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Abstract 
 

An industry focussed research project has been undertaken to evaluate the machinability of an emerging 

titanium alloy, Timetal 407 and offer a fundamental understanding for the chip control issues. This 

research identified two key stages in the life cycle of a titanium alloy where consideration of the 

machinability would provide economic opportunities for the aerospace manufacturing sector. First in 

the development of emerging alloys and secondly in optimising the cutting parameters during the 

machining of aerospace components.  

To assess machinability in the developmental stage of an emerging alloy, a series of small scale 

experiments were utilised to assess the machinability outputs for Timetal 407 and Ti-6Al-4V, with the 

aim of drawing conclusions about each of the alloys limitations and strengths in regards to key 

machinability characteristics; tool wear, chip control, subsurface deformation and cutting forces. The 

key to these tests was to remain low cost, offering a quick turnaround of results relative to high speed 

machining, in order to filter out a large number of alloy chemistries and microstructural combinations.  

For the second stage, machinability maps for Timetal 407 and Ti-6Al-4V were developed using data 

from high speed machining operations which determined for a range of cutting parameters (cutting 

speed and feed rate) where machinability outputs were acceptable and Material Removal Rate (MRR) 

was maximised. The machinability map again incorporated the key machinability characteristics: tool 

wear, chip control and subsurface deformation as primary points of consideration on the map, with 

cutting force as a secondary consideration. The map also identified a region of cutting parameters where 

improved chip management of Timetal 407 could be achieved. Using the high speed machining and 

small scale machinability experiments, mechanical twins and thermoplastic instability were identified 

as key determinants for chip control. 

The outcomes of this research were an ability to characterise machinability using a small scale 

experimental framework, as well as fulfilling the industry requirements through improving chip 

management. The improvement of chip management had a number of concurrent benefits to 

manufacturing operations of large structural gas turbine engine components through reducing cutting 

time by 43% between Ti-6Al-4V and Timetal 407, whilst also reducing cleaning downtime between 

parts and reducing machine maintenance to fix issues with chip swarf conveyors. The risk of component 

rework due to tool breakage or surface finish defects have been reduced, offering potential savings of 

300 minutes per part for ‘on machine’ rework, or 480 minutes per part for ‘hand dressing’ by an 

operator. Due to these operational improvements, the flow of parts through manufacturing facilities has 

been improved, reducing inventory stock and work in progress.  

 



ii | P a g e  

 

Acknowledgements 
 

 

I would like to thank Prof. Martin Jackson for his help and guidance throughout the course of this 

research. I would also like to thank Dr. Sabino Ayvar-Soberanis (AMRC), Dr. Rachid M’saoubi (Seco 

Tools), Dr. Jamie McGourlay (Rolls-Royce), Dr. Andrew Mantle (Rolls-Royce), Josh Weston 

(Formally of Rolls-Royce), Iain Berment-Parr (Timet UK) and Dr Matthew Thomas (Formally of Timet 

UK) for their technical input into the project and expert knowledge.  

I would also like to thank my family and friends whose help and support has helped me throughout the 

last few years. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii | P a g e  

 

Publications 
 

Thesis chapters 3 and 4 have been previously published as the following publications: 

 

[1] C. Dredge, R. M’Saoubi, B. Thomas, O. Hatt, M. Thomas, M. Jackson. ‘A low cost machinability 

assessment to accelerate titanium alloy development’. In: Proceedings of the Institution of Mechanical 

Engineers, Part B: Journal of Engineering Manufacture, (2020) 

[2] C. Dredge, I. Berment-Parr, R. M’Saoubi, M. Jackson. ‘Machinability maps- Towards a mechanistic 

understanding of the machining of Ti-6Al-4V and Timetal 407’ In: Advances in Industrial and 

Manufacturing Engineering, (2020) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv | P a g e  

 

Contents 
 

Abstract i 

Acknowledgements ii 

Publications iii 

Table of Contents iv 

List of Figures vii 

List of Tables 

Nomenclature 

xii 

xiv 

  

1. Introduction 1 
1.1 Thesis Motivation 2 

1.2 Thesis Outline 3 

References 4 

  

2. Literature Review 6 
2.1 Titanium Alloy Classification 6 

2.1.1 α Alloys 9 

2.1.2 Near α Alloys 9 

2.1.3 α+β Alloys 9 

2.1.4 Metastable β Alloys 10 

2.1.5 β Alloys 10 

2.2 Deformation Modes 10 
2.2.1 Slip 11 

2.2.2 Twins 12 

2.2.2.1 Texture Evolution 13 

2.2.2.2 Work Hardening Behaviour 13 

2.2.2.3 Grain Size Effect 14 

2.2.2.4 Stacking Fault Energy 14 

2.2.2.5 Effect of Aluminium on Deformation Twins 15 

2.3 Titanium Alloy Microstructure 15 
2.3.1 Microstructure Types 16 

2.3.2 Titanium Annealing Process 17 

2.3.2.1 Mill Annealing 17 

2.3.2.2 Duplex Annealing 17 

2.3.2.3 Recrystallisation 17 

2.3.2.4 β Annealing 17 

2.3.2.5 Solution Treatment and Age 18 

2.3.3 Microstructural Effects on Machining 18 

2.3.4 Microstructural Effects on Twinning 19 

2.4 Machining Titanium Alloys 19 
2.4.1 Principles of Metal Cutting 19 

2.4.2 Machinability 20 

2.4.2.1 Tool Life 21 

2.4.2.2 Cutting Forces 23 

2.4.2.3 Surface Integrity 24 

2.4.2.4 Chip Formation 25 

2.5 Small Scale Machining Characteristics Techniques 26 

2.6 Timetal 407 27 

2.7 Summary 28 

2.8 Experimental Methods and Analysis Techniques 29 
2.8.1 Arbitrary Strain Path 29 



v | P a g e  

 

2.8.2 Thermomechanical Compression Machine 30 

2.8.3 Diffusion Couple Experiment 30 

2.8.4 Finite Element Modelling 31 

2.8.5 Specimen Preparation 31 

2.8.6 Imaging and Analysis 32 

2.8.6.1 Microstructure Optical Imaging 32 

2.8.6.2 Scanning Electron Microscope (SEM) and X-EDS 32 

2.8.6.3 Electron Backscatter Diffraction (EBSD) 32 

References 33 

  

3. A low Cost Machinability Approach to Accelerate Titanium Alloy 

Development 43 
3.1 Introduction 43 

3.2 Methodology 45 
3.2.1 Small Scale Orthogonal Cutting 45 

3.2.2 Diffusion Couple Experiment 47 

3.2.3 Large Scale Turning Trials 48 

3.3 Results and Discussion 50 
3.3.1 Chip Formation 50 

3.3.1.1 Uniaxial Compression- Analysis of the Deformation Characteristics for 

Ti-64 and Ti-407 50 

3.3.1.2 Comparison of Ti-64 and Ti-407 Propensity for Mechanical Twinning 52 

3.3.1.3 FE Model- Development of the FE Model to predict the Chip Formation 

of Titanium Alloys in each Microstructural Condition 53 

3.3.1.4 Small Scale Cutting Experiments- Comparison of Chip Form for Ti-64         

and Ti-407  56 

3.3.1.5 Large Scale Turning Trials- Analysis of Chip Form for Ti-64 and Ti-

407 58 

3.3.2 Subsurface Deformation Characteristics for Small Scale Cutting and Large 

Scale Turning Trials 59 

3.3.3 Comparison of the Cutting Forces for Small Scale Cutting and Large Scale 

Turning Trials  61 

3.3.4 Tool Wear Analysis for Ti-64 and Ti-407 using Diffusion Couple 

Experiments, Small Scale Cutting and Large Scale Turning Trials 62 

3.3.5 Contextualisation of the Small Scale Machinability Approach  64 

3.4 Conclusions 66 

References 67 

  

