, specifically for the hard-to-machine material with high 
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energy efficiency and large material removal rate. A comprehensive numerical based laser-assisted 

milling model is proposed for the process simulation and optimization. 
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NOMENCLATURE 

i, hi, mi, ci, ni, kd, d, Johnson-Mehl-Avrami-Kolmogorov dynamic recrystallization model 

coefficients 

A, B, n, C, m              Johnson-Cook material flow stress model coefficient 

Tm                              Material melting temperature 

T0                               Reference temperature 

Qact                            Activation energy 

Xdrex                           Dynamic recrystallized volume fraction 
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1                                                Maximum principle stress 
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CHAPTER 1.  INTRODUCTION 

1.1 Motivation 

The development of high precision machining technology enables the complicated shape 

control, high geometrical accuracy and good surface integrity of the end-product. The geometrical 

shape control is achieved by the precise machine tool path planning and error compensation. 

Appropriate design of the final workpiece material mechanical and microstructural property is 

required for good surface integrity. The machining process conditions could significantly influence 

the resultant surface integrity of the final workpiece material. The service functionality of the 

precision machining end-product strongly depends on workpiece material properties. The main 

consideration in terms of the final workpiece properties includes mechanical attributes (residual 

stress profile, yield stress, surface hardness), microstructure states (grain structure and orientation, 

phase composition). The workpiece material properties in the machining process are directly 

influenced by the process conditions.  

Appropriate selection of the machining parameters could help to improve the functionality 

performance of the end product [1]. For the hard to machine material, such as titanium, nickel 

based alloys and hardened steels, the high precision machining still faces considerable challenges 

[2]. Significant microstructural evolution has been observed in the machining process [3-5]. The 

material mechanical properties are strongly dependent on the microstructural states. Also, 

workpiece surface corrosion resistance, microhardness is also influenced by the microstructural 

attributes. The machining induced residual stress profile is a critical factor for the workpiece 

corrosion resistance. For biomedical or aerospace industry, the grain refinement would be 

desirable for the strengthening.  
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The thermo-mechanical loading introduced from high speed machining will unfavorably 

affect the workpiece material properties, such as augmented grain size, reduced surface hardness, 

and tensile residual stress profile [6]. Most of the current research work only focuses on the 

thermo-mechanical coupling process, where the microstructural evolution effect is largely ignored. 

However, obvious microstructural change has been observed in the machining process, especially 

for multiphase material, such as titanium alloys and nickel-based alloys. Therefore, it is important 

to understand the thermo-mechanical-microstructural coupling effects. 

The combined effect of server plastic deformation, large strain, high strain rate and high 

temperature in the primary shear zone and workpiece/tool interface would promote the 

microstructure evolution such as dislocation density change, grain size evolution and multiphase 

material phase transformation. The early work on the microstructure change in the machining 

process is reported by Xu et al. [7] in the grinding of ceramics. The different material 

microstructure effect on the material removal mechanism is investigated. The white layer is 

observed in the hard turning of hardened steel by Chou et al. [8], which results from workpiece 

material phase transformation effect.  Similarly, the extensive grain refinement and strain induced 

martensite phase transformation is observed by Ghosh et al. [4] in surfaced turning of 304L 

stainless steel. The grain refinement and uniform nanocrystalline structure also is found in the chip 

in turning of copper by Swaminathan et al. [9]. The investigation of machining induced 

microstructure change would not only benefit the machining process optimization to achieve 

machining end-product with good service functionality, the machining tool selection and 

improvement could also be obtained. However, the microstructural level investigation of 

machining is still at its debut stage, where most of the research focuses on the experimental 

investigation. 
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Different advanced machining processes, such as thermal-assisted machining, acoustic-

assisted machining, have been proposed to achieve high machining efficiency, improved 

machining end-product quality. Due to the complicated thermal-mechanical coupling effects, the 

current modeling techniques have not been well developed to fully address the challenges. Only 

some simple empirical models are proposed by previous researchers. In a current study, a more 

energy efficient co-axial laser assisted milling setup is developed to locally heat the working piece 

material in the milling process. A two-step modeling is proposed for the laser-assisted milling 

process simulation. 

1.2 Research Goal and Objectives 

A physical based modeling scheme for the residual stress, machining forces and 

microstructural states will be developed. The flow chart of the proposed research method is shown 

in Fig. 1.  The material microstructural affected machining inputs the process parameters, 

machining tool configuration and material initial mechanical microstructural properties into a well-

defined process function path. The machining forces and temperature field are the output in the 

first step, which was calculated by the classic contact mechanics theory. In the second step, the 

thermo-mechanical loading condition from the previous step are taken into the microstructural 

evolution loop. The phase transformation is purely based on the temperature loading history. 

However, the dynamical recrystallization process is a strong function of strain, strain rate, 

temperature. After the explicit calculation of the microstructure attributes, the material flow stress 

is updated back into step one. An interactive process is conducted. Finally, the residual stress, 

material microhardness, machining forces are the prediction outcomes.  
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Figure 1 Material microstructural affect machining modeling scheme 

1.3 Overview of Thesis 

The thesis consists of five parts. In the chapter 2, literature review part, we would give a 

comprehensive review work on the state of art research on the material microstructure related 

machining process modeling work. Mainly two different material will be reviewed, the Ti-6Al-4V 

and the Inconel 718. In the chapter 3, a material dynamic recrystallization model and phase 

transformation model will be introduced for the multiphase material. A case study will be 

conducted on the orthogonal turning of Ti-6Al-4V for the grain size evolution and phase change 

prediction. In chapter 4, a thermal-mechanical-microstructure coupled machining process 

modeling framework will be developed for application the machining force and residual stress 

calculation.  The microstructure sensitive flow stress model will be developed. In chapter 5, as an 

extension of the traditional machining process, a novel co-axial laser-assisted milling setup is 

developed to machine the hard to machine material. An FEA (finite element analysis) model is 

developed for the temperature field and heat-affected zone prediction in the laser-assisted 
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machining process. At the second section of the chapter 5, the analytical machining force 

prediction model is proposed for the milling force prediction in the laser-assisted milling process. 
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CHAPTER 2.  LITERATURE REVIEW 

2.1 Machining induced microstructure evolution 

In the manufacturing processes, such as hot forging, laser assisted melting and friction stir 

welding, the material microstructure would typically have considerable change due to the high-

temperature effect [10-12]. With the development of high speed machining equipment, the 

increased cutting speed could elevate the machining temperature where material microstructure is 

unstable. In a traditional manufacturing process, the material microstructural evolution path is 

mainly dependent on the temperature history. In the machining process, the server plastic 

deformation (large strain, high strain rate) could also help to promote the material microstructure 

evolution. The material microstructure evolution mainly occurs in the primary shear zone and 

machined workpiece surface. 

The microstructure changes on the machined surface typically manifest as the white layer. 

In the machining process, the generation of white layer mainly attributes to the two mechanisms: 

the phase transformation from rapid heating and quenching, the homogenous structure or ultrafine 

grain structure from the server plastic deformation. A list of some selected research work on the 

white layer is shown in Table 1. The white layer in the hard turning of AISI 52100 steel alloys has 

been reported by the Chou et al. [8]. In the white layer, improved material microhardness is 

observed due to possible strain hardening effect.  In the laser assisted milling of Al 2024 alloy, up 

to around 5 m thick heat-affected-zone layer is observed, where a-liquid phases are generated 

[13], shown in Fig. 2. High residual stress concentration and reduced fatigue life on the heat 

affected zone are observed. In the high speed hard turning of hardened steels with ceramic cutting 

tool, refined grain structure and white layer is observed on the machined surface up to 2 m depth 
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into the workpiece. Compared with the ceramic cutting insert, less significant microstructure 

alteration is found when machining with PCBN tool, as reported by EI-Wardany et al. [14]. The 

micromachining, the material microstructure has strong influence on the end product qualify. The 

roughness of the machining surface is dominated by surface layer grain size. More than three times 

better surface roughness was reported by Popov et al. [15] in the milling of ultra-fine grain 

aluminum. In the high speed milling of AISI H12 steel, significant microstructure and 

microhardness changes are found [16]. Also, the effect of different milling conditions on the 

microstructure are investigated, as shown in Fig. 3. Extensive grain refinement  and strain induced 

martensitic phase transformation near the machined surface in finish turning of 304L steel are 

reported by Ghosh et al. [4], as shown in Fig. 4. The work hardened layer on the surface could 

help to increase the susceptibility to stress corrosion crack of the machined surface. 

 

Figure 2 The heat affected zone of the aluminum alloy after the laser assisted milling 

process, where A is the unaffected area, B indicates the elongated grain structure region, C shows 

the refined -grain structure [13]. 
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Table 1 Previous research on white layer formation in machining 

 

Material Process References Comments 

EN8 steel Drilling Griffiths [17] Catastrophic wear and rubbing induce 

white layer formation. 

AISI 1045 steel Turning Han et al. [18] Plastic deformation promotes phase 

transformation at lower temperature. 

AISI 52100 

steel 

Turning Barbacki et al. [19]  

Ramesh et al. [20] 

 

Prediction model for plasticity 

induced martensitic phase 

transformation. 

Umbrello et al. [21] The white layer thickness increases 

with increasing feed rate. 

Poulachon et al. [22] The white layer thickness increases 

with the tool flank wear. 

Duan et al. [23] Temperature based FEA model for 

white layer thickness prediction. 

BS 817M40 

steel 

Turning Barry et al. [24] Refined grain size from the material 

recrystallization. 

H13 steel Turning Bosheh et al. [25] The martensitic phase transformation 

is correlated with tool wear. 

Ti-6Al-4V Turning Che-Haron et al. 

[26] 

Working hardening is observed on the 

white layer. 

Velásqueza et al. 

[27] 

Plastically affected zone observed, but 

no phase transformation. 

End 

milling 

Daymi et al. [28] Thin plastically deformed layer. 

Inconel 100 Turning Ranganath et al. [29] FEA prediction model for the white 

layer and bent grains 
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(a)                                                                              (b)  

                                  

Figure 3 The microstructure of the AISI H13 steel of the machined workpiece at cutting 

speed of 300 m/min, feed rate = 0.1 mm/tooth, axial depth of cut = 0.2 mm , (a) at cutting 

direction of  0o (b) cutting direction of 60o [16]. 

 

 

Figure 4 EBSD image showing around 150 m thick layer grain refinement (less than 0.5 

m) in the machined surface [4]. 

Besides the observation on the white layer formation purely from experimental study, both 

empirical and physical based models have been proposed to predict the white layer generation after 

machining. A finite element based model is developed by Ranganth et al. [29] to calculate the 

plastic strain, which is believed to be the cause of white layer generation on the machined surface 

of Inconel 100 alloy. The temperature effect on the white layer generation is largely ignored. Duan 

et al. [23] argued that, the phase transformation is the dominating factor in white layer generation. 
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A pure temperature-based phase transformation model is used for the white layer thickness 

prediction. Ramesh et al. [20] developed a model that incorporates the strain, stress and 

temperature effect on the white layer generation. Similar research is done by Han et al. [18] in 

turning of AISI 1045 steel. From a more physics based ground, an analytical model is proposed 

by Chou et al. [30] to calculate the white layer thickness in the orthogonal turning of hardened 

steel. More specifically, Umbrello et al. [31] called the phase transformation layer as the dark layer 

on the machining surface of AISI 51200 steel. A FEA model is developed for the prediction of 

both white layer and dark layer on the machined surface. 

The shear zone, where large plastic deformation occurs, typically there would be 

considerable microstructure change. Another factor that influences the microstructure change in 

the primary shear zone is the high temperature condition. Different from the tool workpiece 

interface, where the heat is generated mainly from the friction effect, the plastic energy to heat 

transformation in the shear zone is the dominating factor. Another characteristic of the shear zone 

is the large strain and high strain rate. A list of some representative previous research work on the 

material microstructure change in the shear zone is provided in Table 2. Wan et al. [32] reported 

that, with the increasing cutting speed, the shear zone would go through deformed bands to 

transformed bands in the machining of titanium alloy. The Martensitic phase transformation from 

 phase is triggered by the high temperature, as shown in Fig. 5. Similar report is also provided by 

Shivpuri et al. [33]. The phase transformation is one of the dominating factors that influence the 

chip morphology in the machining of multiphase material. Though extensive experimental studies 

have been conducted to investigate the phase transformation on chip formation, few prediction 

models have been developed. In the micro milling process, the workpiece material microstructure 

properties will strongly influence the minimum chip thickness and machined surface roughness, 
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as reported by Vogler  et al. [34]. Interrupted chip formation occurs when the milling tool passes 

through the grain boundaries for multiphase materials. 

Table 2 Related research work on the microstructure change in the shear zone 

Material References Comments 

Amour steel Derep [35] Phase transformation occurs in the adiabatic shear zone 

observed. 

AISI 1045 

steel 

Duan et al. [36] Plastic shear, reorientation and elongation of the 

martensitic laths. 

Ti-6Al-4V Shivpuri et al. [33] Phase transformation occurs in the shear zone. 

Wan et al. [32] Microstructure evolution in shear zone depends on 

cutting speed. 

Bayoumi et al. 

[37] 

Non-diffusion phase transformation in shear localized 

chips. 

Velásquez et al. 

[38] 

Deformation shear bands occurs, but no phase 

transformation observed. 

Ye et al. [39] A momentum diffusion based-model is proposed to 

predict chip segmentation. 

Al-7075 Campbell et 

al.[40] 

Recrystallized equiaxed grains within the shear bands. 

Al-6061-T6 Shankar et al. [41] Refined grain of microstructure is found.  
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Figure 5 The martensitic transformation in the adiabatic shear bands (ASB) in turning of 

Ti-6Al-4V at rake angle of 10o, cutting speed 30.2 m/min, depth of cut 0.3 mm, feed rate 0.21 

mm/rev [32]. 

2.2 Microstructure effect on machining 

2.2.1 Material microstructure effects on machining forces 

The material microstructure variation could result in significant flow stress change. For the 

most of conventional machining process, the material could be treated as homogeneous where 

material microstructure variation is neglected. However, in the micromachining processes, the 

machining depth of cut could be smaller than the grain size of the material. Many materials, such 

as steels or titanium alloys do not exhibit good homogeneity at the microscale. The grain 

orientation of SiC whiskers with respect to the cutting directions would strongly influence the 

cutting force in the orthogonal turning process, as reported by Yuan et al. [42]. The cutting force 

also varies with the grain boundaries in the machining of aluminum alloys [43]. Chou et al. [44] 

reported increased tool life in the turning of fine microstructure steels compared with conventional 

steels. A microstructure based machining force prediction model is proposed by Chuzhoy et al. 

[45] to consider the different phase compositions in the turning of ductile irons. The smaller grain 

size of the material will result in both higher frequency and magnitude of the machining forces. 

Vogler et al. [46] also developed a statistic model to incorporate the microstructure consideration 
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in the micro-end milling of iron. With a grain size evolution consideration in the shear zone, a 

more accurate force prediction model is developed for the machining of Ti-6Al-4V material [47]. 