4. Machinability Maps – Towards a Mechanistic Understanding of the 

Machining of Ti-6Al-4V and Timetal 407 71 
4.1 Introduction 71 

4.2 Methodology 73 
4.2.1 Material Preparation 73 
4.2.2 Machining Trials 74 
4.2.3 Subsurface Deformation 75 
4.2.4 Tool Wear 75 
4.2.5 Chip Analysis 76 
4.2.6 Development of the Machinability Map 76 

4.3 Results 77 
     4.3.1 Section 1: Experimental Results 77 

4.3.1.1 Comparison of subsurface mechanical twinning 77 

4.3.1.2 Comparison of microstructural subsurface deformation 78 



vi | P a g e  

 

4.3.1.3 Comparison of Tool Flank Wear 80 

4.3.1.4 Comparison of chip morphology 82 

4.3.1.5 Comparison of chip serration characteristics 83 

4.3.1.6 Comparison of chip shear band characteristics 85 

4.3.2 Section 2: Machinability Maps 87 

4.4 Discussion 91 
4.4.1 Machinability Maps 91 
4.4.2 Ti-407 Chip Control 91 

4.5 Conclusion 93 

References 94 

  

5. Validation of Machinability Maps 100 
5.1 Introduction 100 

5.2 Methodology 101 
5.2.1 Pre-Processing of Billet Material 101 

5.2.2 Experimental Setup 103 

5.3 Experimental Results  104 
5.3.1 Investigating the Strain Rate Effects on the Machinability Map 104 

5.3.2 Validating the Machinability Map at a Depth of Cut of 0.3 mm 110 

5.3.3 Industrial Outputs of this Work 114 

5.4 Conclusion 115 

References 116 

  

6. Summary and Future Work 118 
6.1 Summary 118 

6.2 Future Work 121 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii | P a g e  

 

List of Figures 

 

1. Introduction 

Figure 1.1 Half cross-section of “The Jet Engine, Rolls-Royce plc” colour coded with 

respect to the materials used for the main components. Modified from Anvari 

[3]. 

1 

2. Literature Review 

Figure 2.1  Crystal structures of alpha and beta phases of titanium. From ref [1]. 6 

Figure 2.2 The Burgers orientation relationship between the α (HCP) and the β (BCC) 

titanium alloy phases, showing   (0001)α//(101)β, [112̅0]α//[111̅]β and the 

relationship between HCP <a> type directions and the equivalent BCC 

directions adapted from [7]. 

7 

Figure 2.3 Pseudo-binary titanium phase diagram. Redrawn from [11]. 8 

Figure 2.4 Schematic of a deformation twin causing rotation of the crystallographic lattice 12 

Figure 2.5 Plot showing the three stages of the normalised strain hardening rate against 

strain curve 
14 

Figure 2.6 Effect of cooling rate from the β phase on the lamellar microstructure of Ti-

6242. a) 1 °C/min b) 100 °C/min [50] 
16 

Figure 2.7 Force diagram showing the relationship between component forces in the 

orthogonal cutting environment. Redrawn from [67]. 
20 

Figure 2.8 Bar chart showing the relative machinability ratings for titanium alloys against 

B1112. 
21 

Figure 2.9 Tool life curve based on the typical flank wear rate over time. 22 

Figure 2.10 Schematic illustration of a serrated chip formation. Redrawn from [114]. 

Alongside the schematic is an in-situ image showing the formation of the 

primary shear band [115]. 

26 

Figure 2.11 Image showing the Arbitrary Strain Path (ASP) used for the small scale 

orthogonal cutting tests. 
29 

Figure 2.12 a) An image of the Thermomechanical Compression (TMC) machine used 

during compression testing and b) image of the robot arms holding the 

compression sample prior to testing. 

30 

Figure 2.13 An image of the diffusion couple rig used for the diffusion couple experiment. 30 

3. 

A low Cost Machinability Approach to Accelerate Titanium Alloy 

Development 

Figure 3.1 Plot showing the combinations of the Johnson-Cook strain hardening 

parameters, B and n along with the associated chip morphologies from finite 
44 



viii | P a g e  

 

element models reported in the literature. 

Figure 3.2 a) Photograph of the ASP rig used for the small scale cutting experiments, b) 

3D model of the tool holder designed and developed using Autodesk and c) a 

photograph showing the negative 6° rake angle between the workpiece and the 

cutting insert. 

46 

Figure 3.3 Micrographs of the titanium alloy test pieces used in this work post heat 

treatment, a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA Oil 

Quenched and d) Ti-407 STA Water Quenched. 

47 

Figure 3.4 a) Location of and geometry of the test samples used for the small scale 

orthogonal cutting tests and b) a photograph of the sample used for the small 

scale orthogonal cutting test. 

47 

Figure 3.5 Photograph showing the setup for the industrial machining trials. Using a disk 

of material held inside a CNC machining centre; the cutting insert held into a 

dynamometer to record the cutting forces and the coolant provided through an 

external pipe. 

49 

Figure 3.6 a) 3D CAD illustration of the workpiece after grooving the disk to form a 4 

mm wide ring for orthogonal machining trials, b) Photograph of the 4 mm wide 

ring for orthogonal cutting trials and c) photograph of the modified tool holder, 

Wire EDM’d to meet the requirements for orthogonal machining. 

49 

Figure 3.7 Flow stress curves produced from the uniaxial compression tests at strain rates 

of a) 0.1 s-1, b) 1.0 s-1 and c) 10 s-1. 
51 

Figure 3.8 Map of photographs showing the cross-section of the titanium alloys, from a 

strain rate of 0.1 – 100 s-1, after testing has been completed. 
51 

Figure 3.9 Curve of normalised strain hardening rate against true strain, calculated from 

flow stress data, which was determined from compression tests of Ti-64 and 

Ti-407 at a strain rate of 1.0 s-1. 

52 

Figure 3.10 DEFORMTM compression simulations showing the effective strain across the 

cross section of the test pieces at the point of fracture at a strain rate of 0.1 s-1. 

The material data used is as shown in Table 3.2. a) Ti-64 MA, b) Ti-407 STA 

Air Cooled, c) Ti-407 STA Oil Quenched and d) Ti-407 STA Water Quenched. 

54 

Figure 3.11 DEFORMTM orthogonal 2D simulations showing the chip forming 

characteristics for each of the corresponding alloys based on material data 

modelled in the DEFORMTM compression simulations at a cutting speed of 6.0 

m.min-1. a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA Oil 

Quenched and d) Ti-407 STA Water Quenched. 

54 

Figure 3.12 Figure of DEFORMTM 2D orthogonal cutting simulations showing the cutting 

forces required to form a chip for a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) 

Ti-407 STA Oil Quenched, d) Ti-407 STA Water Quenched. 