In the machining process, the machining force mainly comes from the plastic deformation 

stress in the primary shear zone, the friction stress between the tool and workpiece. In most cases, 

when the cutting tool nose radius is smaller enough compared with the depth of cut, the plastic 

deformation dominates. Server plastic deformation in the shear zone would generate considerable 

heat. Combined with the large strain, high strain rate, localized shear deformation would be 

generated. The adiabatic shear band is observed in the orthogonal turning of Ti-6Al-4V [48]. In 

the chip formation process of titanium alloys, the catastrophic adiabatic shear mechanism is 

proposed by Rechet [49] to described the segmented chip formation. From a physical ground, Xu 

et al. [50] discovered the phase transformation effect in the shear band which act as a softening 

mechanics for the crack propagation. Similar results are also reported in the machining of 340 

stainless steel [51]. 

Since the material flow stress is a strong function of the material microstructure attributes, 

the material flow stress would have significant change in the machining processes, as shown in 

Fig. 6 [52]. The dominating microstructure factors on material flow stress include grain size, 

dislocation density and phase composition. Tremendous research has been dedicated to account 

for the microstructure evolution effect on the machining force. Most of the current research work 

focuses on the modified Johnson-Cook (JC) flow stress model to include the possible 

microstructure change in the shear zone. A semi-empirical flow stress model is developed by Guo 

et al. [53] to capture the dislocation density change in the primary shear zone. In order to explain 

the obvious strain softening effect at the high speed machining process, Calamaz et al. [54] 

introduced a TANH term into the traditional Johnson-cook flow stress model. A self-consistent 
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model is proposed by Zhang et al. [55] to account for the phase transformation effect in turning of 

titanium alloys. An empirical phase transformation model based on the temperature is proposed. 

The material flow stress is obtained from the simple mixture rule of two different phases. A 

physics-based continuum flow stress model is proposed by Venkatachalam et al. [56] to account 

for the grain size and dislocation density effect. However, the grain size evolution model is not 

explicitly provided. The Johnson-Mehl-Avrami-Kolmogorov model is used for the phase 

transformation and grain size calculation in the turning of Ti-6Al-4V by Arisoy et al. [57]. Based 

on the phase transformation and grain growth model, a modified Johnson-Cook flow stress model 

is proposed to consider the grain size and phase transformation effect in the machining force 

calculation [58]. Also, an improved chip morphology prediction is achieved.  

 

Figure 6 The influence of material microstructure on the material flow stress [52]. 

In addition to the modified JC models, the mechanical threshold flow stress (MTS) model 

is a physical thermo-viscoplastic model that involves the material dislocation glides. A modified 

version of the MTS model is proposed by Gourdin and Lassila [59] to incorporate the grain size 

effect from the Hall-Petch law into the a-thermal stress term. Most recently, Atmani et al.  [60] 

applied the grain size sensitive MTS model to the application in turning of OFHC copper. Better 

machining force prediction is found compared with the traditional JC model. Some representative 
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microstructure sensitive flow stress models for the application of machining process are listed in 

the Table 3. A material microstructure affected machining process modeling framework is 

proposed by Omar et al. [61]. The model gives a general idea of the microstructure implementation 

in the machining process. Microstructure attributes such as grain size, phase transformation are 

included, as shown in Fig. 7. 

 

Figure 7 The material microstructure affected machining framework [61]. 

Table 3 Previous research on microstructure sensitive flow stress model 

References Model 
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2.2.2 Material microstructure effect on surface integrity 

The surface consideration covers a wide range of topics including heterogeneous catalysis, 

lubrication, adhesion and corrosion. In the manufacturing community, the surface integrity 

concerns the whole assemblage of the surface structure, including physical, mechanical, 

metallurgical, chemical and biological states. A series of publications by M’Saoubi et al. [65] laid 

as pioneering review work for machining induced surface integrity. The emphasis of this work 

would be focused on the material microstructure alteration in the machining process and how this 

alteration would affect the machined component surface integrity properties. The surface 

microstructure alterations are in the form of plastic deformation, micro-cracks, phase 

transformation, microhardness, recrystallization, tears and residual stress profile. Instead of giving 

an exhaustive list of the previous related research work, the paper will cover some major issues 

involved the microstructure structure affected surface integrity in the context of hard to machine 

material, such as nickel-based alloys and titanium alloys. 

      2.3 Nickel-based alloy 

The nickel-based alloys retain the mechanical and chemical properties at the high 

temperature. However, nickel-based alloys are also thermal resistant, which makes considerable 

heat concentration in the machining processes. As one of the most widely used nickel-based alloys, 

Inconel 718 is strengthened by the body centred tetragonal ”-Ni3Nb precipitates and face centred 

cubic ’-Ni3 (Al, Ti) precipitates. The high yield strength of the material mainly attributes to the 

large volume fraction of the ’’ and ’ strengthening precipitates. The morphology and distribution 

of the precipitates could be determined by different heat treatment method. The and grain size is 

controlled by the cooling rates in the heat treatment. The complicated chemical composition and 
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intermetallic phase transformation phenomenon imposes great challenge for the microstructural 

investigation. The surface integrity issue concerned with the machining of Inconel 718 includes 

tensile residual stress, micro-hardness, metallurgical alteration and plastic deformation. 

The inhomogeneous grain size distribution is found on the machined subsurface in the dry 

cutting condition, as shown in Fig. 8 [66]. The elongate grain morphology and a directional 

orientation of the grain boundary point to the cutting direction are observed. More distorted grain 

morphology is found on the subsurface by the worn tool where significant rubbing occurs. This 

microstructure alternated layer would typically contribute to the bad surface roughness. However, 

due to the server plastic deformation, significant strain hardening occurs, which result in the 

increased micro-hardness of the machined surface. The machined subsurface microhardness is 

plotted as shown in Fig. 9 (a) [67]. The hardness value gradually decreases when the depth into 

the workpiece increases. The effect of feed rate and depth of cut on the subsurface microstructure 

are also investigated in Fig. 9 (a). It is interesting to find that, with the increasing depth of cut, the 

material hardness would slight increase due to the more sever hardening effect. An empirical 

prediction model is also proposed to calculate the subsurface material yield stress from the micro-

hardness, as shown in Fig. 9 (b). 
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(a)                                                                          (b)  

                               

Figure 8 The machined Inconel 718 workpiece subsurface at cutting speed 60 m/min, feed 

rate 0.1 mm/rev, depth of cut 0.5 mm by a new tool (a)  and a worn tool (b) [66]. 

(a)                                                                        (b) 

 

Figure 9 The material microhardness (a) and yield strength (b) as a function of depth into 

the workpiece at different machining conditions [67]. 

Large tensile residual stress on the machined surface of Inconel 718 is reported in previous 

literature work. Arunachalam et al. [68] concluded that the ceramic cutting tool would contribute 

to large tensile residual stress in the cutting direction compared with CBN tool in the hard turning 

of Inconel 718. Also, the uniformly deformed plastic deformation layer is found in the machined 
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surface of CBN tool, which indicates the possible residual stress release in uniform plastic 

deformation process. Compared with new cutting tool, the worn tool tends to induce server plastic 

deformation near the surface area from the ploughing effect [69]. This high level of strain 

hardening and grain distortion would result in the increased magnitude of tensile residual stress. 

Similar trend is also found by Outeiro et al. [70]. Comparing the residual stress distribution of the 

machined surface between coated and TiAlN coated cutting inserts, obvious decrease in the 

magnitude of tensile residual stress is observed from the TiAlN coated tool, as shown in Fig. 10. 

This could be explained by the less friction between the workpiece and tool, which help to decrease 

the plastic deformation. Also, with appropriate lubrication and cooling, the magnitude of tensile 

residual stress could also be reduced, as shown by Devillez et al. [66]. However, the machined 

surface roughness shows a better qualify in the dry cutting condition than a wet cutting, as shown 

in Fig. 11. 

(a)                                                              (b) 

 

Figure 10 The residual stress profile as a function of depth into the Inconel 718 

workpiece in (a) cutting direction and (b) radial direction at cutting speed of 70 m/min, feed rate 

0.2 mm/rev, depth of cut 0.5 mm [70]. 



20 

 

 

Figure 11 The surface roughness comparison in dry and wet cutting at different cutting 

speed, with a feed rate of 0.1 mm/rev, depth of cut 0.5 mm [66]. 

In a typical machining process, the surface roughness is dominated by the feed rate. The 

residual stress is a combined effect of uniform plastic deformation, temperature gradient and the 

phase transformation induced volume change.  Previous research work shows interesting 

observations on these topics. With the increasing cutting speed, the surface roughness value would 

be larger. The surface residual stress in the cutting direction would become more tensile, as 

reported by Arunachalam [68]. In a similar study by Thakur [71], the surface roughness improves 

with the increasing cutting speed. However, in the separate study by Devillez [66], the residual 

stress is reported to be more compressive with the increasing cutting speed.  

The chip morphology is dominated by the fracture initiation and propagation in the chip. 

The material fracture initiation is dependent on the strain, strain rate and temperature. Additionally, 

the material microstructure evolution, especially the phase transformation, could promote the 

material ductile to brittle transition in the shear zone. This ductile to brittle transition would also 

promote the crack initiation and result in the segmented chip morphology. In the machining of 

Inconel 718, the critical machining speed for chip segmentation is found to be around 50 m/min, 

above which the saw tooth chip would be formed. As reported by Pawade [72], segmented chip 
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formation in machining of Inconel 718 would increase the surface roughness value. Further study 

shows that, the localize shear band in the chip, which elongated grain size occurs, also contributes 

the segmented chip. Therefore, both the phase transformation effect and grain size growth in the 

shear zone would result in the segmented chip, which increases the surface roughness value. 

       2.4 Titanium alloy 

Titanium alloys could be divided into three types based on the crystal structure,  alloys, 

 alloys and +  alloy. The  alloys have  stabilizer such as aluminum and tin with hcp structure 

at the room temperature. High strength, toughness are the main characters of  alloys. The  alloys 

are in the state of bcc phase which contains large amount of  isomorphous additions, such as 

vanadium, niobium and tantalum. The low strength characterizes the basic mechanical property of 

the  alloys.  For the + alloys, more than one  stabilizers together with  stabilizers exist. 

The dominating factor that influences titanium alloy mechanical properties is the  phase colony 

size. The yield strength, fracture toughness and ductility could be greatly improved by reducing 

the colony size of  phase. 

A so called coating delamination phenomenon is observed by Ginting et al. [73] in the 

machining of Ti-6242S, which the coating layer peels off and deposit on the major cutting edge. 

This delamination effect results in the poor surface roughness. A comprehensive surface roughness 

investigation is conducted by Sun et al. [74] in the end milling of Ti-6Al-4V. The surface roughness 

value increases with the increasing cutting speed up to 80 m/min, and then decreases with the 

further cutting speed increase. A 70 m thick hardened layer below the machined surface is 

reported by Che-Haron et al. [26] in the dry turning of Ti-6Al-4V. More obvious hardening effect 

is found with a worn cutting insert, as similar with the Inconel 718. This microhardness improve 
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could be attributed to the strain hardening in the plastic deformation process. More uniformly 

distributed plastic deformation layer is found at a higher cutting speed. With a worn insert, the 

rubbing effect is more significant. Irregular grain morphology is reported, as shown in Fig. 12. The 

machined surface microhardness is reported by Ginting et al. [73], as shown in Fig. 13. The micro-

hardness improvement could be also due to the dynamic recrystallization process where grain 

refinement occurs. However, different from the Inconel 718, the large hardness value is not on the 

machined surface. The hardness value gradually increases from the machined surface, around 100 

m beneath the surface, the maximum value is achieved. When the depth into the workpiece further 

increases, the micro-hardness slight decrease. The hardness affected zone is around 350 m. In a 

separate work of Sharman et al. [75] for the finish turning of gamma titanium aluminide, the 

maximum microhardness value is found on the machined surface rather than beneath the surface. 

This could be explained by the possible phase transformation or softening effect in Ginting’s work 

where the depth of cut is larger than a finish turning. It is validated from the ball end milling of Ti-

6Al-4V by Mhamdi et al. [76], in which the depth of milling is only 0.5 mm. So, in the machining 

process with a smaller cutting depth, the machined surface has the most significant hardening 

effect.  In a more aggressive machining, the hardening effect is beneath the surface.  
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(a)                                                                    (b) 

            

Figure 12 Machined surfaced of Ti-6Al-4V with a new tool (a), and with a worn out tool 

(b) [26]. 

 

Figure 13 The micro-hardness value as a function of depth into the Ti-6242S workpiece 

at different cutting condition [73]. 

The residual stress in the cutting direction is typically found to be tensile on the machined 

surface [77]. The magnitude of tensile residual stress sharply decreases with the increasing depth 

into the workpiece. The material microstructure alteration and temperature effects are believed to 

be the dominating factors that influence the residual stress distribution on the machined surface. 

The higher cutting speed will help to increase the cutting temperature. A comprehensive study is 

conducted by Sun et al. [74] in the end milling of Ti-6Al-4V material, as shown in Fig. 14. It is 

found that the magnitude of residual stress in all three directions would slightly increase with the 

increasing cutting speed. The normal residual stress is almost negligible compared with the other 
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two directions, which indicates large shear deformation on the machined surface. Through 

appropriate control of the machining process parameters, the residual stress on the machined 

surface of Ti-6Al-4V could be altered to compressive as reported by Daymi et al. [28]. 

 

Figure 14 The effect of cutting speed on the surface residual stress at feed rate 0.08 

mm/tooth, radial depth of cut 4 mm, axial depth of cut 1. 5 mm [74].  

2.5 Laser assisted machining 

The nickel based alloys, especially Inconel 718 have been widely used in the aerospace 

industry due to the high strength to weight ratio, corrosion resistance and high strength at elevated 

temperature [78, 79]. Those attractive properties of the material which contribute to its wide 

application also make it hard to machine at the room temperature. Excessive tool wear, built up 

edge, and even tool failure could occur in the machining process [80]. Much effort has been 

devoted for the development of new machine tools or advanced machining processes to improve 

the machinability of hard to machine materials in the last decades. Among all the others, cryogenic 

cooling and thermal assisted method prove to be very effective in increasing the machine tool life.  

The flow stress of Inconel 718 could have significant decrease when the temperature 

increases up to 650 oC. Besides the flow stress decreasing at the elevated temperature, the reduced 
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work hardening and annealing effect from heating also help to improve the machinability of 

Inconel 718 [81, 82]. The laser assisted machining (LAM) is a hybrid manufacturing process, 

which integrates a high energy laser beam into the traditional machining process to achieve large 

material removal rate, reduced tool wear. At the high-temperature, the material flow stress would 

be much smaller than that of the room temperature. Also, there is a brittle to ductile transition for 

material at elevated temperature, which could significantly reduce the chip segmentation induced 

chattering. 

The main parameters involved in the LAM is the laser power input, laser spot size, and the 

machining process parameters. To achieve the optimal process parameter in the LAM, 

comprehensive experimental work and simulation would be required in the process and material 

envelope. The laser serves as a good heat source for the machinability improvement of Inconel 

718 in the machining process. Extensive research has been done for the process optimization on 

the LAM [83, 84]. The LAM utilizes a high energy laser beam to locally heat the workpiece before 

the material removal by machining tool.  