55 

Figure 3.13 In-situ photographs taken with a Nikon D5000 camera of the chip forming 

process from the small scale orthogonal cutting tests, a) Ti-64 MA, b) Ti-407 

STA Air Cooled, c) Ti-407 STA Oil Quenched and d) Ti-407 STA Water 

Quenched. 

56 



ix | P a g e  

 

Figure 3.14 Cross sectional light micrographs of the chip formation from the small scale 

orthogonal cutting tests for a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 

STA Oil Quenched and d) Ti-407 STA Water Quenched. 

56 

Figure 3.15 Experimental cutting forces measured from the small scale orthogonal cutting 

for a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA Oil Quenched and 

d) Ti-407 STA Water Quenched. 

57 

Figure 3.16 Cross sectional light micrographs of the chip formation from the industrial 

cutting tests for a) Ti-64 MA, b) Ti-407 STA Water Quenched. 
58 

Figure 3.17 Photographs showing the comparable chip formation at cutting speeds (6, 40, 

and 70 m.min-1) from the industrial orthogonal cutting tests of Ti-64 MA and 

Ti-407 STA Water Quenched. Feed Rate = 0.3 mm.rev-1. 

58 

Figure 3.18 Light micrographs of the depth of subsurface features from the small scale 

orthogonal cutting tests, a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 

STA Oil Quenched and d) Ti-407 STA Water Quenched 

59 

Figure 3.19 Light micrographs of the depth of the subsurface features from the industrial 

cutting trials, a) Ti-64 MA and b) Ti-407 STA Water Quenched. 
60 

Figure 3.20 Bar plot showing the average cutting force in comparison to the cutting speed 

for the small scale orthogonal cutting tests for Ti-64 MA and Ti-407 STA 

Water Quenched Cooled. 

61 

Figure 3.21 Bar plot showing the average cutting force in comparison to the cutting speed 

for the large scale cutting tests for Ti-64 MA and Ti-407 STA Water Quenched. 
61 

Figure 3.22 Scanning electron micrographs of the TiC interface between WC-6% Co 

cutting insert and workpiece material from diffusion couple experiments a) Ti-

64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA Oil Quenched and d) Ti-

407 STA Water Quenched. 

62 

Figure 3.23 X-EDS analysis showing the titanium, tungsten and carbon across the tool and 

workpiece, including diffusion bond region. a) Ti-64 MA, b) Ti-407 STA Air 

Cooled, c) Ti-407 STA Oil Quenched and d) Ti-407 STA Water Quenched. 

62 

Figure 3.24 Alicona 3D scans of the tools from the small scale orthogonal cutting tests 

showing the build-up of workpiece material across the edge of the tool for a) 

Ti-64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA Oil Quenched and d) Ti-

407 STA Water Quenched. 

63 

Figure 3.25 Photographs of the flank wear and rake face wear from tool life trials for Ti-64 

MA and Ti-407 STA Water Quenched from large scale turning trials at 80 

m.min-1.   

63 

Figure 3.26 A schematic showing the suggested order for completion of the small scale 

tests and modelling to filter out undesirable alloy combinations and conditions. 
65 

4. 

Machinability Maps – Towards a Mechanistic Understanding of 

the Machining of Ti-6Al-4V and Timetal 407 

Figure 4.1 Light optical micrographs of the titanium alloys post-heat treatment a) Ti-64 73 



x | P a g e  

 

(Mill Annealed), b) Ti-407 (Solution Treated and Aged). 

Figure 4.2 a) 3D CAD drawing of the workpiece after grooving the disk with a 4 mm wide 

ring for orthogonal axial plunge turning trials, b) Photograph of the setup for 

the orthogonal turning trials. A red box around the tool edge indicates the 4mm 

wide section of the tool used to perform the orthogonal cutting operation. The 

red arrow shows the direction of movement of the tool. 

74 

Figure 4.3 Light optical micrographs showing the depth of subsurface twins after 

machining Ti-64 at different cutting speeds and feeds in the orthogonal cutting 

tests. 

77 

Figure 4.4 Light optical micrographs showing the depth of subsurface twins after 

machining Ti-407 at different cutting speeds and feeds in the orthogonal 

cutting tests. 

78 

Figure 4.5 Following machining, EBSD scans of the subsurface shows imparted 

deformation in the surface of the Ti-64 (a-c) and Ti-407 (d-f) samples.  The 

black dotted lines represent the maximum depth of SPD. 

79 

Figure 4.6 The change in LAGB density vs depth beneath the machined surface a) Ti-64 

and b) Ti-407. The labels correlate with the qualitatively measured depth of 

SPD from Figure 4.5 which provide a visual comparison to the quantitatively 

measured depth of SPD using the LAGB in this figure. The arrow on the Fig 

5d LAGB density line indicates that the depth of SPD extends further than was 

able to be imaged using EBSD. 

80 

Figure 4.7 Photographs of the flank wear after (replicating plunge turning) machining Ti-

64 and Ti-407 at the cutting speeds (6, 40 and 70 m.min-1) and at a feed rate of 

0.30 mm.rev-1. 

81 

Figure 4.8 Flank wear measurements for a) Ti-64 and b) Ti-407. The black dotted line 

indicates the flank wear boundary condition set for the machinability map. 
81 

Figure 4.9 Photographs illustrating the change of Ti-64 chip morphology for a range of 

cutting speeds and feed rates from the orthogonal cutting tests. 
82 

Figure 4.10 Photographs illustrating the change in Ti-407 chip morphology for a range of 

cutting speeds and feed rates from the orthogonal cutting tests. 
83 

Figure 4.11 Cross-sectional light optical micrographs of the chip formation of Ti-64 at a 

range of cutting speeds and feed rates from the orthogonal cutting tests. 
84 

Figure 4.12 Cross-sectional light optical micrographs of the chip formation of Ti-407 at a 

range of cutting speeds and feed rates from the orthogonal cutting tests. 
84 

Figure 4.13 Light optical micrographs of the severely plastically deformed shear band 

region in the chip of Ti-64 for a range of cutting speeds and feed rates from the 

orthogonal cutting tests. Filled white arrows indicate the shear band region. 

The unfilled white arrows point to the mechanical twins which have nucleated 

around the ASB of the chip. 

86 

Figure 4.14 Light optical micrographs of the severely plastically deformed shear band 

region in the chip of Ti-407 for a range of cutting speeds and feed rates from 

the orthogonal cutting tests. Filled white arrows indicate the shear band region. 

86 



xi | P a g e  

 

The unfilled white arrows point to the mechanical twins which have nucleated 

around the ASB of the chip. 

Figure 4.15 Machinability maps based on three criteria; chip form, tool wear and 

subsurface features in order to directly determine the relative machinability of 

a) Ti-64 and b) Ti-407.  c) A summary and example of the pass/fail assessment 

of the three key machinability criteria at four different positions on the 

machinability maps in a) and b). 

 

88 

5. Validation of Machinability Maps 

Figure 5.1 Light micrographs of Ti-407, taken from a coupon sectioned from the outer 20 

mm of the billet cross section, a) in an as-forged condition, b) after the STA 

heat treatment. 

102 

Figure 5.2 a) Light micrograph of Ti-407 at the outer 20 mm of the billet after a STA heat 

treatment. b) ImageJ contrasting used to ascertain the volume fraction of 

primary alpha and lamellar within the microstructure of Ti-407. 