The early work of LAM was proposed by Bass et. al. [85] with a carbon dioxide laser for 

the hot spot machining of nickel alloys. The LAM could help to significantly reduce the machining 

force. Due to the material brittle and ductility transformation, the magnitude of the machining 

force variation also has sharp decrease. To improve the surface integrity, the LAM was used by 

Chang et al. [86] for the machining of ceramics. The feasibility of LAM on the machining of hard 

to machining metals was investigated on the titanium alloy and nickel alloys. Experimental 

investigation was conducted by Anderson et. al [79] for the evaluation of tool wear and surface 

roughness improvement in the milling of Inconel 718. More than 50% material removal rate 

improvement is achieved with LAM compared to traditional milling process. With appropriate 
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turning parameter selection, Ding et. al. [87] showed that the cutting forces could have more than 

20% drop in LAM compared against traditional milling. More than 150 MPa compressive axial 

residual stress was also observed on the LAM of hardened steel. 
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CHAPTER 3.  MATERIAL MICROSTRUCTURE EVOLUTION IN 

MACHINING 

3.1 Introduction 

Ti-6Al-4V alloy has high strength to weight ratio, excellent corrosion resistance and 

biocompatibility, which makes it one of the most commonly used titanium alloy in medical 

industry and aerospace engineering [88-90]. However, due to the low thermal conductivity and 

high rigidity, high temperature, large strain and high strain rate would occur in the machining 

process of Ti-6Al-4V material [91, 92]. This will result in obvious microstructure change and 

mechanical property degradation. The fatigue life and corrosion resistance of the machined parts 

are highly dependent on the microstructure and mechanical properties of the machined surface [93, 

94]. Ti-6Al-4V is a dual phase ( + ) alloy, which has a variety of microstructure dependent 

properties [54]. Among all the microstructural properties, the average grain size and volume 

fraction of the two-different phase play significant roles in the mechanical properties of the Ti-

6Al-4V material. 

Tremendous research has been conducted to investigate the phase transformation and grain 

growth of the Ti-6Al-4V in hot forging, friction stir welding or laser sintering process [95, 96]. The 

challenge of microstructure evolution in machining process comes from the complicated stress, 

strain and temperature coupling relation. Based on extensive experimental data, Malinov et al. [97] 

developed a neural network model to correlate the processing parameters with microstructure 

evolution for titanium alloy. Zhang et al. [55] investigated the phase transformation on the serrated 

chip formation in the high speed machining process of Ti-6Al-4V material. The work was based 

on a steady state phase transformation approximation which might not be as accurate for the high-
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speed machining. Arisoy et al. [57] explicitly calculated the grain size growth of Ti-6Al-4V in 

machining with a dynamic recrystallization approach. The apparent phase transformation was not 

considered, which could have significant influence on the material flow stress. Ducato et al. [98] 

predicted the phase transformation of Ti-6Al-4V in the hot forging process. For Ti-6Al-4V material, 

the dynamic recrystallization and phase transformation are concurrent processes in the thermal-

mechanical machining process. However, no comprehensive study has been provided to 

investigate how the machining parameters could explicitly influence both the phase transformation 

and grain size evolution of Ti-6Al-4V material. 

The objective of this study is to provide a physics-based finite element model that is 

capable of capturing the dynamic recrystallization grain growth and phase transformation in the 

machining process. A modified Johnson-Cook (JC) material flow stress model is used for strain 

and temperature prediction. The flow stress model takes the phase transformation into account. 

Based on the temperature, strain and strain rate history, the Johnson-Mehl-Avrami-Kolmogorov 

(JMAK) model [99] is proposed for the dynamic recrystallization grain growth. According to time-

temperature-transformation (TTT) diagram for the Ti-6Al-4V, the phase transformation from  to 

 is calculated. The to mixed +  phase transformation in the cooling is calculated with the 

generalized form of Avarmi model. The simulation results are compared with the literature data 

for model validation. 

3.2 JMAK model for grain growth 

The JMAK model has been widely used to describe the dynamic recrystallization process 

of crystalline material by considering the strain, strain rate and temperature [100]. The basics of 

JMAK model is the calculation of the recrystallized volume fraction of the material as a function 
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of time. The grain size is obtained from the grain growth rate and nucleation. The dynamic 

recrystallization is defined with the Avrami equation as 
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where  is the strain, p is the peak strain, Xdrex is the volume fraction of dynamically recrystallized 

material. 0.5 is the strain for Xdrex = 0.5 and it is given by 
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where R is the gas constant, d0 is the initial diameter of the grain, 55555 ,,,, cmnha  are material 

constants which could be determined by experiments and regression analysis, Qact is the activation 

energy. A critical strain at which the dynamic recrystallization would occur is defined asc p. 

The peak stain p is denoted as 
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where a1, h1, m1, c1 are material constants. The grain size after recrystallization is given by 
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where a1, h1, n8, m1, c1 are the material constants. The average grain size is calculated with a 

mixture rule as 

  drexdrexdrex XdXdd  )1(0 .                                                                                                           ( 5 ) 

The initial average grain size is characterized as d0 = 15 m. The JMAK model 

parameters for grain growth are partially obtained from on Quan et al. [101] and Arisoy et al. 

[57] and  are listed in table 4.  
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Table 4 Ti-6Al-4V material constants of JMAK model [102] 

Peak strain a1 h1 m1 1mQact
 c1  a2  

0.0064 0 0.0801 30579 J/mol 0  0.8  

DRx 

kinematics 

a5 h5 n5 m5 Qactm5 c5 d kd a10

  

0.022 0 0 0.1114

6 

26430 

J/mol 

0 0.933

9 

0.599

4 

0.031

1 

DRx grain 

size 

a8 h8 n8 m8 Qactm8 c8    

150 0 0 -0.03 -6540 0    

 

3.3 Model of phase transformation 

The microstructure modelling of Ti-6Al-4V consists of two phases,  phase and phase. 

The initial microstructure of Ti-6Vl-4V is bimodal, mainly composed  grains with low 

concentration of. In the thermal heating process, destabilizes and the transformation from to 

starts above the transformation temperature according to the phase transformation curves. Also, 

in the cooling down process, the  phase starts to slowly decompose into phase. Therefore, two 

different  phase need to be distinguished, Widmanstatten and grain boundary [95]. In the current 

study, to simplify the model, it is assumed that the material only consists of primary  and  phase. 

For the heating process where the phase transformation of  to  takes place, a simplified 

Avrami model [103] is used as 
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                                                                                                                       ( 6 ) 

where T is the temperature, Ts = 600 0C is the phase transformation starting temperature, Te = 980 

0C is the temperature when the process ends, As and Ds are material constants to be determined. 
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The calculation of As and Ds could be conducted through an experimental curve of the phase 

transformation. In the current work, As and Ds are selected as -1.86 and 4.35 from a previous study 

[98].  

In the cooling down process, the  to  transformation is characterized by the TTT 

curve, as shown in Fig. 15. As for the  to  transformation in cooling, the coefficient is used as a 

mean value of a set of data from literature, which could be described by the function of time as 

  
nbT

V e1                                                                                                                             ( 7 ) 

where b is the material constant and n =1.32 is the Avrami number. The dynamic recrystallization 

of the grain growth and phase transformation model are implemented in the finite element code 

for microstructural evolution simulation. 

 

Figure 15 TTT curve of Ti-6Al-4V [103] 

3.4 Finite element model for 2D orthogonal cutting 

The numerical procedure of the proposed microstructural modelling scheme is 

implemented in a finite element software Deform (Scientific forming technologies corporation, 

Columbus, OH). The initial Ti-6Al-4V workpiece material is characterized with an average grain 
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size of 15 m and the volume fraction of the  phase is 95%. The tungsten carbide (WC) is selected 

for the cutting tool. The cutting tool is assumed as a rigid body. The displacement boundary 

condition of the workpiece is defined by restricting the base of workpiece in x- direction. A plain-

strain coupled thermal-mechanical model by considering dynamic recrystallization is implemented. 

Since the dry cutting condition is assumed here, the workpiece and tool are allowed to exchange 

the heat with the environment at a heat convection coefficient of 20 W/(m2 ·K), which is a typical 

value for free air convection. The environment temperature is set as 20 oC.  

The friction between the tool and workpiece involves both the sticking and sliding [104]. 

The sticking region is dominated by the Tresca model, which is equal to the maximum shear stress, 

 = max. The shear force in the sliding region is governed by Coulomb model = n, where  is 

the friction coefficient,  is the flow stress of the workpiece material in uniaxial tensile test. A 

simple estimation could be conducted as 3/  , so the maximum shear stress in the sticking 

region is estimated to be 300 MPa for Ti-6Al-4V in high speed machining. Thermal and mechanical 

properties of the workpiece material are collected from a previous study [104], which are listed in 

table 5. The mechanical properties could be measured by a uniaxial tensile test. The thermal 

properties could be obtained transient plane source tests. For the cutting tool material WC, the heat 

capacity is 2.21106 J/(m3 ·K) and conductivity is 26.7 W/(m·K).  

Table 5 Thermal and mechanical properties of Ti-6Al-4V [105] 

Young’s modulus(MPa) 31034.113714.0 T  

Density(Kg/m3) 4430 

Poisson’s ratio 0.34 

Heat capacity(J/(kg·°C)) )0007.0exp(64.505 T  

Conductivity(W/(m·°C)) )0011.0exp(039.7 T  

Expansion(µm/(m·°C)) 69 107103   T  
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The fracture initiation and propagation in the chip segmentation is capture by the Cockroft 

and Latham’s [106] fracture criterion as 

   

f

fDd




0

1                                                                                                                              ( 8 ) 

where f is the effective strain, 1 is the maximum principle stress, Df is the material constant, 

which is called the material fracture coefficient. The integration of the largest tensile principle 

stress component over the plastic path is evaluated on Df. The fracture will occur, and chip 

segmentation starts once the integral reaches the fracture coefficient. The chip morphology is 

dominated by the combination of shear coefficient  and the fracture coefficient Df. A classic 

iteration scheme could be carried out by optimizing the chip morphology to find the combination. 

In this paper,  and Df are selected as 0.7 and 200 from a previous study [104]. 

3.5 Simulation results and discussion 

Figure 16 Comparison of experimental and simulated chip morphology 

For the validation of the above proposed flow stress model, the chip morphology 

comparison test is first conducted. The tool workpiece configuration consists of a 0o rake angle 

and 6o clearance angle. The tool radius is about 5 m. Cutting speed at two levels 1200 m/min, 
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4800 m/min, at the feed rate of 70 m/rev are implemented for the validation. The chip 

characteristic parameters such as valley, peak and pitch defined in Fig. 16. The chip morphology 

parameters are measured and compared with the experimental data, as shown in Table 6. The 

biggest estimation error is 27.5% and the predicted chip geometry parameters are very close to the 

experimental measurements [107].  

Table 6 Comparison of predicted chip dimensions with measured data 

In order to validate the proposed material dynamic recrystallization grain growth model in 

the machining process, the cutting condition and tool geometry are kept the same as Arisoy et al. 

[57] for the purpose model validation. The rake angle is zero, clearance angle is 5o, tool radius is 

5 m. The microstructure evolution data at different cutting speed and feed rate is investigated. In 

the high-speed machining process, the grain size tends to decrease both on the machined surface 

and the chip, as shown in Fig. 17.  The temperature affected depth is very close to the 

microstructure evolution affected depth on the machined surface, which indicates that the 

temperature dominates the grain growth. The simulated grain size growth data shows very good 

agreement with the experimentally measured data, as shown in Table 7. The grain size would 

decrease both when the feed rate and cutting speed increase. A proper cutting speed could be 

determined based on the above model for the Ti-6Al-4V material which will result in finer grain 

size and better surface integrity of the cutting surface. A similar trend for has also been found for 

the machining of IMI834 Titanium alloy by Balasundar et al [108]. With the increasing of strain 

Cutting condition 

Experimental Modeling 

Valley/m Peak/m Pitch/m Valley/m Peak/m Pitch/m 

v=1200 m/min, 

f=0.07 mm/rev 

     50.3 

 

   105.7    68.2 

 

50.1 

(0.4%) 

     93.5                  

(-11.5%) 

    50.7 

(-25.7%) 

v=4800 m/min, 

f=0.07 mm/rev 

     26.5 

 

   49.5    42.9 

 

19.2 

(-27.5%) 

57.4 

  (16.0%) 

   47.2 

 (10.0%) 
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rate and decreasing temperature, the average recrystallized grain size will increase after a thermos-

mechanical process. 

Table 7 Comparison of the experimental and simulation for microstructure change 

Cutting condition 

Experimental Modeling 

Grain size/m  volume fraction Grain size/m  volume fraction 

v=55 m/min, f=0.05 

mm/rev 15 -- 14.7 75.20% 

v=55 m/min, f=0.1 

mm/rev 13.6 -- 14.5 66.40% 

v=90 m/min, f=0.05 

mm/rev 13.6 -- 14.5 74.50% 

 

Since in the current model, the microstructure evolution is not only dependent on the 

temperature history, the strain and strain rate play significant roles in the Avrami equations. In the 

machining, the strain and strain rate are mainly dominated by the cutting speed. Different cutting 

speeds are selected here to investigate their effect on the microstructure change. The highest 

temperature in the machining process reaches up to 833 oC, which is approaching the  phase 

transformation temperature (about 980 oC). All  phase will transform to  if the temperature 

exceeds 980oC in an equilibrium state. However, due to the high speed of the machining process, 

the obvious phase transformation only takes places on the chip where large strain and high strain 

rate occurs. The driving force for the phase transformation in Ti-6Al-4V comes from the free energy 

difference in  and  phase, which is about 1.0 kJ/mol [109]. The dynamic recrystallization process 

is driven by the tracked energy in the dislocation density in the deformation process, it is only 

about 0.05 kJ/mol. The required energy for the phase transformation is more than one magnitude 

higher than that of the dynamic recrystallization. The  to  phase transformation only take place 
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after the dynamic recrystallization is completed. In the machined surface of the workpiece material, 

only a small amount of  to  is involved even though the dynamic recrystallization process is 

significant. 

(a)                                                                    (b) 

           

(c)                                                                     (d)          

                                                                                    

 (e)                                                                     (f) 

          

Figure 17 The temperature (a),  phase volume fraction (b) and average grain size (c) of the 

machined surface at the cutting speed of 55 m/min; The temperature (d),  phase volume fraction 

(e) and average grain size (f) of the machined surface at cutting speed of 90 m/min. 
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To validate the accuracy of the phase transformation model, one set simulation was 

conducted. The volume fraction of the  phase varies between 5% - 25.3%. Significant phase 

transformation (up to 25.3%  phase) occurs at the tool chip interface where there exists the highest 

temperature and strain rate, as shown in Fig. 17. As shown in Zhang’s paper, when the cutting 

speed increases in the high-speed machining process, more phase transformation could occur 

which will further influence the chip morphology of the Ti-6Al-4V. As noted in the temperature 

distribution map, the temperature can reach up to about 800 oC. Large volume fraction of  phase 

should be expected. However, due to the fast cooling down process, the reverse transformation 

of to  is very obvious. So the volume fraction of the  phase in the primary shear zone is almost 

negligible. In the tool chip interface, the cooling rate is comparatively much smaller due to the air 

convection which results less reverse phase transformation.  