102 

Figure 5.3 Composite image comprising of a quarter cross-section taken of the Ti-407 

billet and the corresponding light micrographs at 0°, 45° and 90°. 
103 

Figure 5.4 Photograph showing the setup for industrial machining trials. Use of a large 

billet of material held inside a CNC machining centre by chuck and tailstock; 

the cutting insert and shank held into a Kistler dynamometer to record the 

cutting forces. The image has been taken after completing all experiments to 

indicate how the post machining surface analysis samples recorded. 

104 

Figure 5.5 Machinability map with the three sets of machining parameters (Table 5.1) 

conducted at a depth of cut of 0.5 mm. The results have been presented below 

in Table 5.3. 

106 

Figure 5.6 Shows the machinability map with the four points where machining 

experiments were conducted at a depth of cut of 0.3 mm. The results have been 

presented below in Table 5.4. 

111 

 

 

 

 

 

 

 

 

 

 



xii | P a g e  

 

List of Tables 
 

Table 2.1 Slip systems in the HCP α phase [10] 12 

Table 2.2 Summary of the metallographic preparation steps for titanium alloys 32 

Table 2.3 Summary of the operating parameters used for the SEM  32 

Table 3.1 Comparison of the toughness of each titanium alloy, measured as the area 

under the flow stress curve. 
51 

Table 3.2 Norton Hoff Model Material Parameters from flow stress curves at a strain rate 

of 0.1 s-1. C-L Refers to Cockroft-Latham Damage Criterion. 
53 

Table 3.3 Measured depth of subsurface features including mechanical twins and severe 

plastic deformation from the small scale orthogonal cutting tests. 
59 

Table 3.4 Cost comparison for the testing Ti-64 MA and Ti-407 STA Water Quenched 

for the industrial cutting tests and the small scale tests. 
60 

Table 4.1 The cutting parameters used in the orthogonal experiments to turn Ti-64 and 

Ti-407 billet (in Figure 4.2) 
75 

Table 4.2 Measured depth of subsurface twins within the machined surface of Ti-64 and 

Ti-407 over the range of cutting parameters. 
78 

Table 4.3 Measured depth of severe plastic deformation (SPD) within the machined 

surface of Ti-64 and Ti-407 over the range of cutting parameters. 
80 

Table 4.4 The classification of chips into acceptable chip morphology =1, unacceptable 

chip morphology = 0 and transitioning chips = 0.5. 
84 

Table 4.5 The classification of chips into chip mechanical twins observed = 1, no chip 

mechanical twins observed = 0. 
87 

Table 4.6 The boundary conditions set for the machinability map 87 

Table 4.7 Ti-64 machinability map parameters (β0, β1 and a) used for each of 

machinability outputs along with the statistical significance, p and the Adjusted 

R2 value of each line. 

89 

Table 4.8 Ti-64 machinability map parameters (β0, β1 and a) for the chip mechanical 

twins line found using the Linear SVM model and the corresponding accuracy 

of the model. 

89 

Table 4.9 Ti-407 machinability map parameters (β0, β1 and a) used for each of 

machinability outputs along with the statistical significance, p, and the 

Adjusted R2 value of each line. 

89 

Table 4.10 Ti-407 machinability map parameters (β0, β1 and a) for the chip mechanical 

twins line found using the Linear SVM model and the corresponding accuracy 

of the model. 

89 

Table 5.1 Table presenting the cutting parameters used to turn Ti-407 STA billet (in 

Figure 5.4) 
104 



xiii | P a g e  

 

Table 5.2 The boundary conditions set for each factor applied in the machinability model. 105 

Table 5.3 Shows the results from the machining trials conducted at a depth of cut of 0.5 

mm. The first column shows the chip form resulting from the experiments. The 

second column shows the chip geometry. The third column shows the adiabatic 

shear band, with filled white arrows to represent the thickness of the shear band 

and the unfilled white arrows representing the formation of mechanical twins. 

Fourth column shows the depth of mechanical twins. The fifth column shows 

the 3D scans of the tool edge. The sixth column presents the average cutting 

force and the standard deviation for the test. 

107 

Table 5.4 Shows the results from the machining trials conducted at a depth of cut of 0.3 

mm. The first column shows the chip form resulting from the experiments. The 

second column shows the chip geometry. The third column shows the adiabatic 

shear band, with filled white arrows to represent the thickness of the shear band 

and the unfilled white arrows representing the formation of mechanical twins. 

Fourth column shows the depth of mechanical twins. The fifth column shows 

the 3D scans of the tool edge. The sixth column presents the average cutting 

force and the standard deviation for the test. 

112 

Table 5.5 Series of photographs and micrographs of the chips before and after the 

completion of this PhD. The filled white arrows in c) and f) are indicating the 

width of the shear bands. The unfilled white arrows in c) are pointing to the 

formation of the mechanical twins surrounding adiabatic shear band 

115 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv | P a g e  

 

Nomenclature 
 

AISI American Iron and Steel Institute 

AMRC Advanced Manufacturing Research Centre 

ANFIS Adaptive Neuro-Fuzzy Inference System 

ASB Adiabatic Shear Band 

ASP  Arbitrary Strain Path 

BCC Body Centred Cubic 

BOR Burgers Orientation Relationship 

BUE Build up Edge 

CAD  Computer Aided Design 

CP-Ti Commercially Pure Titanium 

CRSS Critically Resolved Shear Stress 

EBSD Electron Backscattered Diffraction 

EDM Electrical Discharge Machined 

FAST Field Assisted Sintering technique 

FCC Face Centred Cubic 

FEM Finite Element Modelling 

HCF High Cycle Fatigue 

JC Johnson Cook 

LAGB Low Angle Grain Boundary 

m Schmid Factor 

MA Mill Annealed 

Ms/f Martensite (Start/Finish)  

RSM Response Surface Methodology 

SFE Stacking Fault Energy 

SHPB Split Hopkinson Pressure Bar 

SPD Severe Plastic Deformation 

STA Solution Treatment and Aged 

SVM Support Vector Machine 

TiC Titanium Carbide 

α Hexagonal Close Packed Alpha Phase 

β Body Centred Cubic Beta Phase 

σ Stress 

ε Strain 

  



xv | P a g e  

 

Tool Parameters and Cutting Coefficients 

DOC Depth of Cut 

f Feed Rate 

F Friction Force 

Fc Cutting Force 

Fn Normal Force 

Fs Shear Force 

Ft Thrust Force 

MRR Material Removal Rate 

N Normal Pressure Force 

R Resultant Force 

t Uncut Chip Thickness 

v Cutting Speed 

vc Chip Speed 

α Rake Angle 

β Friction Angle 

τs Shear Stress 

φ Shear Angle 

  

Modelling  

C-L Cockroft-Latham 

k Constant 

m Strain Rate Sensitivity 

Q Activation Energy 

R Ideal Gas Constant 

T Temperature 

β0 Slope Coefficient for the Cutting Speed Variable 

β1 Slope Coefficient for the Feed Rate Variable 

ε0 Strain 

  

Key Terms Used Within This Thesis 

Crater Wear Chemical diffusion wear commonly observed on the rake face of the tool 

Flank Wear Abrasive wear on the flank of the tool caused by the rubbing of the tool against 

the machined surface. 