To investigate the effect of cutting speed on the microstructural evolution, both the grain 

size and phase transformation at a cutting speed of 21.8 m/s, 43.6 m/s and 65.4 m/s were simulated. 

When the cutting speed increases, the grain size of the resultant surface and the  phase volume 

fraction of the chip both decreases, as shown in Fig. 18. For Ti-6Al-4V material, finer grain 

structure would result in improved mechanical property. However, larger volume fraction of the 

phase could be detrimental to the service functionalities of the workpiece, since the yield strength 

of the  phase is only 33% of the  phase. 
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(a)                                                                           (b) 

           

Figure 18 The effect of cutting speed on the grain growth of the machined surface (a), 

The effect of cutting speed on the volume fraction of  phase on the chip (b). 

For the effect of feed rate on the resultant workpiece microstructural change, one more 

simulation was conducted at a cutting speed of 21.8 m/s with feed rate of 0.1 mm/rev, 0.15 mm/rev, 

0.2 mm/rev, respectively. The grain size of the machined surface tends to decrease as the feed rate 

increases from 0.1 mm/rev to 0.2 mm/rev, as shown in Fig. 19 (a). This indicates the strengthened 

mechanical property on the surface with larger feed rate. The volume fraction of the  phase 

decreases when increasing the feed rate from 0.1 mm/rev to 0.15 mm/rev. However, when the feed 

rate further increases from 0.15 mm/rev to 0.2 mm/rev, the volume fraction of the  phase shows 

slight increase, as shown in Fig. 19 (b). 
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(a)                                                                   (b) 

        

Figure 19 The effect of feed rate on the grain growth of the machined surface (a), The 

effect of feed rate on the volume fraction of  phase on the chip (b). 

3.6 Conclusion 

A dynamic recrystallization-based microstructure modelling JMAK method was introduced 

and implemented to predict the grain growth and phase transformation of Ti-6Al-4V material in 

the machining process. A new modified JC model was developed by directly relating the material 

flow stress with the phase transformation of the dual phase Ti-6Al-4V material for the first time. 

The method was validated to be accurate by comparison with experimental data. The effects of 

cutting speed on the machined surface has been investigated at three different levels 

( smsmsmv /4.65,/6.43,/8.21 ) on the workpiece and chip. The results show higher 

machining speed helps to decrease the grain size of the machined surface in the high-speed 

machining. Also, the volume fraction of the  increases with the higher machining speed due to 

the elevated temperature at higher speed. For the effect of increasing feed rate, its decreasing effect 

on the grain size of the workpiece is more significant. The same trend of increasing volume fraction 

of  phase is observed as feed rate increases. The proposed JMAK method for microstructural 

evolution provides a new avenue for machining parameter optimization and final workpiece 
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material mechanical property prediction. Additionally, a multiphase material inverse modelling 

for machining could be developed based on the proposed microstructure evolution model. 
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CHAPTER 4.  MATERIAL MICROSTRUCTURE SENSITIVE FLOW 

STRESS MODELING IN MACHINING 

4.1 Introduction 

Ti-6Al-4V alloy has been widely used in aerospace, biomedical and automobile industry 

due to its high strength to weight ratio, fracture toughness and corrosion resistance [110-112]. 

However, Ti-6Al-4V is also regarded as hard to machine material because of its low thermal 

conductivity, instability in the plastic deformation and high chemical reactivity with the cutting 

tool material [113, 114]. The low thermal conductivity will contribute to the temperature and stress 

concentration at the tool-workpiece interface. The significant instability in the adiabatic shear 

bands could result in chattering of the manufacturing system. The chemical reactivity of Ti-6Al-

4V with cutting tool material will accelerate the tool wear in the machining process. 

The proper selection of the machining process condition and tool material property is 

important not only in the aspect of machining productivity, the machined surface integrity, residual 

stress and workpiece microstructure are also influenced. To accurately predict the mechanical 

property of the workpiece material from different machining conditions, the material flow stress 

model is of great importance. The JC model is the mostly used flow stress model because of its 

simplicity and considerable accuracy. The JC model relates the material flow stress with the strain, 

strain rate and the temperature. The JC model has been successfully applied for the flow stress 

prediction of material in the machining process, such as Aluminum 7075 [115], hardened 52100 

steel [116, 117]. Ti-6Al-4V is a two-phase material which composes of  phase and  phase. At 

the room temperature, the hexagonal close-packed (hcp) crystalline structure  phase dominates. 
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When the temperature rises up to the phase transformation temperature (about 800 oC), the volume 

fraction of the body centered cubic (bcc) slip structure  phase will increase [118].  This 

microstructure change in the machining process would have significant influence on the material 

flow stress, which is ignored in the traditional JC model. 

Extensive research has been conducted for the application of JC flow stress model for the 

Ti-6Al-4V material in the machining process. A direct data fitting method from Hopkinson pressure 

bar tests was used by Lee and Lin [119] to model the deformation behavior of Ti-6Al-4V. Andrade 

and Meyers [120] introduced a modified term to include the material recrystallization effect on the 

flow stress. A similar flow softening term was suggested by Calamaz et al. [54] to capture the 

decreasing of flow stress above a critical strain value. Instead of a continuum level description, 

Nemat-Nasser et. al. [63] introduced a thermally activated stress term by considering the effect of 

dynamic microstructure change and deformation dislocation. However, the strain, strain rate and 

temperature coupling effect are not fully captured in the model. A so called self-consistent flow 

stress model was developed by Zhang et. al. [55] to include the phase transformation effect of Ti-

6Al-4V. The model is essentially a data fitting method which dose not explicitly involve the 

microstructure evolution. 

A recently developed model by Liang et. al. [102] included the phase transformation effect 

on the material flow stress by explicit calculation of the phase transformation of Ti-6Al-4V in the 

machining process. However, the accuracy of the phase transformation model was not adequately 

calibrated against experimental data. Also, further study shows that grain size effect on the flow 

stress is also comparable to the phase transformation. In the current study, a microstructure-

sensitive flow stress model (MSM) is proposed by explicit calculation of both the phase 

transformation and grain growth. The phase transformation model is improved by a more 



43 

 

comprehensive time-temperature-transformation (TTT) diagram. The microstructural evolution 

model parameters and flow stress model are calibrated with measured experimental data. The 

MSM is implemented in a finite element code in the orthogonal cutting process by modifying the 

traditional JC model. The proposed model is validated by comparison with experimental data. 

Additionally, the influence of microstructure evolution on the segmented chip formation and final 

chip morphology is investigated. 

4.2 Microstructural sensitive flow stress model 

In order to include the microstructure properties into the flow stress model, physical based 

models have been developed, such as crystal plasticity model for metal [121], modified JC model 

and self-consistent model for composite material [122].  Crystal plasticity is a computational 

expensive method which considers the material texture evolution and material dislocation density. 

It could not be easily applied to the machining process which involves complicated large 

elastoplastic deformation and high temperature. For the JC model, which describes the material 

flow stress as a function of strain, strain rate, temperature as, 
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.                                                                                 ( 9 ) 

As noted by Calamaz et al. [54], there was some significant decrease of the flow stress at 

the extremely high strain rate condition. A strain softening term is added to the classic JC model. 

Sima et al. [123] found that the softening term is a coupled effect from both the strain softening 

and temperature softening. Zhang et al. [55] proposed a self-consistent model to consider the effect 

of phase transformation in the multiphase phase material Ti-6Al-4V. However, the self-consistent 

model is only based on an iterative regression scheme without explicitly calculation of the 

microstructure properties. 
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The microstructure properties, such as the average grains size and phase volume fractions, 

have significant roles in the material flow stress of the Ti-6Al-4V. Obvious microstructure change 

could occur in the machining process due to the concentrated heat generation in machining process. 

The average grain size and volume fraction of different phase could have very significant change 

depending on the machining configurations. The bcc  phase has much smaller flow stress than 

the hcp  phase. The flow stress of Ti-6Al-4V would vary from 850 MPa to 1100 MPa after 

different heat treatment at the room temperature. In order to more accurately capture the effect of 

microstructure properties on the flow stress of Ti-6Al-4V, a modified JC model could include a 

volume fraction term and average grain size term for the application of machining. Different from 

the previous flow stress model which only considers the phase transformation effect, the current 

model would take the effect of grain size change into the consideration. At a microscale perspective, 

the hcp crystal of Ti-6Al-4V has a strong grain-boundary. The grain boundary hardening exhibits 

a similar behavior with Hall-Petch effect which was observed in a typical dual phase Ti-6Al-4V 

material. The grain size effect on the flow stress could be denoted as the Hall-Petch equation as, 

5.0 DKAA hphp                                                                                                                          ( 10 ) 

where Ahp and Khp are the Hall-Petch parameters. The constant Khp, and Khp, for different 

phases are taken as 803.22 MPa·m0.5 and 401.61 MPa·m0.5 [124], Ahp,  and Ahp, are estimated 

to be 517.31 MPa and 237.86 MPa respectively from the measured flow stress.  The average grain 

size of the alpha phase will increase as a function of the temperature [125]. Seshacharyulu et. [89] 

reported that more than 40% volume fraction of b phase would occur when the temperature 

increased up to 900 oC. The flow stress value of the  and  phases are plotted as the function of 

strain rate, temperature and the average grain size for the machining of Ti-6Al-4V material, as 

shown in Fig. 20 (a, b) and (c, d) respectively. Compared to the strain rate, the flow stress is a 
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weak function of the average grain size in the current flow stress model. In our current grain size 

range between 10 m and 18 m, the flow stress deviates no more than 10%. 

After the calculation of the flow stress for each phase  and  from equation (8), a 

mixture rule could be used to get the nominal flow stress of the two-phase material as 

    )1(                                                                                                               ( 11 ) 

where  is the volume fraction of the  phase. The equivalent flow stress of the dual phase 

+  Ti-6Al-4V material is plotted as a function of strain rate and temperature, as shown in Fig. 

21.  In the MSM, the flow stress is a strong function of the volume fraction of the  phase. The 

equivalent flow stress is dependent on the initial material microstructure and the machining 

condition. The equivalent flow stress is less than that of the flow stress of  phase at the same 

condition, but larger than that of  phase. When the temperature increases up to the phase 

transformation temperature in the primary shear zone and secondary shear zone, the flow stress 

would have significant decrease. 
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(a)                                                                                           (b) 

 

 

 

 

 

 

(c)                                                                                         (d)  

 

 

 

 

 

 

Figure 20 The flow stress as a function of strain =1, temperature = 700 oC, strain rate (a) 

and strain =1, grain size =15 m temperature (b) for phase; the flow stress as a function of strain 

rate (c) and temperature (d) for  phase. 
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(a)                                                                                 (b) 

 

Figure 21 When temperature T = 700 oC and strain = 1, the equivalent flow stress as a 

function of strain rate and  phase volume fraction (a); when strain rate 
1410  s , strain =1, the 

equivalent flow stress as a function of temperature and  phase volume fraction (b). 

4.3 Model development of 2D turning 

The finite element model for the two dimensional (2D) orthogonal cutting process is 

developed in a commercial finite element software Deform (SFTC, Columbus, OH). The as 

received Ti-6Al-4V rod is measured with an initial average grain diameter of 15 m by an optical 

microscope. The initial volume fraction of the  phase is 5%.  For cutting tool material, the 

tungsten carbide (WC/Co) is used here. For simplicity, the tool is regard as non-deformable in the 

machining process. The boundary condition for displacement of the cutting tool in both x- and y- 

directions are fixed as zero. The workpiece is restricted on the based to move only in the x- 

direction. The imbedded dynamic recrystallization model for phase transformation and grain size 

evolution is activated.  The MSM flow stress model is implemented as a subroutine written in 

Fortran code in the Deform, as schematically shown in Fig. 22. The dry cutting environment 

assumption is used here. Both the workpiece and cutting tool are allowed to have heat convection 
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with the surrounding environment at the rate of 20 W/(m2·K) in the machining process. The 

environmental reference temperature is 20 oC. 

Both the sliding and sticking are involved in the friction between the tool and workpiece. 

The Tresca model dominates the sticking region. The shear stress is equal to the maximum shear 

stress, max  . In the sliding region, the shear force is dominated by Coulomb model n  , 

where is the interfacial friction coefficient, nis the normal stress on the friction interface. So, 

the friction model could be summarized as 
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where  is the material flow stress. Thermal and mechanical properties of the Ti-6Al-4V 

are obtained from a previous study [15]. The density is 4430 Kg/m3; Poisson’s ratio is 0.34. The 

Young’s modulus, heat capacity and conductivity are temperature dependent properties, which is 

taken as 0.714𝑇 + 113.34 × 103, 505.64𝑒0.0007𝑇, 7.039𝑒0.0011𝑇. T is the temperature in the unit 

of oC. Since a rigid tool assumption is used for the cutting tool of WC/Co, only the thermal 

properties are required. The constant heat capacity and heat conductivity are taken as 2.2110 

J/(m3·K) and 26.7W/(m·K), respectively. 
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Figure 22 Schematic illustration of the grain growth and phase transformation 

implementation. 

4.4 Results and experimental validations 

Previous research has shown that, the segmented chip morphology is generated in the 

machining of Ti-6Al-4V material. The validation for the proposed MSM flow stress model is 

conducted by the chip morphology comparison with experimental results. The cutting tool 

confirmation is selected as rake angle 0o, clearance angle 6o, cutting tool radius 5 m. In the 

machining process, the uncut chip thickness is 76 m. An iterative scheme is implemented to 

optimize the chip morphology. A combination of  and Df are selected as 0.7 and 0.354 in the 

current study.  

With the same machining configuration, the temperature, equivalent stress, average grain 

size and  phase volume fraction from the MSM and traditional JC model are plotted for 
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comparison, as shown in Fig. 23. Due to the microstructure evolution effect, the flow stress 

computed from the MSM is relatively smaller, which are validated by the temperature and effective 

stress distribution map as in Fig. 23 (a, b) and (e, f). At the high temperature machining condition, 

the dynamic recrystallization occurs which results in grain could size refining of the machined 

workpiece. The smallest average grain size on the workpiece surface reduces to 14.3 m in the 

MSM compared against 14.1 m from a traditional JC flow stress model, as shown in Fig. 23 (c, 

g). Obvious dynamic recrystallization occurs both on the workpiece and the segmented chips. 

Since the surface integrity of the workpiece material is important for the workpiece service quality. 

The reduced grain size will help to increase the surface micro hardness and strength. The phase 

transformation is clearly indicated in Fig. 23 (d) on the segmented chip for a traditional JC model. 

The significant volume fraction increase of the laminated phase will help to promote the fracture 

propagation in the segmented chip formation. The maximum machining temperature in the MSM 

is 671 oC, which is below the phase transformation temperature. No obvious phase transformation 

occurs. Compared with the  phase, the laminated  phase has lower fracture toughness. 

For the phase transformation validation, the effect of the cutting speed and feed rate on the 

phase transformation are investigated. When the cutting speed increases from 55 m/s to 90 m/s, 

the average grain size on the surface of the workpiece would slightly decrease. For the phase 

transformation, it is a direct function of the temperature history. When the machining temperature 

becomes higher, larger volume fraction of the  phase would be generated. This agrees well the 

prediction as shown in Fig. 24 (a), as the volume fraction of the  phase increases on the chip with 

increasing cutting speed and feed rate. The predicted grain size data agrees well with the 

experimental data at different cutting conditions, as indicated in Table 2. 
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When the turning feed rate increases from 0.05 mm to 0.1 mm, the grain size of the 

machined surface would have slight decrease as shown in Fig. 24 (b, c). The dynamic 

recrystallization is dependent on the temperature, strain rate and strain. The larger feed rate will 

contribute the increased machining temperature which will promote the grain refinement. The 

volume fraction of the  phase also has the decreasing trend with the increasing feed rate. 

4.5 Conclusion 

A modified JC MSM was developed by including the phase transformation and grain size 

evolution for Ti-6Al-4V material. The material flow stress model was validated by phase 

transformation and grain size growth prediction at various cutting speed and feed rate in the 2D 

orthogonal cutting. Good agreement is found between the experimental data and the prediction 

model outputs. More than 5% flow stress softening on the primary shear zone was observed due 

microstructure evolution. The MSM was applied for the grain size, phase transformation and chip 

morphology prediction. With the increasing of cutting speed and feed rate, reduced average grain 

size was predicted on the machined surface of the workpiece which could help to increase the 

surface microhardness and corrosion resistant. The phase transformation plays significant role in 

the segmented chip formation process. Parametric study shown that the increasing cutting speed 

and feed rate could promote the  to  phase transformation. Up to 11.2%  phase volume fraction 

was observed in the primary shear zone of high speed turning of Ti-6Al-4V. 
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(a)                                                                            (b) 

      

      (c)                                                                             (d) 

                              

(e)                                                                                    (f) 

     

        (g) 
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Figure 23 The comparison of temperature (a), stress (b) and average grain size (c) and 

volume fraction of the  phase distribution for a traditional Johnson-Cook flow stress model 

with the that of microstructure sensitive flow stress model (c, d, e). 

                                     (a) 

 

               (b)                                                                  (c) 

                         

Figure 24 The effect of cutting speed and feed rate on the grain size evolution and phase 

transformation. 
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CHAPTER 5.  FORCE AND RESIDUAL STRESS PREDICTION IN 

MACHINING 

5.1 Machining force prediction 

5.1.1 Introduction 

In the machining process, the tool wear and machine total power input are strongly 

dependent on the cutting forces [3, 126-128]. The reduced cutting forces could help to improve 

the tool life. The resultant tool deflection could also be reduced to achieve high geometric accuracy 

[129]. The process mechanics on machining involves complicated thermomechanical coupling. 

The tool geometry, cutting process parameters and workpiece material are the key factors to be 

considered for machining forces determination [130]. The early work on machining forces mainly 

focuses on the experimental measurement. With advanced re-meshing techniques, the finite 

element method (FEM) is applied for the force prediction in machining [131]. Although, 

considerable accuracy is achieved from the FEM, the physical material response is not clearly 

indicated. Another problem with the FEM is the computational efficiency, especially in dealing 

with three-dimensional machining. Analytical model provides an easy implementation method for 

the machining process modeling. The analytical prediction model could have considerable 

accuracy with a high computational efficiency [132, 133]. The material mechanical and thermal 

response in the machining process could be explicitly calculated. 

Ti-6Al-4V, as a widely used material in medical and aerospace industry, has been 

extensively investigated in the manufacturing process [74, 104]. Ti-6Al-4V is a typical  +  alloy. 

At the room temperature, the material mainly consists of  phase with scattered distribution of  

phase. The  phase transformation temperature is around 600 oC. When the temperature rises up 

to the phase transformation temperature, the dynamic recrystallization will occur. The early report 

on the microstructure change on the manufacturing process of Ti-6Al-4V focuses on the hot 

forming process [134, 135]. With the development of high speed machining, the increased 

machining temperature could help to promote the microstructure evolution. The dynamic 

recrystallization is reported by Wan et al. [32] in the adiabatic shear zone in the high speed 
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machining process. No clear indication of how the recrystallized grain structure would influence 

the material mechanical response is given. Yigit et al. [57] proposes a FEM model for the grain 

size evolution in the turning of Ti-6Al-4V. The explicit calculation of the average grain size on the 

machined workpiece is given. The recrystallized grain structured is found to significantly influence 

the material mechanical properties in the primary shear zone, which results in the segmented chip 

formation. 

A recent study proposed by Pan et. al. [102] includes the effect of phase transformation on 

the material flow stress in the machining of Ti-6Al-4V. The explicit calculation of the phase 

transformation is provided. The obvious phase transformation is predicted on the machined 

workpiece surface. However, the effect of grain size evolution is largely ignored. To accurately 

calculate the material dynamic recrystallization in the machining process of Ti-6Al-4V, an 

analytical based JMAK model will be developed in the current study. The recrystallized volume 

fraction of the material is calculated. The recrystallized grain size is obtained by grain growth and 

nucleation. A modified Johnson-cook (JC) flow stress model will be developed to account for the 

effect of grain size on material flow stress. The analytical model will be used for the cutting forces 

prediction for both orthogonal turning and 3D turning of Ti-6Al-4V. Comparison against the 

experimental data will also be provided. 

5.1.2 Orthogonal cutting force model 

A sharp tool assumption is made here for the calculation of steady state cutting forces with 

the classic Oxley’s contact mechanics model, as shown in Fig. 25. In the orthogonal turning, a 

plane strain analysis is used. The stress distribution is calculated along the shear plane AB. The 

shear angle is defined as , which will be determined with an iterative algorithm. The undeformed 

chip thickness is t. Large deformation occurs on the shear zone.  The shear velocity in the shear 

plane could be denoted as 

VVS
)cos(

sin






                                                                                                                      ( 13 ) 

where V is the cutting speed,   is the rake angle. Similarly, the chip flow velocity could be obtained 

as 
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VVC
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                                                                                                                      ( 14 ) 

By neglecting the elastic deformation, the shear plane AB plastic strain could be denoted 

as, 

)cos(sin32

cos







AB                                                                                                         ( 15 ) 

With a constant cutting velocity V, the strain rate in AB plane is 

t

VCOxley

AB
3

sin2
                                                                                                                       ( 16 ) 

where COxley is the Oxley’s constant. In the shear zone, large plastic deformation could help to 

induce concentrated heat generation. The heat generated per unit volume could be calculated from 

the shear force and shear velocity. The average temperature in the shear plane could be described 

as 

TTT PAB  0                                                                                                                         ( 17 ) 

where T0 is the room temperature, P is the plastic energy to heat conversion ratio, taken as 0.9. 

The temperature increment includes the plastic deformation in the primary shear plane FSVS, the 

chip flow rate is Vtw. The temperature rise in the primary shear zone could be obtained as 

VtwC
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                                                                                                                         ( 18 ) 

where FS is the shear force,  is the energy dissipation coefficient, w is the width of cut,  is the 

material density, CP is the heat capacity. With an explicit calculation of the dynamic 

recrystallization in the shear zone, the average grain size d could be obtained. The material flow 

stress could be obtained from the modified JC model as 
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Figure 25 Chip formation model 

 

With the given geometrical consideration, the friction angle is could be obtained as 

                                                                                                                                ( 20 ) 

The resultant force inclination angle is given by 

))4/(21arctan( Cn                                                                                                    ( 21 ) 

where Cn is the modified Oxley constant. The tool chip contact length could be calculated as 

)
tan3

1(
sincos

sin



 Cnt
hC                                                                                                         ( 22 ) 

Assuming that the stress is uniformly distributed in the tool workpiece interface, the shear 

stress would be obtained as 

hw

F
int                                                                                                                                      ( 23 ) 

where F is the shear force. With a similar approach as mentioned for the temperature increase in 

the shear zone, the temperature on the tool/chip interface could be obtained as 
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                                                                                                       ( 24 ) 

The strain rate in chip could be calculated from chip flow velocity as 
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where  is the strain rate coefficient, td is the deformed chip thickness. The strain in the deformed 

chip is determined to be 
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The chip flow stress is given as 
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The shear angle calculation is conducted by an iterative loop, as shown in Fig. 26. An initial 

value of 5o is assigned to the loop, with an increasing step size of 0.1o. The int and kint are compared 

in each step. The largest  value is selected at which int = kint. When the shear angle  is calculated, 

the force components could be determined from the following equations 





cossin

)cos( 


twk
F AB

T                                                                                                                  ( 28 ) 

)tan(   tC FF .                                                                                                                      ( 29 ) 

 

Figure 26 Iterative loop for shear angle determination 



59 

 

With the above-mentioned method, different orthogonal cutting conditions are used for 

forces prediction. The orthogonal turning experimental data are selected from Su [136] for the 

model validation. The cutting speed is fixed at 0.5 m/s, rake angle is 8o. The tool edge radius is 13 

m. The width of cut is 3.8 mm. The depth of cut ranges from 25 m to 0.153 mm. To investigate 

the grain size effect on the cutting forces, the comparison study is conducted between a classic 

analytical model and the grain evolution embedded model. By varying the depth of cut, the cutting 

force data from experiment, classic model and grain evolution model are listed in Table 8. The 

predicted cutting force and experimental measurement force Fc are plotted in Fig. 27 (a). The 

predicted cutting force tends to be larger than the experimental measurement. The analytical model 

with the dynamic recrystallization model shows a closer approximation to the experiment. With 

the grain size evolution, the material flow stress will decrease due to the augmented grain size. 

The similar trend is found for the ploughing force predictions, as shown in Fig. 27 (b). 

For further cutting force validation, three more tests are conducted by varying the rake 

angle, as listed in Table 9. In these tests, the cutting speed is 0.5 m/s, width of cut is 3.8 mm, depth 

of cut is 0.153 mm. The rake angle ranges from 8o to 15o. The predicted cutting forces and 

ploughing forces are plotted in Fig. 28 (a, b). The model with the grain size effect shows a more 

accurate prediction with the experimental data. 

The grain size effect consideration gives a more accurate machining force prediction as 

indicated in the orthogonal turning case. In the traditional JC model, the material flow stress is 

only dependent on the strain, strain rate and the temperature. The material microstructure influence 

on the flow stress is not clearly indicated. Previous research has shown the obvious grain size 

growth in the adiabatic shear zone in turning of Ti-6Al-4V. The chip formation in machining is 

dominated by the material stiffness degradation in the shear zone [137]. The catastrophic shear 

failure will be induced by the plastic instability in the primary shear zone, which generates the chip 

segmentation. The segmented chip was observed at a low cutting speed of 1.3×10-3 m/min in 

turning of Ti-6Al-4V [138]. The grain growth in the shear zone will help to reduce the material 

flow stress and promote the fracture propagation. This could also partially contribute to the 

segmented chip formation in turning of Ti-6Al-4V. To further investigate the grain size evolution 

effect on the chip morphology, a material damage model would be required, which is out of the 

scope of our current study. One thing worth to note, the predicted force is consistently smaller than 

the measurement in all three directions. As has been stated in the previous study, the dynamic 
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measured cutting force due to the chip segmentation would slightly higher than that of the static 

force [139].  

(a)                                                                          (b)  

 

Figure 27 Cutting force Fc (a) and ploughing force Ft (b) with a rake angle of 8o at 

different depth of cut 

 

(a)                                                                          (b) 

  

Figure 28 Cutting force Fc (a) and ploughing force Ft (b) at a depth of cut 0.153 mm with 

different rake angles 
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Table 8 Comparison of orthogonal turning force measurement and prediction at different depth 

of cut 

Depth of cut (mm) 0.0254  0.0508 0.1016 0.1524 

FC (classic model)/N 261.76 435.59 749.95 1081.02 

FC (grain model)/N 248.53 409.66 767.60 1029.34 

FC (Experiment)/N 243 286 657 9521 

Ft (classic model)/N 225.15 261.01 303.44 381.81 

Ft (grain model)/N 213.76 245.51 360.04 363.56 

Ft (Experiment)/N 186 194 254 358 

 

Table 9 Comparison of orthogonal turning force measurement and prediction at different rake 

angle 

Rake angle/o 8  12 15 

FC (classic model)/N 1080.02 1011.15 940.47 

FC (grain model)/N 1029.34 958.35 961.46 

FC (experiment)/N 951 1000 947 

Ft (classic model)/N 381.81 296.91 220.28 

Ft (grain model)/N 363.56 281.41 288.94 

Ft (experiment)/N 358 283 265 

 

5.1.3 3D Machining experiment 

The 3D oblique turning experiments were used to validate the 3D machining force 

prediction capability of the model. The turning experiments were conducted on an Okuma CNC 

lathe machine for the oblique turning force model validation. Kennametal TPG322 type ceramic 

inserts with a nose radius of 0.793 mm was used. The insert was mounted on a Hertel CTAP type 

tool holder to enable a 0o rake angle and 45o inclination angle. The tool holder was fixed on a 

Kistler dynamometer for the turning force measurement. The depth of cut was fixed at 0.5 mm. 

The cutting speed was selected to be 100 m/min. By varying the feed rate, two different feed rates 

0.254 mm/rev, and 0.508 mm/rev were used to investigate the effect of feed rate on turning forces. 

The machining experiments were conducted under the dry cutting conditions. 
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5.1.4 3D turning force model 

For the three-dimensional (3D) oblique turning, the orthogonal turning could be used by 

assuming an inclination angle. The side cutting angle CS* could be obtained by a geometric 

translation [140]. Also, the equivalent depth of cut t* and width of cut W* could be calculated as, 

** cos SCft                                                                                                                                  

( 30 ) 

*

*

cos SC

w
w                                                                                                                                 ( 31 ) 

The resulting cutting forces from the inclined angle could be calculated as 

CAwkPcut  )]sin())2sin(221()cos()2[cos(*                                   ( 32 ) 

CAwkPthrust  )]sin()2cos()cos())2sin(221[(*                               ( 33 ) 

The cutting forces FC, FT, FR shown in figure could be given as 

cutcutC PFF                                                                                                                              ( 34 ) 

thrustthrustT PFF                                                                                                                         ( 35 ) 
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With geometrical transformation as shown in Fig. 29, the cutting forces could be obtained 

from the above equations. A further geometric translation need to be conducted forces in the 

cutting, feed, and the axial directions, as 

CFP 1                                                                                                                                        ( 37 ) 
**

2 sincos SRST CFCFP                                                                                                              ( 38 ) 
**

3 cossin SRST CFCFP  .                                                                                                           ( 39 ) 

The predicted turning forces and measured forces data is listed in Table 10. The predicted 

turning forces in all three directions show a close approximation to the experimental measurement, 

as shown in Figure 30. By increasing the feed rate, the forces in all three directions will have 

obvious increase, as indicated in the experimental data in Fig. 30 (b). The trend is also well 

captured by the model prediction. The predicted ploughing forces FP are consistently smaller than 

the experimental measurement. This discrepancy could be attributed to the horn radius effect. The 

cutting force FC is largely dependent on the tool edge radius. The predicted trend for FC closely 

follow the experimental measurement. 
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Figure 29 Schematic diagram of the 3D oblique turning [141] 

(a)                                                                              (b) 

       

Figure 30 Comparison of 3D machining forces at feed rate of 0.254 mm/rev (a), and 

0.508 mm/rev (b) 

Table 10 Comparison of 3D oblique turning force measurement and prediction at different feed 

rate 

Feed rate/ mm/rev 0.254 0.508 

FC (classic model)/N 515 1011.15 

FC (grain model)/N 550.67 958.35 

FC (experiment)/N 495 1000 

Ft (classic model)/N 494.1 296.91 

Ft (experiment)/N 128 281.41 

Ft (grain model)/N 79.53 283 
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5.2 Residual stress modeling 

5.2.1 Introduction 

Residual stress profiles on the machined surfaces of parts greatly influence service 

properties such as fatigue life and corrosion resistance [142, 143]. Near surface compressive 

residual stress to increase fatigue life and corrosion resistance while tensile residual stress tends to 

adversely accelerate the initialization and growth of micro-cracks [144].  Subsequent heat 

treatment is required to remove the tensile residual stress. Control of residual stress on machined 

surfaces becomes critically important in various machining processes [145]. In precision 

machining of thin structures, the dimensional accuracy, fatigue life, and distortion are of top 

concern [146]. So the precision machining would require the residual stress could be 

predetermined in which the above requirements could be controlled. 