Notch Wear A small ‘V-shaped’ cut on both the rake and flank face commonly caused by 

adhesion and subsequent breaking of chips from the tool edge 

White Layer Also known as alpha case. Observed as an oxygen-enriched layer created 

when the material is exposed to excessive heat and oxygen during machining. 



 

1 | P a g e  

 

Introduction 1 
 

The aerospace industry is the leading user of titanium alloys. High strength-to-weight ratio at 

elevated temperatures, along with improved fracture and corrosion resistance make them desirable for 

front of engine aerospace applications such as discs, blades, shafts and casings, where alloys have to be 

capable of working at temperatures up to 550°C [1]. Titanium alloys also account for 10% of the 

airframe weight [2], used in applications including landing gears and large wing beams.  

 

Figure 1.1: Half cross-section of “The Jet Engine, Rolls-Royce plc” colour coded with respect to the 

materials used for the main components. Modified from Anvari [3]. 

 

In 1988, titanium alloys accounted for 7.2 % of the total airframe usage in the Airbus A320, 

while aluminium accounted for 65.5 %. Today the Airbus A350 XWB is estimated to contain 14 % 

titanium by weight; 7 % more than steel and 6 % less than aluminium. The improved fatigue properties 

of titanium alloys compared to aluminium alloys has boosted the range of applications of the alloy and 

has helped to bring down the cost of non-routine component replacements [4]. However despite its 

excellent properties, the greater cost associated with processing and manufacturing has limited the use 

of titanium alloys across other industries such as the automotive industry. Up to now, titanium has only 

been incorporated into luxury and sports cars, a wider distribution of titanium in the industry would 

only be made possible with a radical reduction in the cost of processing and manufacturing. With the 

development in Field Assisted Sintering Technique (FAST) as a low cost titanium alloy processing 

route, the mainstream use of titanium within other industries could become reality [5]. Conventional 

wrought processing and machining costs of titanium alloys are significantly higher than the equivalent 

aluminium and steel parts in the order of 20 and 40 times more, respectively [6], [7]. Of this, machining 

generally accounts for nearly 60 % of the overall manufacturing costs [8].  
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Poor machinability attributed to excessive tool wear at low material removal rates, is the 

response to several inherent properties: (1) High chemical reactivity, which increases the tendency for 

the alloy to both weld itself to the tool as build-up-edge (BUE) and/ or crater wear across the rake face 

of the tool- putting the tool at risk of chipping and premature tool fracture, (2) low thermal conductivity- 

which increases the localised cutting temperatures at the tool-workpiece interface, affecting tool life 

and chip breakability and (3) the low modulus of elasticity- causing material deflection during 

machining, limiting the ability to cut at high metal removal rates especially for thin walled components 

[9].  

This work aims to understand some of the key machining characteristics of an emerging 

titanium alloy, Timetal 407, which was developed for improved ductility, to reduce manufacturing costs 

and increase machining cutting speeds [10]. The alloy will be a direct replacement for the long 

considered workhorse alloy Ti-6Al-4V in applications where energy absorption during fracture and 

high cycle fatigue (HCF) limit are critical, such as a large structural gas turbine engine components. 

The large structural gas turbine engine component in question surrounds the compressor section 

of the engine, and its design serves two purposes. Firstly to provide a casing to encase the fan, helping 

to funnel air through and around the engine, and secondly to protect the passengers in the event of a 

catastrophic failure of a fan blade. This component has typically been made from titanium alloy Ti-6Al-

4V (Ti-64), due to the high strength and moderate ductility of the alloy, however in an attempt to reduce 

manufacturing costs and save weight, development of emerging alloy Timetal 407 has been completed 

to replace Ti-64 in this application. Ti-407 has been developed with improved machinability. 

 

1.1 Thesis Motivation 

This research was completed to investigate three areas of development relating to the machining 

of titanium alloys. The first was to improve and demonstrate the feasibility of the small-scale 

machinability approach developed at the University of Sheffield, presenting a series of preliminary tests 

to identify key machining characteristics of emerging titanium alloys. This work follows on from 

previous research by Marshall et al. [11] and Hatt et al. [12] utilising their experimental methods. 

Development of the Arbitrary Strain Path was conducted to improve the reliability and accuracy of the 

methodology used for the orthogonal cutting experiments. This work also utilises a uniaxial 

compression test rig to learn about material deformation properties and diffusion couple experiments to 

learn of the chemical reactivity of the materials investigated in this work. The second part of this 

research calls for an understanding of the machinability of emerging alloy, Timetal 407; in particular 

why chip control issues exist and what methods can be explored to improve this. The third part of this 

research is around the development of a simple-to-visualise machinability map to directly compare the 
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machining performance of different alloys during the early stages of material development, and to guide 

machine operators in exploiting the optimal cutting parameters to maximise material removal rate and 

reduce costs, through lower tool wear, better chip evacuation and minimal subsurface integrity issues. 

For the purpose of satisfying the requirements of the industrial sponsors, the scope of the second and 

third part of this research was limited to turning operations using CNC machine centres. 

 

1.2 Thesis Outline 

 

Chapter 2: Literature Review  

Provides a background into the classification of titanium alloys and the effect of composition 

on properties. This is followed by an overview of the key deformation modes in titanium alloys. 

A review of the methods to achieve different microstructures and how the microstructure affects 

machining characteristics. An evaluation of the mechanics of metal cutting and how alloy 

machinability is assessed, before finally reviewing the literature on work currently completed 

surrounding the new emerging alloy, Timetal 407. 

 

Chapter 3: A Low Cost Machinability Approach to Accelerate Titanium Alloy Development 

Chapter 3 focusses on the first objective of this research, to develop the methodology for the 

series of early stage, small scale tests to identify key machinability characteristics for emerging 

titanium alloys. The results are correlated with high speed machining experiments to validate 

the small-scale test results and demonstrate the commercial incentive of such testing methods.  

 

Chapter 4: Machinability Maps – Towards a Mechanistic Understanding of the Machining of Ti-

6Al-4V and Timetal 407 

Chapter 4 presents results on understanding the issues of chip control during machining of 

Timetal 407, which have been presented in an easy-to-visualise machinability map. 

Machinability maps were developed to present machinability in a new way incorporating the 

main factors tool wear, subsurface deformation and chip form. The maps demonstrate that 

machinability can be quantified and an optimal region of cutting parameters can be identified 

for these two alloys.  
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Chapter 5: Validation of “Machinability Map” Approach: Improving Chip Control During the 

Machining of Titanium Alloy Ti-407 

Chapter 5 explores the results from a set of experimental trials planned and conducted to validate 

the machinability maps presented in Chapter 4, and secondly to improve the chip control of 

Timetal 407 during machining with a strong overall understanding of the implications of 

improved chip control on the other key factors of machinability, tool wear, subsurface 

deformation and cutting forces. The experimental trials were designed to closely mimic the 

operational set up utilised during the commercial machining of aerospace components.  

 

Chapter 6: Summary and Future Work 

Chapter 6 summarises the main outcomes and how this research adds to the literature. The 

future work section provides a clear outline for the direction of continuing research utilising the 

methods developed in this research and encouraging those to take full advantage of the 

commercial applicability.  
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Literature Review 2 
 

2.1 Titanium Alloy Classification 

Titanium is a two phase alloy consisting of the hexagonal-close-packed (HCP) alpha phase at 

low temperatures and the body centred cubic (BCC) beta phase at high temperatures illustrated in Figure 

2.1. The transformation between the two phases is known as the β transus temperature and occurs at 

approximately 882 °C, depending on alloy purity.  

 

 

Figure 2.1: Crystal structures of alpha and beta phases of titanium. From ref [1]. 

 

When titanium alloys are cooled from the β phase, two important observations occur, firstly the 

phase transformation follows the Burgers orientation relationship (BOR), so the most densely packed 

{110}β planes of the BCC phase transform to the (0001)α basal planes of the HCP phase, and secondly 

the distance between the closest packed planes in each phase increase.  

Discussing the first point, the nucleated α phase during the cooling process is related to the β 

phase, such that (0001)𝛼 is parallel to (101)𝛽 and in those planes the < 𝑎 > type [112̅0]𝛼 is parallel 

to [111̅]𝛽 direction. Alignment of the < 𝑎 > direction in both the HCP and the BCC phase is important 

to control the effective slip length. In the HCP phase there are three directions < 𝑎1 >, < 𝑎2 > and <

𝑎3 >, which as shown in Figure 2.2 range from perfectly aligned, with the (101) direction in the β phase 

to misaligned by 35.26° with the (101̅) direction. 
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The cooling process can lead to twelve (0001)α variants from a single prior β grain, which are 

made up of the six {110}β planes, each of which have two directions. A number of studies have been 

conducted to determine the preferential orientations to nucleate from the β phase to α phase for the 

purpose of managing the performance of an alloy, through control of the effective slip length [2], 

reducing the propensity of basal cleavage facet fatigue [3] and the heterogeneity of elastic and thermal 

expansion of α sub-units [4]. If a limited number of α variants nucleate during cooling, macrozones 

containing large regions of similar orientation can form. These macrozones are well known to facilitate 

slip, acting as crack nucleation sites, ultimately being detrimental to the fatigue resistance [5], [6].  

 

 

Figure 2.2: The Burgers orientation relationship between the α (HCP) and the β (BCC) titanium alloy 

phases, showing   (0001)𝛼//(101)𝛽, [112̅0]𝛼//[111̅]𝛽 and the relationship between HCP <a> type 

directions and the equivalent BCC directions adapted from [7] 

 

Another effect of cooling from the β to α phase is an effect of atomic distortion. Atomic 

distortion reduces the c-axis relative to the a-axis, thus reducing the c/a ratio to 1.587 (a= 0.295 nm and 

c= 0.468 nm), less than the ideal of 1.633. The ratio of the close-packed planes is too tight to slip, but 

causes the spacing between the prism planes to increase, preferentially causing slip to occur on planes 

such as {101̅0} ‘prism’ plane [8]. However the ratio can be increased slightly by inserting interstitially 
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dissolved atoms such as carbon, nitrogen and oxygen atoms or by incorporating substitutional atoms 

with smaller atomic radius, such as aluminium [1], [9].  

The addition of solute alloying elements to titanium has a number of effects including; 

increasing or decreasing the β transus temperature, and affecting the material properties. The elements 

carbon, nitrogen, oxygen and aluminium are soluble in the α phase and raise the β transus temperature 

whereas molybdenum, vanadium, iron and silicon are examples of β stabilising alloying elements that 

lower the β transus temperature. In general the α stabilising elements are used in titanium alloys to 

increase high temperature creep strength. 

The β stabilisers can be categorised as either isomorphous or eutectoid. Above a concentration 

threshold the β isomorphous elements are capable of retaining the β phase down to room temperature 

whereas the β eutectoid formers will produce some form of intermetallic phase under equilibrium 

conditions. The β stabilising elements are used to lower resistance to deformation, which increases the 

workability of the alloy. 

Of the α stabilising elements, aluminium is the most widely used as it has a good solid solubility 

in both phases and is in high abundance. The use of aluminium in titanium is limited up to an amount 

of about 6 wt.% in order to minimise the formation of the intermetallic compound Ti3Al (α2) which 

leads to the embrittlement of the alloy negatively affecting fatigue performance [10]. Oxygen can also 

be used to increase strength, whilst simultaneously reducing the ductility of the alloy, however its 

presence is controlled to minimise the risk of oxygen diffusion at high temperatures, which can form 

an alpha rich layer at the surface, leading again to alloy embrittlement [10].  

 

 

Figure 2.3: Pseudo-binary titanium phase diagram. Redrawn from [11]. 



 

9 | P a g e  

 

The pseudo-binary phase diagram in Figure 2.3 categorises titanium alloys as a function of their 

β stabilising concentration. The martensite start/finish line (denoted by Ms/f) identifies the position 

below which, alloy compositions will transform martensitically when cooled rapidly to room 

temperature. A brief overview of each class is presented below.  

2.1.1 α Alloys 

The α-alloys include the numerous grades of commercially pure titanium (CP-Ti) which are 

strengthened by oxygen in solid solution. The oxygen content in CP-Ti typically varies between 0.18-

0.40 wt.% with high oxygen content increasing the tensile strength, consequently limiting the plastic 

strain accommodation [12]. α alloys are generally more resistant to creep and possess good strength at 

high temperatures, however they do not respond to heat treatments, and possess limited room 

temperature strength compared to β alloys, owing to their single crystal composition. It should also be 

noted that CP-Ti exhibits high rates of work hardening [12]. The work hardening effect as discussed 

later, offers the unique deformation properties of titanium alloys and is one of the reasons for the 

considered, poor machinability of alloys. Aerospace applications for CP-Ti include water supply 

systems which require good corrosion resistance and good formability [13].  

 

2.1.2 Near α Alloys 

The near α alloys contain small amounts of β stabilising elements intended to widen the α + β 

phase field to enable titanium to operate at higher temperatures. Due to the β stabilising additions, a 

small volume fraction of β phase is retained at room temperature. With the addition of alloying elements 

such as silicon, the creep resistance and strength capabilities can be exploited for applications up to an 

elevated temperature of 600 °C [14]. The small amount of β phase improves the workability of the alloy 

during the forging process. Ti-834 is an example of a near α alloy with a tensile strength of 1025 MPa 

and an elongation of 5%. The alloy possesses a great balance of fatigue resistance, ductility, creep 

resistance, fracture toughness and temperature stability, making it ideal for applications such as 

compressor discs and blades [15].  

 

2.1.3 α+β Alloys 

The α + β alloys contain alloying elements to strengthen the α phase but also retain some of the 

β phase at room temperature. The most widely used alloy in the α + β category is Ti-6Al-4V (Ti-64) 

[1], developed in the 1950s and used in applications ranging from rotating discs and fan blades in the 

aerospace sector to joint replacement implants in the medical industry. The tensile strength of Ti-64 is 

in the region of 895 MPa with an elongation of around 10 % [13]. The extensive applicability of this 
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alloy across multiple industries is made possible by the variety of properties that can be achieved with 

the two phase microstructure. Thermo-mechanical processing routes are necessary to exploit these 

properties, providing one of three types of microstructure: fully lamellar, bi-modal and fully equiaxed 

[10].  