Residual stress induced during machining processes are directly influenced by tool 

geometry, such as rake angle or clearance angle, and process parameters such as cutting speed, 

feed rate, and depth of cut. Early understanding for the machining induced residual stress primarily 

comes from experimental investigation. Liu et al. [147] concluded that the governing parameters 

of machining induced residual stress near the surface are the cutting edge and shear plane length 

in orthogonal turning. More specifically, Henriksen et al. [148] found that both thermal and 

mechanical mechanisms play important roles in residual stress generation. Additionally, Okushima 

et al. [149] demonstrated that mechanical loading mainly contributes to the compressive residual 

stress, while thermal effects contribute to the generation of tensile residual stresses. The workpiece 

material properties also have profound influence on the residual stress profile on machined surface. 

For example, AISI 316L steel tends to have compressive residual stress on the surface [136], while 
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the machined surface of AISI 4304 steel, the residual stress has been found to be tensile [150]. 

Additionally, the surface hardness also could influence the residual stress in machining as is 

discussed by Matsumoto et al. [151]. 

Titanium alloys, especially Ti-6Al-4V, have been widely used in medical and aerospace 

industry due to their high strength-to-weight ratio. The residual stress generation in the machined 

product is critical to the service functionality. Extensive research work has been conducted on the 

machining induced residual stress investigation of Ti-6Al-4V. Özel et al. [77] proposed a finite 

element model to predict residual stress in turning of Ti-6Al-4V. Sun et al. [74] experimentally 

investigates surface residual stresses of Ti-6Al-4V in end milling. Microstructure evolution has 

been observed on machined surfaces of titanium. Hughes et al. [152] reported phase transformation 

and elongated grain structures in the surfaces of Ti-6Al-4V after turning. Song et al. [153] observed 

dynamic recrystallization in titanium alloys during hot forming. Modified JC flow stress models 

have been used to capture the grain growth induced material softening effects. However, those 

models are essentially based on the mathematical interpolation with no physics-based parameters. 

In this current study, an analytical model is proposed to predict residual stress formation in 

Ti-6Al-4V induced during machining by considering material dynamic recrystallization effects. 

The recrystallized volume fraction is calculated based on Johnson-Mehl-Avrami-Kolmogorov 

(JMAK) recrystallization model. The average grain size is obtained from grain growth and 

nucleation. The Hall-Petch relation is introduced to relate the average grain size with the material 

yield strength. The modified JC model is used to describe the material flow stress as a function of 

strain, strain rate, temperature, and average grain size. From the McDowell hybrid algorithm, the 

residual stress profile is determined on a machined workpiece from the stress history considering 

the thermal, mechanical, and microstructural evolution effects. Residual stress data from the 
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archival literature is used for model validation on orthogonal turning. The effect of depth of cut 

and rake angle on residual stress profile are investigated.  

(a)                                                                             (b) 

         

Figure 31 EBSD image of the raw material microstructure state, (a) the grain size 

distribution of the  phase, (b) the histogram of the  phase grain size. 

5.2.2 Residual stress modeling 

The initial material microstructure is characterized with EBSD, as shown in Fig. 31. During 

the machining process, the residual stress comes from the severe thermo-mechanical loading and 

material microstructural state change. Heat generated in the machining process can have 

significant influence on the residual stress profile. The heat comes from the primary shear zone 

and tertiary shear zone between the tool and workpiece. To calculate the temperature field induced 

by the deformation in the shear zone, an imaginary moving heat source approach is used [154], as 

shown in Fig. 32.  
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Figure 32 Heat transfer model in the shear zone. 

The temperature rises in the workpiece due to shear deformation is the combined effects 

from the shear heat source and imaginary heat source, which can be obtained as, 
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where L is the shear length, L=t/sin, is the shear angle, t is undeformed chip thickness, , 

Vc is the cutting speed, a is the workpiece thermal diffusivity, k is workpiece thermal conductivity, 

K0 is the modified second Bessel function. The average shear stress in the shear zone can be 

approximated as,  
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With a similar method, a moving heat source can be used to represent the generated heat 

in the rubbing zone, as shown in Fig. 33. To satisfy the insulated boundary condition on the 

workpiece surface, an imaginary heat source is imposed as coinciding with the original rubbing 

heat generation. The temperature rise induced by the tool workpiece rubbing can be calculated as, 
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where CA is the work-dead zone interface length which is calculated using Walforf’s slip line 

model [155].  is heat partition coefficient that transferred to the workpiece.  

 

Figure 33 Heat transfer model in the tool-workpiece tertiary shear zone. 

According to Barber, the heat partition could be calculated as, 
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where the subscript w, cw and kw are the workpiece material density, heat capacity and thermal 

diffusivity respectively. w, cw and kw are corresponding the tool properties. The rubbing stress qr 

is determined from the plowing force in the cutting direction FC as 

)(CAw

VF
q cC

r  .                                                                                                                                ( 44 ) 

The thrusting force Ft can be calculated from traditional cutting mechanics [156], w is the 

width of cut. The total temperature rise in the workpiece can be obtained by superimposing the 

two temperature effects from rubbing and shear as, 

rubshear TTT                                                                                                                        ( 45 ) 
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In the 2D orthogonal turning process, the machining forces can be obtained from Oxley’s 

contact mechanics theory, which has been investigated in a previous paper [130]. The equivalent 

normal stress field p1(s) and shear stress q1(s) are the used to represent the mechanical loading in 

the rubbing zone, as shown in Fig. 34.  

 

Figure 34 Simplified load for stress field calculation. 

Similarly, p2(s) and q2(s) are used to represent loading in the shear zone. The residual stress 

in the machining process is determined from the stress history of the workpiece. In the orthogonal 

turning, the coordinate system is established in Fig. 35. With a plane strain assumption, the stress 

in the y- direction is assumed to be zero. The A simple rolling/sliding contact is assumed between 

the cutting tool the workpiece. The equivalent stress loads from the tool-workpiece interface and 

shear zone are accounted for in the stress field calculation. By integrating the stress load with a 

Boussinesq integration scheme, the stress field can be described as [136], 
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where l1 is the half tool-workpiece contact length in the rubbing area. The normal p1(s) stress load 

and shear stress load could be determined from the thrust force, Ft, and cutting force, Fc, 

respectively. A similar strategy can be used for the stress field calculation induced by the shear 

zone using p2(s) and q2(s) [157]. To superimpose the two stress fields, the  angle clockwise 

rotation is required to translate the shear zone stress into the x/y- coordinate system. 

 

Figure 35 Schematic diagram showing the residual stress coordinate system. 

The hybrid McDowell Algorithm [158] is used for the residual stress calculation. Both the 

elastic and plastic deformation are involved. The modified JC model is used for the yield stress 

calculation. The yield surface is described by a von-Mises yield criterion by accounting for the 

kinematic hardening, 
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where Sij is the devitoric stress, ij is the devitoric back stress. The devitoric back stress evolution 

is defined as 

ijmnmnij nnS                                                                                                                          ( 48 ) 

where < > is the MacCauley bracket as, <x> = 0.5(x + |x|), nij is the unit normal vector pointing 

outwards the yield surface nij= 2/3  (Sij-ij)/R. 

A blending function is used defined as 
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where  is a constant, hm is the modulus, G is the shear elastic modulus. In an elastic/plastic loading 

of the machining process, the strain rate in the cutting direction can be obtained as 
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where  is the thermal expansion coefficient. By assuming a plane strain condition, the strain rate 

in the cutting transverse direction can be similarly expressed as 
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Eq. (13) and (14) are simultaneously solved to get the stress rate increments xx  and yy . 

The integration is conduced along the loading path for the determination of the residual stress in 

the cutting direction xx and transverse direction zz. 

5.3 Results and discussion 

Considering the calculated machining forces and temperature field from Eq. (9), the elastic 

stress field could be obtained from Eq. (10). By integrating the stress field along the loading path 
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with Eq. (14), (15), the residual stress xx and zz were obtained. At a feed rate of 0.1 mm/rev, 

cutting speed of 26.4 m/min, depth of cut 0.1 mm, tool rake angle of 0o and clearance angle of 7o. 

The tool edge radius is 8 m. Since in the machining process, the process parameters and tool 

configuration are kept the same. The residual stress on any point at the same depth is the same. 

The measurement is randomly picked from the data point on the machined surface. By removing 

the layer with electrochemical polishing, the residual stress underneath the surface could be 

measured. The predicted residual stress as a function of depth into the workpiece is plotted in Fig. 

36. Also, the temperature contour on the workpiece near the workpiece tool interface is shown in 

Fig. 36 (b). The maximum predicted temperature goes up to around 500 oC.The stress is plotted 

in both cutting direction and transverse direction. Large tensile residual stress is predicted on the 

machined workpiece surface. The magnitude of the tensile residual stress sharply decreases to zero 

as the depth into the part increases and the stress state changes tensile to compressive. Around the 

depth of 15 m, the compressive residual stress reaches a maximum value. After that, the 

magnitude of the compressive residual stress slowly decreases to zero at a depth around 0.1 mm. 

Under machining conditions used for this model, the resulting residual stress affected depth is 

around 100 m. The general trend of the residual stress profile on the machining induced residual 

stress captured by the model as comparison with the experimental measurements from Ratchev et 

al. [159]. However, large discrepancy was found in surface residual stress predictions where the 

model predicts tensile residual stress, but the experimental measurements show the compressive 

residual stress. In most of the residual stress measurement on machining, the surface oxidation 

could be a very important reason that will contribute to the error. From the modeling side, the 

residual stress generation in the machining mainly comes from three sources, the un-uniform 

plastic deformation, the existing of the temperature gradient and the material phase transformation 
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induced residual stress. In the current model, the author only considers the first two sources. The 

phase transformation effect on the residual stress is ignored. Specifically, for the Ti-6Al-4V 

material, the  to  phase transformation would induce the volume increase. This will result in a 

more compressive residual stress on the surface. This would further explain fact that the model 

prediction tends to be more tensile than the prediction. Ramesh et al. [20] introduced a residual 

stress prediction model that accounts for the martensitic phase transformation effect. More 

advanced model would be required to capture those complicated microstructure evolution effect 

for the residual stress prediction. The peak compressive residual stress value show 8.03 % error in 

the cutting direction and 4.36 % error in the transverse direction. 

(a)                                                                             (b) 

   

Figure 36 Prediction and measured residual stress (a) and workpiece temperature 

distribution (b) at a feed rate of 100 m/rev, cutting speed 26.4 m/min, and depth of cut 100 m. 
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(a)                                                                             (b) 

  

Figure 37 Predicted and measured residual stress (a) and temperature distribution on the 

workpiece (b) at feed rate 100 m/rev, cutting speed 26.4 m/min, and depth of cut 500 m. 

A predicted residual stress profile using a cut depth of 0.5 mm is plotted in Fig. 37 (a). On 

the surface, the predicted residual stresses are still tensile in both transverse and cutting directions. 

Compared to the depth of cut at 0.1 mm, the residual stress in the transverse direction are less 

tensile when the depth of cut increases. The residual stress affected depth is increased slightly, 

which is around 0.15 mm. The prediction closely follows experimental measurements. The 

maximum predicted temperature is still around 500 oC. The peak value of compressive residual 

stress from the model prediction has 28.32 % and 1.49 % in the transverse direction. For the 

residual stress prediction model, the prediction error is at an acceptable level. 

For the parametric study for the effect of different machining process parameters on the 

residual stress of Ti-6Al-4V, three more parametric studies are conducted. At a cutting speed of 0.5 

m/s, depth of cut 0.1524 mm, and tool rake angle 8o, the predicted residual stress as a function of 

depth into the workpiece is plotted in Fig. 38. The stress is plotted in both cutting direction and 

transverse direction. A compressive residual stress is found on the machined workpiece surface. 

As the depth into the workpiece increases, the magnitude of the compressive residual stress further 
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increases. Around a depth of 25 m, the residual stress reaches it maximum value. After that, the 

magnitude of the compressive residual stress decreases. At a certain point, the compressive 

residual stress switches to tensile. The magnitude of the tensile stress is close to zero. The residual 

stress affected depth is around 75 m beneath the machined surface. 

By decreasing the rake angle from 15o to 8o, the predicted residual stress profile is plotted 

in Fig. 39. The residual stress in both directions are still compressive but the magnitude of the 

compressive residual stress is significantly decreased. A similar trend is followed as with a rake 

angle of 15o. One more case is conducted by increasing the depth of cut to 0.3048 mm, as shown 

in Fig. 40. Compared with the depth of cut 0.1524 mm, the magnitude of the compressive residual 

stress has sharp decrease on the machined workpiece surface.  The largest value of the compressive 

residual stress is slightly increased. The residual stress affected depth also increases up to around 

100 m. By reducing the rake angle from 15o to 8o, the surface magnitude of the compressive 

residual stress has sharp decrease, as shown in Fig. 38, 39. The smaller rake angle would result in 

more heat generation. This presence of the thermal effect would lead to a more tensile residual 

stress profile on the surface. Similarly, the increasing depth of cut also results in a more tensile 

residual stress profile on the machined surface, as compared by Fig. 38, 40. 
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Figure 38 Residual stress prediction with a cutting speed 0.5 m/s, depth of cut 0.1524 

mm, and rake angle of 15o. 

 

Figure 39 Residual stress prediction with a cutting speed 0.5 m/s, depth of cut 0.1524 

mm, and rake angle of 8o. 
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Figure 40 Residual stress prediction with a cutting speed 0.5 m/s, depth of cut 0.3048 

mm, and rake angle of 15o. 

5.4 Conclusion 

By accounting for the dynamic recrystallization induced grain size evolution, an analytical 

model is proposed for the residual stress prediction in the orthogonal turning of Ti-6Al-4V material. 

The material grain size evolution in the dynamic recrystallization process is explicitly calculated 

in the turning process. A modified material flow stress model is developed by considering the grain 

size effect with the Hall-Petch relation. With the classic Oxley’s contact mechanics theory, the 

mechanical and thermal loading are obtained. The hybrid McDowell algorithm is used for the 

residual stress prediction. Validation tests are conducted between the predicted residual stress and 

experimental measurement. Good agreements are found between model prediction and 

experimental data. With the validated analytical model, the residual stress profile on the 

machinated workpiece is predicted. The effects of tool rake angle, and depth of cut on residual 

stress profile are investigated. The proposed analytical model provides a more fundamental 

understanding of the effects material dynamic recrystallization on the cutting mechanics.  
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CHAPTER 6.  LASER-ASSISTED MACHINING 

6.1 Heat affected zone in laser assisted end milling 

6.1.1 Introduction 

The application for high strength and high temperature material, especially for nickel based 

alloys and titanium alloys, has enjoyed great increase over the past decades [80, 160, 161]. Inconel 

718 is a so-called high temperature alloy which can retain its high strength the toughness at an 

elevated temperature up to 500 oC. The superior mechanical properties at high temperature make 

it one of the most widely used alloy in gas turbine application. However, the machining process 

of Inconel 718, which is called hard to machine material, imposes great challenges [162, 163]. The 

reason comes from the extremely large yield stress, even at elevated temperature, low thermal 

conductivity and large fracture toughness. The large machining forces would require large power 

input for the machining equipment, which would reduce the material removal rate. Also, the 

generated heat near the machine tool and workpiece interface would lead to severe tool wear. The 

built up edge, flank wear and notching wear are the typical tool wear types in the machining 

process of Inconel 718 [164, 165]. 

Extensive research has been devoted to overcome those limitations in the Inconel 718 

machining process, such as electrical discharge machining [166, 167], cryogenically enhanced 

machining [168], jet assisted machining [169] and thermally enhanced machining [170, 171]. 

Among all those methods, the thermally enhanced machining provides an easy and cost-effective 

setup to improve the machinability of hard to machine material. An external heat source is required 

to preheat the workpiece material in front of the machining tool. The preheating process could help 
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to significantly reduce the material yield stress and machining induced heat generation. The laser 

beam or plasma could be used for the preheating, from which the spot size of the heating zone 

could be easily controlled [172, 173]. 

The laser assisted machining (LAM) for hard to machine material is originally introduced 

by Bass et. al [85]. The LAM makes it especially suitable for the precision machining process, 

where the manufacturing system stiffness and machine tool flexibility is the biggest challenge. By 

appropriate selection of the LAM parameters, such as laser beam spot size, power input and local 

preheating area, the strength of the workpiece material could be tremendously reduced. The 

consequent cutting forces and machining tool deflections will also be eliminated. The early 

research on the LAM includes its application to the machining of ceramics [167, 174]. 

Improvement of machined surface roughness and tool wear is reported [86]. Ding et. al [87] 

investigated the LAM for hardened steel. Significant improvement on the surface roughness in the 

hard turning of steels over traditional turning with an appropriate selection of the laser power input 

parameters was reported. The improvement of the surface roughness was mainly due to the reduced 

cutting force. Also, more compressive residual stress profile was observed on the laser assisted 

machined surface. Similar observation is reported by Chang et al [175].  A comprehensive study 

on the laser-assisted turning is conducted by Anderson et. al [79] at an economical aspect of view. 

The specific cutting energy and material removal rate are greatly improved when compared against 

the turning without laser preheating. 

In addition to the machining configuration and cutting parameters, the LAM includes other 

parameters, such as laser spot size, laser power input and relative position of laser beam to the 

machine tool. The appropriate control of those parameters could help to improve the efficiency of 

laser power and machining efficiency. The characterization of laser generated temperature 
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distribution, which is called heat affected zone (HAZ), is crucial for the optimization of laser 

heating related parameters. A mathematical model is proposed by Tian et. al. [176] for the laser 

assisted orthogonal turning to predict the temperature field on the workpiece. A three-dimensional 

transient finite element model is developed by Rozzi et. al. [177] for the thermal response of silicon 

nitride workpiece in turning. 

The current study will provide a physical understanding for the thermal response of the 

Inconel 718 workpiece material in the laser-assisted milling. The shape of HAZ induced by simple 

laser scanning will be experimentally measured and predicted by finite element modeling. The 

absorption ratio will be analyzed from the measured data and model prediction. The effect of laser 

scanning speed and laser power input on the material heat absorption ratio will also be investigated. 

A special coaxial laser preheating setup will be proposed for end milling. The temperature field 

prediction induced by a rotational laser scanning path will be provided. Parametric study will be 

conducted to investigate the effect of rotation speed on the temperature field. 

6.1.2 Experimental 

Experiments are conducted to characterize the temperature distribution induced by the 

moving laser beam on the workpiece surface. An Inconel 718 plate with a dimension of 200 mm× 

100 mm× 2 mm is used. The initial surface roughness of the workpiece material Ra is 0.439. A 

YAG type laser system with a beam radius of 0.6 mm is used for the laser beam generation. The 

workpiece surface is in the focus plane of the laser. The laser beam with a fixed power input is 

scanning on the workpiece surface along the x- direction at a constant speed, as shown in the Fig. 

41. The temperature of the preheating area is measured with thermal couples. Those thermal 

couples are located on the top surface of the workpiece, as shown in Fig. 43. To get the shape and 
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dimension of the HAZ along the laser beam moving path. The cross-section view of the laser 

moving path is imaged by a metallographic microscope. In a metallographic image, the melting 

zone has a sharp color contrast with the un-melting area. The boundary of the melting zone is 

indicated by the yellow line. The shape and cross section area of the melting zone are measured. 

Three different parameters are defined for the melting zone, those are width, depth and cross 

section area, as shown in Fig. 44.  

 

Figure 41 Schematic diagram for the laser preheating experiment. 
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Figure 42 The schematic diagram of the coaxial laser milling tool setup. 

 

Figure 43 Temperature measurement of the melting zone. 
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Figure 44 Three parameters defined to characterize the melting zone shape. 

 

Figure 45 The melting zone shape with a laser power input of 1000 W and moving speed 

at 3000 mm/min. 

The cross section of the heat affected zone with a laser scanning speed of 3000 mm/min, 

power input 1000 W and laser spot diameter 0.6 mm is shown in the Fig. 45. As indicated in the 

figure, the dark area which is above the yellow line, is the melting zone. The melting zone has a 

parabolic shape. The white area, which is next to the melting zone, is the heat affected zone in the 

laser scanning process. The material in this area is affected by the high temperature. Significant 

phase transformation or dynamic recrystallization may occur. 
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Different laser scanning speed and laser power input is used to investigate their effects on 

the melting zone shape. In the current study, three laser power input levels are selected as 400 W, 

600 W, and 1000 W. The laser scanning speed ranges from 1000 mm/min to 9000 mm/min. The 

effects of laser power input and laser scanning speed on the melting zone area are shown in Fig. 

46. The maximum melting zone area is achieved when the power input of 1000 W and scanning 

speed at 1000 mm/min. The melting zone area monotonically decreases with the increasing laser 

scanning speed. As can also be noticed, when the laser power input is between 400 W to 600 W, 

the melting zone area is a weak function of the laser scanning speed. When the power input is at 

1000 W level, the melting zone area has sharp decrease with the increasing laser scanning speed. 

The effects of power input and laser scanning speed on melting zone depth are plotted in Fig. 47. 

A similar trend for the effects of laser scanning speed and laser power input on melting zone depth 

is found. The largest melting zone depth is found to be around 1.375 mm when the laser input is 

1000 W and laser scanning speed is 1000 mm/min. The maximum width of the melting zone is 

determined to be 1.446 mm, as shown in Fig. 48. 

 

Figure 46 Effects of Laser scanning speed and power input on the melting zone area. 
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Figure 47 Effects of laser scanning speed and power input on melting zone depth 

 

Figure 48 Effects of laser scanning speed and power input on the melting zone width 

6.1.3 Temperature field modeling 

Table 11 Thermal properties of Inconel 718 

Density (kg/m3) 8190 

Heat capacity J/(kg·oC) 0.2T (oC) + 421.7 

Thermal conductivity W/(m·oC) 0.015T (oC) + 11.002 

Melting temperature (oC) 1300 

Latent heat (J/kg) 227000 
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            The laser power distribution on the laser beam focus plane is described by the Gaussian 

equation, as 
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where Q is the laser total power input, r is the laser spot radius. With a laser power input of 400 W 

and laser spot diameter of 0.6 mm, the power density distribution is shown in the Fig. 49. The 

thermal conductivity and specific heat capacity of the Inconel 718 material are dependent on the 

temperature. The melting temperature of the Inconel 718 is in the range of 1260 -1336 oC.  

 

Figure 49 Power distribution of laser beam with total power input 400 W and laser spot 

diameter 0.6 mm. 

In this study, 1300 oC is selected as the melting temperature for Inconel 718. All those 

thermal properties are summarized in the Table 11 [79, 178]. The three-dimensional heat transfer 

in a rectangular plate could be described by 
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where  is the material density, cp is specific heat, k is thermal conductivity, Vl is the laser power 

moving speed in the x- direction, q is the power generation per unit volume. The absorption ratio 

defines the ratio of workpiece material absorbed energy to the total amount of laser power input, 

w

/m2 
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which is dependent on the material thermal properties, laser wavelength, surrounding air heat 

convection. The boundary condition on the laser heating surface is defined as 
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where q(x,y) laser power input, h is the heat transfer coefficient,  is the thermal radiation 

coefficient,  is the material emissivity, T0 is the reference temperature. The initial condition could 

be denoted as 

  0)0,,,( TzyxT                                                                                                                           ( 55 ) 

In the simulation, the workpiece boundary condition is specified in Fig. 50. An analytical 

method is proposed by Yang et al. [179] with comparison to experiments for the absorption ratio 

determination to match the maximum temperature. 

 

 

 

 

 

                             

 

 

 

                                                      Figure 50 The boundary condition. 

 

In our current study, a new method is developed by optimizing the melting zone shape. The 

absorption ratio is determined by matching the simulated melting zone shape with that measured 

from preheating experiments. The absorption ratio is a function of laser power input and laser 

scanning speed. With the increase of laser moving speed, the absorption ratio will slowly decrease. 

Side: T(x, y, z, 

t)= T0 

Bottom: −𝑞 = ℎ(𝑇 − 𝑇0) 

Top: −𝑞 = ℎ(𝑇 − 𝑇0) + 𝜀𝜎(T4-T0
4) 

q

(x, y) 

x 

y 

z 



88 

 

However, when the laser power input increases from 400 W to 1000 W, the absorption ratio has 

sharp decrease. The material absorption ratio in the laser scanning process depends on lots of 

factors, such as the input laser wavelength, material thermal properties, surface texture properties, 

workpiece material temperature, and surrounding environment heat convection et al. In the current 

study, we found that the material absorption ratio would decrease as the increasing laser scanning 

speed and the laser power input. In terms of the laser scanning speed, the absorption ratio has only 

slight decrease in all three cases. The decreasing material absorption ratio could be attributed to 

the increasing heat convection from the surrounding air flow. Similar results are reported in the 

work of Ricciardi et al. [180], where the material absorptivity is found at a relatively higher 

welding speed. However, when the laser power input increases from 600 W to 1000 W, the energy 

efficiency has as much as 43.59 % decrease. At the laser power input of 1000 W, significant amount 

of laser heating area changes to the liquid state, this could attribute to the decreased material heat 

absorptivity. Additionally, the higher laser energy input would result in much higher workpiece 

temperature around the laser scanning point. The larger temperature different between the 

environment and workpiece would promote faster heat convection. The laser preheating efficiency 

diagram could be very useful in terms of the laser assisted machining experiment design. In the 

laser assisted milling of silicon nitride, Pfefferkorn et al. [181] reported that the laser preheating 

efficiency has sharp decrease with higher laser power input. In a different study by Yang et al. 

[179] for the laser assisted milling of titanium alloy, the laser energy absorptivity also shows 

obvious decrease with increasing workpiece plate temperature. From an analytical side, the 

absorption ratio could be obtained as 
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where Ts is the workpiece top surface temperature in the center of laser beam, a is the material 

thermal diffusivity, which is 2.9×106 m2/s. The absorption ratio calculated with this method is in 

the range of 0.25 to 0.41 as the variation of different laser scanning speed and power input. In most 

of the previous research work, typically a constant material absorption ratio is selected. For 

example, in the work of Catherine et al. [182], the material absorptivity is determined to be around 

0.2 for the Inconel 718 material. In the current study, we assume that the material absorption ratio 

is dependent on the laser power input and laser scanning speed. The material absorption ratio is 

determined from the laser straight scanning experiment. The material absorption ratio data will be 

used in the rotational laser scanning for the temperature field prediction.  

6.1.4 Results and discussion 

The temperature distribution on the workpiece surface are predicted from ANSYS. The top 

view and cross section view of the temperature field from the center of laser beam are shown in 

Fig. 51 (a, b). In this case, the laser power input is selected as 400 W, laser scanning speed at 6000 

mm/min and laser spot diameter of 0.6 mm. The maximum temperature from the prediction 1558 

oC, is even higher than the melting temperature of Inconel 718. This is validated by the uneven 

workpiece surface when the laser beam passes over the heat affected zone. Also, the magnitude 

temperature gradient in the z- direction is very large, which indicates the sharp temperature 

decrease in the workpiece depth direction. When the laser scanning at the speed of 9000 mm/min.  
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(a)                                                                                    (b) 

                                   

Figure 51 Cross section view (a) and cross section view (b) of the temperature field with 

a laser power input of 400 W and laser scanning speed 6000 mm/min (Temperature is in the unit 

of K). 

The workpiece bottom surface temperature history, which is located 2 mm away from the 

laser beam heating center is plotted as a function of time shown in Fig. 52 at different laser power 

input. The temperature sharply increases when the laser spot approaches the measurement point 

and slowly decreases to the room temperature. When the laser power input decreases from 1000 

W to 400 W, the peak temperature has slight decrease from 53 oC to 44 oC. The predicted 

temperature history profiles agree well with the measurement. 
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(a)                                                                                    (b)  

    

                                                       

    (c) 

 

Figure 52 Comparison of surface temperature between experiment and FEM modeling at 

laser scanning speed 9000 mm/min, when laser power input is (a) 1000 W, (b) 600 W, and (c) 400 

W. 

In our current study, a coaxial laser preheating system is used for the laser-assisted end 

milling process. The first attempt to use coaxial laser preheating was proposed by Brecher et al. 

[183]. Instead of heating the whole workpiece, a local heating scheme is introduced. So significant 

thermal loading could be reduced in the milling processes. Also, the machining flexibility could 

be greatly improved.  In addition to the translation in the x- direction, the laser is rotating along 

with the workpiece in the milling process at a constant angular speed, as shown in Fig. 53. The 
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laser is assumed to be rotating along a circle with a 2 mm radius. The laser induced preheating 

temperature is predicted at a laser power input of 400 W, x- directional scanning speed 1000 

mm/min, and a rotational speed of 3500 rpm. The top view and cross section view of the predicted 

temperature field are shown in Fig. 54 (a, b). The maximum predicted temperature in this case is 

463 oC, which is below the material melting temperature. The heat penetration depth is about 0.95 

mm. As can also be noticed from the temperature distribution in the x/y- plane, the heat affected 

are in the x/y- plane is much larger than pure x- directional scanning. To further investigate the 

rotational speed on the temperature distribution, the rotational speed is increased to 7000 rpm. The 

predicted temperature field is shown in Fig. 54 (c, d). The highest temperature decreases to 231 

oC. Also, more uniform temperature along the circular area is observed. 