 

2.1.4 Metastable β Alloys 

The metastable β alloys have compositions to the right of the Ms/f line in Figure 2.3. The 

concentration of β stabilising solutes is sufficiently high to suppress the ‘Ms/f’ to below room 

temperature resulting in a material that retains the β content at room temperature [10]. The high volume 

fraction of β phase allows hot working at lower temperatures than the α+β alloys, and age hardening by 

the precipitation of fine α particles yielding high fracture toughness and high strength. Ti-10V-2Fe-3Al 

alloy is used for landing gear applications, given its hardenability, high strength and high fatigue 

strength. It has a tensile strength of 1240 MPa or higher, and elongation of 4% at room temperature 

[13].  

 

2.1.5 β Alloys 

The β alloys which are to the right of the metastable β alloys on the pseudo-binary phase 

diagram in Figure 2.3 are heavily β stabilised alloys. In general β alloys are not considered 

thermodynamically stable, as they can undergo α precipitation on aging. These alloys do not possess 

the same high strength properties of the metastable β alloys, but do offer great cold workability and can 

be recrystallised at low temperatures, to form fine grained β structures. Compared to α + β alloys they 

have higher density and improved fracture toughness but lower creep resistance and ductility in an aged 

condition [10]. Ti-15V-3Cr-3Al-3Sn is an example of a β alloy, in a solution treated and aged condition 

the tensile strength is roughly 1000 MPa and the elongation is about 7%  for applications such as welded 

pipes and ducts [13]. 

 

2.2 Deformation Modes 

The plastic deformation behaviour of titanium is very closely related to its crystal structure. 

The HCP crystal structure of the α titanium exhibits anisotropic deformation behaviour [1], [10]. 

Depending on the crystallographic orientation, the Young’s modulus of titanium can vary considerably, 

from 100 GPa vertical to the basal plane to 145 GPa across the basal plane [1], [16], [17].  
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Plastic deformation in α titanium occurs by two modes, slip and twinning. Both mechanisms 

contribute to the accommodation of plastic strain and are fundamental to understanding the process of 

chip forming and subsurface damage from machining. Plastic deformation is a phenomenon whereby a 

material exhibits a permanent change to shape as a response to an applied force or a change in 

temperature. The force can be applied in any one of, or multiple of tensile, compressive, shearing or 

bending which provides energy in the form of work done. Temperature, provides the material with heat 

energy enabling microstructural features such as grain boundaries, dislocations, stacking faults and 

twins to become mobile. The movement of the microstructural features is dictated by the strain, strain 

rate and temperature.  

 

2.2.1 Slip 

Slip is the process by which deformation occurs through dislocation motion. The schematic of 

the HCP crystal in Figure 2.1 illustrates the slip planes and directions available for titanium. Titanium 

primarily slips in the three close packed directions of the basal, prismatic and pyramidal planes. Since 

von Mises criterion states that a minimum of five independent slip systems are required to accommodate 

plastic deformation, the activation of the c⃑ + a⃑⃑ Burgers vector or twinning is required for titanium to 

accommodate its strain. [18]. 

As the activation of slip in a stressed material is dependent on the grain orientation of the 

material, the Schmid factor can be used to calculate the critically resolved shear stress (CRSS) in 

relation to the loading axis. Titanium alloys will plastically deform, when the applied stress is more 

than or equal to the CRSS. The CRSS represents the minimum shear stress required to initiate the 

dislocation slip and is generally regarded as a material property [19]. The calculation for CRSS 

is, 𝜏𝐶𝑅𝑆𝑆 = 𝜎𝑚, where 𝜎 is the applied stress and 𝑚 is the Schmid factor.  The CRSS values are strongly 

dependent on the alloy composition and the temperature at which deformation occurs. At room 

temperature the required CRSS for the < 𝑎 > type slip systems to become activated, from low to high 

are: {101̅0} < {101̅1} < (0001). The CRSS for < 𝑐 + 𝑎 > slip systems are significantly higher in single 

crystals such as Ti-6.6Al [10] and in polycrystalline materials such as Ti-64 [20]. In compression tests 

performed by Partridge [21], the < 𝑎 > {101̅0} slip plane was activated at 392 MPa, followed by 

{101̅1} at 404 MPa and (0001) at 444 MPa.  Pyramidal < 𝑐 + 𝑎 > slip activated at 631 MPa.  
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Table 2.1: Slip systems in the HCP α phase [10] 

Slip system Burgers vector Slip direction Slip plane 

No. of slip systems 

Total Independent 

1 a⃑⃑ <112̅0> (0001) 3 2 

2 a⃑⃑ <112̅0> {101̅0} 3 2 

3 a⃑⃑ <112̅0> {101̅1} 6 4 

4 c⃑ + a⃑⃑ <112̅3> {101̅1} 12 5 

 

2.2.2 Twins 

Slip in HCP structures is limited due to the low symmetry and insufficient independent slip 

systems. Twinning is therefore required in combination with slip to accommodate strain. Twinning 

causes a reorientation of a small part of the crystal lattice as illustrated in Figure 2.4, and allows further 

slip to occur in the structure. Further slip is achieved as twins may place new slip systems in orientations 

favourable to the stress axis allowing slip to occur.   

 

Figure 2.4: Schematic of a deformation twin causing rotation of the crystallographic lattice 

 

 Like dislocation slip, deformation twins proceed in order to minimise the work done in a 

material in response to an external stress [22]. The activation of deformation twins results in grain 

fragmentation caused by the intersection of twins. The twins quickly saturate the microstructure leading 

to a decline in the twinning activity, which allows dislocation slip to dominate [23]. Twinning modes 

can be split into two distinct groups, namely, compression twins and tension twins. At room temperature 

{101̅2} < 1̅011 > extension twin and {102̅2} < 1123̅̅̅̅ > compression twin are the most commonly 
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observed in pure titanium [24]–[26] because they have the smallest twinning shear. Twin activity is 

very high in CP-Ti during the deformation of the material, however it has been reported to be absent in 

Ti-6Al-4V [10]. The reasons for this are not entirely clear however it is suggested to be related to the 

smaller grain size, high aluminium content and the presence of Ti3Al precipitates in Ti-6Al-4V [10].  

Aside from accommodating plastic deformation, twinning contributes to the refinement in the 

microstructure of the deformed titanium [27] and the work hardening behaviour of the α titanium [28], 

[29]. Twins are strain rate sensitive, often forming under very high strain rates. Ti-64, which was 

suggested by Lütjering [10] to be unable to form twins due to the high aluminium content of 6 wt. % 

was observed to form twins during shock loading experiments [30], or when deformation takes place at 

cryogenic temperatures [31].  

 

2.2.2.1 Texture Evolution 

Polycrystalline materials consist of grains of different sizes, shapes and crystal orientations. 

The preferred orientation of the crystals within the material are referred to as the texture of the material 

[32]. Texture has a direct effect on mechanical properties of a material, including tensile strength, 

ductility, toughness and Young’s modulus [26]. Gurao et al. [33] investigated deformation behaviour 

of CP-Ti in different crystallographic orientations, and revealed that a material with a preferred texture 

towards the basal plane exhibits higher yield strength but less twinning under loading, hence, lower 

strain hardening rate, whereas a prismatic orientation exhibits lower yield strength but higher strain 

hardening rate. Therefore the processing of a material is essential to develop the texture of the material 

through methods including annealing, plastic deformation and phase transformation. 

 

2.2.2.2 Work Hardening Behaviour 

Work hardening or strain hardening rate, refers to the increasing stress required to continue 

deformation at any instance during plastic strain. Work hardening typically increases the capacity for a 

material to carry a load before fracturing. It is vital to understand the work hardening due to its influence 

on the fracture and deformation properties in a material. Strain hardening arises from the interaction of 

dislocations with each other, which over time build up to a point where they become immobilised. 