 

Figure 53 Schematic diagram of rotational laser scanning path. 
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(a)                                                                                            (b) 

             

 (c)                                                                                             (d) 

            

Figure 54 Top section view (a) and cross section view (b) of temperature field induced by 

a laser rotating at laser rotational speed of 3500 rpm; Top section view (c) and cross section view 

(d) at rotational speed of 7000 rpm, with a 0.2 mm radius and x- directional moving speed 1000 

mm/min (Temperature is in the unit of K). 

Compared with the straight laser scanning, the laser preheating spot size needs to cover the 

whole end milling tool area, which requires a laser spot size dimeter close to the milling tool. In 

the laser rotational set up, the laser only locally preheats the workpiece material near the cutting 

flutes. Since the three shear zones mainly attribute to the milling force, which is near the cutting 
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flutes. This local preheating set-up will achieve comparative material softening effect with much 

higher efficiency. 

6.1.5 Conclusion 

The temperature distribution and HAZ in the laser-assisted milling of Inconel 718 is 

experimentally investigated. A three-dimensional finite element model is developed for the 

temperature field prediction. The predicted temperature fields show close approximation to the 

experimental measurements. The absorption ratio is determined by matching the simulated melting 

zone shape with the experimental characterized melting zone shape. Parametric study is conducted 

for the effects of laser scanning speed and power input on the absorption ratio. The effects of laser 

power input and laser scanning speed on the melting zone shape are also investigated. The melting 

zone area monotonically decreases with the increasing laser scanning speed. The increased laser 

power input could help to increase the melting zone area. As an application, the finite element 

model is used for the coaxial laser preheating system temperature distribution prediction. 

6.2 Force Prediction in Laser-assisted Milling of Inconel 718 

6.2.1 Milling force model 

The milling force model could be extended from orthogonal cutting force model by 

geometrical transformation. For each cutter, the milling process could be treated as a 3D oblique 

turning with an inclination angle equal to the helix angle of the milling tool, as shown in Fig. 55 

[184]. Compared to orthogonal cutting, an external force component FR exits from the inclination 

angle i , which could be described as 
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where c is the chip flow angle, equals to the inclination angle i ; n is the inclination angle 

to be determined. The inclination angle i in end milling equals to the tool helix angle. An equivalent 

cutting model could be used to transform the oblique cutting to the orthogonal cutting condition to 

get the cutting forces FC, FR, FT. Those predicted cutting forces are than transformed back to the 

milling forces components in the cutter feed, radial and tangential directions P1, P2, P3, described 

by 
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where *
sC  is the equivalent side cutting edge rake angle [185]. After the calculation of forces on 

each flute, another transformation would be required to get the milling forces in the workpiece 

coordinate system. The forces from each flute are summed up to get the total force as a function 

of the milling tool rotation angle, as 
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where ttj  )(  is the emersion angle of the j-th flute,  is the angular velocity of the milling 

tool. 
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Figure 55 Oblique cutting model [22] 

6.2.2 Experimental setup 

To validate the proposed milling force model, experimental force measurements are 

conducted. To effectively heat the workpiece in the milling process, a coaxial laser-milling tool 

setup is designed. In the milling process, the laser is moving with the milling tool in both x- 

direction and rotational direction. The radius of the laser spot is characterized to be 0.6 mm. The 

distance between the laser and tool is measured to be 0.7 mm. Before the cutting force measurement, 

thermal couples are used to get the temperature distribution of the workpiece material. The 

workpiece material is mounted on the Kistler three component dynamometer for the milling force 

measurement. The voltage signal from the dynamometer is processed by a three-channel amplifier. 

A Labview code is developed for the real-time milling force measurement. A two-flutes tungsten 

carbide end milling tool with titanium aluminum nitride coating is used in the current study (JSK, 

2182001, Taiwan). The tool radius is 6 mm. The tool has a rake angle of 27o, helix angle 45o, and 

corner radius 10 m. The tool spindle speed is kept constant at 3500 rpm in the whole experiment. 
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Different depth of milling and feed speed are used to investigate their effects on the milling forces. 

Also, the milling forces at the same machining conditions without the laser heat are measured for 

the comparison. 

6.2.3 Results and discussion 

6.2.3.1 Temperature distribution 

The laser beam is moving along the x- direction on the workpiece with a power input of 

400 W at different speeds. The width and depth of melting zone are measured. A finite element 

model is developed for the temperature distribution prediction induced by the moving laser heat 

source on the workpiece. The power distribution of the laser beam follows the Gaussian 

distribution 
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where Q is the total laser power input, r is the radius of the laser beam. To get the material heat 

absorption ratio, an iterative produce is conducted by matching the melting zone in the finite 

element model with the experimental measurement. The material absorption ratio is determined to 

be 0.3 in the current study. The temperature distribution induced by a moving laser heat source on 

the workpiece is shown in Fig. 56. The temperature of the interface between the solid/liquid is 

defined by the melting temperature of the Inconel 718, which is about 1300 oC. The measured 

temperature contour is in good agreement with the predicted temperature contour, as shown in Fig. 

57. Also, the melting zone shape at different cutting speed is measured as plotted in Fig. 58, 59. 

Both the width and depth of the predicted melting zone shape is slight larger than experimental 

measurement data. This could be explained by the ignoring of the latency heat of Inconel 718 in 

the finite element model. 
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Figure 56 The measured temperature contour of Inconel 718 workpiece with 400 W laser 

power input and 1000 m/min moving speed with a laser spot size of 0.6 mm. 

 

Figure 57 Project views of the temperature distribution of Inconel 718 workpiece with 

400 W laser power input and 1000 m/min moving speed with a laser spot radius of 0.6 mm. 

Melting zone 

Heat affected zone 
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Figure 58 The melting zone depth as a function of laser moving speed. 

 

Figure 59 The melting zone width as a function of laser moving speed. 

In the actual milling environment, the laser power input is selected as 200 W, the radius of 

the laser spot is 0.7 mm. With the validated temperature field prediction model, the temperature 
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field is predicted at a different laser power input and scanning speed for the machining force 

calculation. At the laser power input of 400 W, the softened workpiece material strongly adhered 

to the tool. The measured force did not correctly reflect the machining forces and showed large 

fluctuation. So, the laser power input was reduced to 200 W in our milling force measurement 

experiment. Since our temperature field predicted model was validated by different laser scanning 

speed and spindle speed. The predicted temperature field at a different laser power input and 

scanning speed is still believed to be reliable. The laser is rotating with the tool at the angular speed 

of 3500 rpm. A secondary translational movement along the x- direction at the speed of 250 

mm/min are applied. In our current milling experiment, the axial depth of cut is around 30 m. So, 

we can simply assume a uniform temperature distribution along the depth direction in the 

workpiece. With the above developed model, the preheating temperature is determined to be 300 

oC at the tool cut edge area. 

6.2.3.2 Milling forces 

After the preheating temperature field is determined, the milling force model takes the 

temperature field as input for the milling forces prediction. The tool rotational speed is selected as 

3500 rpm. The axial depth of cut is 35.7 m. The radial depth of cut is 3 mm, which means half of 

the tool is immersed into the workpiece. The tool is moving along the x- direction at a constant 

speed of 250 mm/min. This would give an average feed of 50 m per flute. The milling forces 

measurements from experiments are listed in Fig. 60. The milling force prediction for the single 

period is plotted, as shown in Fig. 61. The largest milling forces in the x- direction with and without 

laser preheating both are around 5 N.  The laser effect on the x- directional force reducing is not 

obvious. When it comes to the force in the y- direction, the largest force reduces from 14 N to 5 N. 
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In the z- direction, the largest milling force without laser is around 20 N. There is a sharp decrease 

from 20 N to 10 N when the laser is added. The magnitude and shape of the predicted milling 

forces profile in three different directions are in good agreement with the measured forces. Also, 

at the same milling conditions, the milling forces without laser preheat are measured. The forces 

in all three directions have significant decrease with an appropriate preheating procedure. 

 

Figure 60 The milling forces at feed speed 250 mm/min, spindle speed = 3500 rpm, radial 

depth of cut = 3 mm, axial depth of cut = 0.0357 mm. 
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Figure 61 The predicted laser assisted milling forces at the x- direction moving speed 250 

mm/min, spindle speed = 3500 m/min, radial depth of cut = 3 mm, axial depth of cut = 0.0357 

mm. 

Table 12 Johnson-Cook parameters for Inconel 718 

A(MPa) B(MPa) C m n Tmelt (
oC) 

980 1370 0.02 1.03 0.164 1300 

 

Table 13 Mechanical properties of Inconel 718 

Young’s modulus (GPa) 211.97- 0.0624T 

Poisson’s ratio 0.28 

 

To further investigate the temperature effect on the milling process, the specific cutting 

energy at different cutting conditions are analyzed. Compared with the conventional milling 

process, the specific cutting energy drops by more than 20%. The effect of feed speed and depth 

of milling on specific cutting energy is negligible. 
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6.2.4 Conclusion 

An analytical model is developed for the forces prediction in the laser assisted milling 

processes. The calculation is performed by transforming the milling configuration into an inclined 

3D turning condition. The modified Oxley’s contacting theory is used for the shear stress 

distribution calculation on the chip. An iterative procedure is implemented for the shear angle 

determination. Laser preheating induced temperature distribution is obtained by finite element 

simulation in ANSYS. The temperature field and milling conditions are taken as the input for the 

force calculations. Experimental measurements are conducted for the model validation. Good 

agreement is found between the predicted milling force and the experimental data. The imposed 

preheating temperature field could help to significantly reduce the cutting force and specific 

cutting energy in milling process. The proposed forces prediction model provides a cost-effective 

way for the laser assisted milling process optimization. 
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CHAPTER 6.  CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

The detailed implementation of the material microstructure affected machining modeling 

framework has been summarized in the above work. The model takes the material properties, 

machine tool configuration and process parameters into consideration. The direct output could be 

machine tool related tool wear, material removal rate, and the end-product surface integrity 

properties, such as residual stress, microstructure states, surface roughness, and microhardness. 

The empirical model is capable of the machining induced microstructure evolution prediction 

based on extensive experimental data, where the regression analysis could be conducted to 

establish this relationship. However, this empirical model suffers from the inflexibility, which 

requires repeated experimental data given any slight change on the machining conditions or 

material system. Staring from the basic mechanics and microstructure evolution principles, the 

physical model could serve as a universal modelling method.  The physical based model which 

quantitatively calculates the microstructure evolution in the machining process has been 

numerically implemented for the grain size and phase transformation calculation. Challenges still 

exist in terms of more microstructure attributes inclusion, such as dislocation density, texture 

information. Complicated material system, such as steel alloys, requires more comprehensive 

model. The physical based model bears more physical meanings which provide the insights on the 

material microstructure, mechanics and thermal interactions in the machining process. 

The material microstructure property is an important consideration in the machining 

process. Both the material mechanical properties and machined surface integrity are directly 

related to the material microstructure attributes. This research work reviews the recent 
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development of machining process with a material microstructural consideration. A 

comprehensive computational modeling framework could be developed to predict the machined 

part microstructural related properties by taking the cutting parameters, machine tool configuration 

and raw material selection as the input. On the other hand, given the machined part application 

with a specific material microstructure requirement, a reverse modeling approach would be 

necessary to trace back to all possible combinations of the process parameters, raw material 

selection and machining tool configuration. Previous machining process optimization work mainly 

focuses on the design of experimental based regression analysis. The current work aims to review 

the machining process modeling approach with material microstructure consideration and point 

out some useful guidelines for the physical based inverse modeling method for the machining 

process design. The following conclusions are given in the thesis.  

• The microstructure evolution in the primary shear zone includes elongated grain structure 

and phase transformation. The chip morphology dominated by the phase transformation 

and micro-crack propagation in the shear zone. 

• The microstructure change in the shear zone is typically modeled as strain softening or 

high temperature softening, which will help to reduce the machining forces. 

• Modified JC model is developed to include the microstructure attributes (grain size, 

dislocation, phase composition) in the material flow stress model. 

• The residual stress profile is influenced by machining process parameters. The stress-free 

surface could be generated by appropriate selection of machining process parameters.  

• The co-axial laser assisted milling setup could achieved an improved energy efficiency 

with the local preheating method. The FEA model could accurately predict the temperature 

field and heat affected zone induced by the rotational laser preheating. 
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• The laser assisted milling could help to significantly reduce the milling force in the axial 

direction and milling tool feeding transverse direction. The analytical milling force model 

for laser assisted milling gives a good approximation to the experimental force 

measurement, which could be applied for the laser assisted milling process design and 

optimization. 

6.2 Future work 

In addition to the grain size and phase composition, the material microstructure evolution 

in the machining process covers a wide range of microstructure properties, such as grain 

morphology, dislocation density, grain boundary et al. As noted in the current study, the precision 

machining simulation framework only consider the average grain size, and volume fraction of the 

phase composition. More advanced microstructure prediction modeling would be required to more 

accurate prediction. Another limitation for the grain size evolution is that, the JMAK model is 

based on the isotheral assumption. In the really machining condition, temperature gradient might 

exist on the shear zone, which would induce errors for the grain size calculation. Possible research 

work could be addressed to develop a universal dynamical recrystallization model without an 

isothermal assumption.  

The proposed microstructure sensitive flow stress model is the current thesis is a 

constitutive model, which correlates the material mechanical behavior with respect to the grain 

size and phase composition. However, the flow stress model parameters are essentially obtained 

from the regression analysis given a specific form. The underlying physics why the microstructure 

would have influenced the material flow stress is not clearly stated. Microscale based material 
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flow stress model, such as visco-plasticity, dislocation density model, would provide more insight 

into the physics behind. 

The milling process modeling still imposes great challenges due to the complexity of 

multiple cutter workpiece interactions. The current FEA method utilize the moving mesh window 

along the tool/workpiece interface area. For the milling process, multiple tool/workpiece interfaces 

are involved, which make the FEA solution hard to converge. So more efficient FEA modeling 

and meshing scheme would be required to solve the issue. The residual stress on the workpiece 

surface after milling is not uniformly distribution as turning. Different tool path would also change 

the residual stress states after milling. In the current thesis, the analytical model for the milling 

force prediction is well established, the residual stress model still requires extensive investigation. 

The whole thesis is focused on the machining process simulation. The ultimate goal is for 

the machining process design, which requires an inverse modeling framework given the workpiece 

material, machining tool and end-product functionality requirements. The physical based inverse 

modeling for machining process design would leverage a process window instead of a single 

process parameter. So, statistics-based process model would be required for the inverse model 

development. Another promising avenue is the machine learning based machining process design 

method. By taking the extensive machining process data, either from the literature experimental 

data or predictive modeling data, the process design could be achieved through the enhanced 

learning scheme. 
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