Without greater stresses the grains are unable to deform any further [34]. Salem et al. [28], [29] studied 

the strain hardening behaviour of α titanium under compression, identifying three distinct phases as 

depicted in Figure 2.5. Stage I was identified as the region of decreasing work hardening rate, where 

deformation is accommodated predominantly by slip, whereas Stage II, a region of increasing work 

hardening rate, is dominated by twin formation and slip. During this stage the effective slip distance is 

reduced due to the grains being divided by the existence of twin boundaries, thus, the stress required 
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for continuous plastic deformation is increased. Stage III exhibits a decreasing work hardening rate, 

which is theorised to be driven by a saturated twin density, making twin formation more difficult. The 

strain is accommodated by slip, similar to stage I. The work hardening behaviour of titanium proposed 

by Salem has also been reported in a number of other studies including those conducted by Nasser et 

al., Becker et al., Fitzner et al. and Marshall et al. [35]–[38].  

 

Figure 2.5: Plot showing the three stages of the normalised strain hardening rate against strain curve 

 

2.2.2.3 Grain Size Effect 

The effects of grain size on deformation in titanium has been studied by numerous authors. A 

number of studies have shown that titanium follows the Hall-Petch relationship [39], [40] where 

decreasing grain size, increases the yield strength of titanium. In addition to yield strength, the effect of 

grain size on twinning has been investigated. One paper by Ghaderi & Barnett [41] studied the grain 

size effect on twinning in magnesium and titanium. Their results revealed that the twin density increased 

with increasing grain size in magnesium and titanium, though the effects were stronger in titanium. 

Similar results for titanium were presented by Gupta et al. [34] and Salishchev & Mironov [42], who 

found that reducing the grain size beyond a point, limited the work hardening behaviour.  

 

2.2.2.4 Stacking Fault Energy 

For metals with an FCC crystal structure, it has been long established that the propensity for 

twin nucleation is related to the stacking fault energy (SFE), as the stacking fault can act as a nucleation 

site for twin activity [43], [44]. In the absence of ordering, aluminium does lower the SFE on the basal 
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plane in titanium [45], this should limit the mobility of dislocations in a material, thus requiring greater 

stress to enable grains to deform, hence making twin nucleation easier. Ordinarily this should increase 

the work hardening rate however studies by Marshall et al. and Fitzner et al. [37], [38], demonstrate 

that this is not the case.  

 

2.2.2.5 Effect of Aluminium on Deformation Twins 

As previously mentioned aluminium is widely used in titanium alloys as an α stabiliser. 

Numerous studies have presented work on the influence of aluminium on the deformation 

characteristics of titanium alloys, in particular on the propensity for slip or the formation of deformation 

twins. Leyens [1] and Levine [9] revealed that to encourage slip and reduce the propensity to twin 

formation during the deformation of titanium alloys, aluminium could be used to increase the c/a ratio. 

Lütjering [10] published work suggesting that concentrations above 6 wt.% would completely suppress 

the formation of twins. Through comparisons of the deformation mechanisms of CP-Ti and Ti-64 it has 

been revealed that CP-Ti is more preferential to twin than Ti-64, however the reasons surrounding this 

are unclear as it is argued that it could be due to a number of variables including, the smaller grain size 

or, higher aluminium content or the presence of Ti3Al precipitates in the Ti-64 [10]. In order to establish 

what the effect of aluminium is in titanium, authors including Marshall et al., [37] and Fitzner et al. [38] 

have concentrated their efforts on analysing the deformation mechanisms using different Ti-Al binaries.  

Marshall et al. [37] observed the three regions suggested by Salem [28], [29] in Ti-Al binaries 

from room temperature compression tests, showing that the greatest region II work hardening rate 

occurred in Ti-Al 4 wt. % indicating that it has undergone the highest amount of deformation by 

mechanical twinning. The lowest region II work hardening rate occurred in the Ti-Al 8 wt. %. Fitzner 

et al. [38] also determined that decreasing aluminium content suppressed some twin types, but 

encouraged other types to form. In particular the {112̅2} compression twins and the {101̅2} tensile 

twins, both occurred less frequently with increasing aluminium content, however, the {112̅1} tensile 

twins, occurred more frequently with increasing aluminium content. Battaini [46] also studied the effect 

of chemistry on deformation and found that the CRSS for the {101̅2} tensile twin increases as the purity 

of the alloy decreased.  

  

2.3 Titanium Alloy Microstructure 

As previously mentioned, in the category of α + β alloys there are three categories of 

microstructure. The two extreme microstructural types include: the lamellar structure- formed by 
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cooling from the beta phase, and the equiaxed structure- formed during the process of recrystallization 

[11].  

 

2.3.1 Microstructure Types 

The equiaxed microstructure is characterised by high ductility and resistance to fatigue crack 

initiation and low cycle fatigue resistance [47]. It consists of primary grains embedded in a beta matrix. 

The key to processing an equiaxed microstructure is through cooling at a sufficiently slow rate that the 

αp grains are able to grow, inhibiting the lamellae formation inside β grains [10].  

The lamellar microstructures from Figure 2.6, are achieved through an annealing treatment in 

the β phase field before being cooled rapidly to room temperature. The lamellar microstructure consists 

of parallel α plates separated by β plates. The lamellar microstructure offers a few advantages to the 

equiaxed microstructure, [48], [49] including enhanced creep properties, lower oxygen diffusivity, and 

fatigue crack growth resistance. It has been proposed that fracture properties are strongly influenced by 

the α-colony size and the α/β interface thickness. Increasing the size of the α-colonies, increases the 

resistance to crack propagation [10].  

The bimodal microstructure consists of equiaxed primary α in a lamellar of an α/β matrix. This 

type of microstructure offers a balance of strength and ductility, two properties considered to be 

mutually exclusive [47]. There is an increased number of processing variables to consider, including 

volume fraction of the phases, grain size and alloying element segregation, each will affect the final 

properties of the material [10].   

 

 

Figure 2.6: Effect of cooling rate from the β phase on the lamellar microstructure of Ti-6242. a) 1 

°C/min b) 100 °C/min  [50] 
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2.3.2 Titanium Annealing Process 

Annealing is a heat treatment process which alters the microstructure of a material, with the 

purpose of changing mechanical properties. The annealing of titanium alloy’s serves to improve fracture 

toughness, reduce hardness and eliminate internal stresses. The most common annealing treatments are: 

mill anneal, duplex anneal, recrystallisation and beta anneal. 

 

2.3.2.1 Mill Annealing 

Mill annealing is a treatment given to all mill products. It is not considered a full anneal as it 

has the potential to leave traces of cold or warm working in the microstructure. 

 

2.3.2.2 Duplex Annealing 

Duplex annealing is the process of heating quickly, holding for a certain time and air cooling 

[51] to alter the shapes, sizes and distributions of phases to those required for improved creep resistance 

or fracture toughness.  

 

2.3.2.3 Recrystallisation 

Recrystallisation is used to improve fracture toughness. In this process the alloy is heated into 

the upper end of the α/β range, held for a time, and then cooled very slowly. In recent years, 

recrystallisation has replaced β-annealing for fracture critical airframe components.  

 

2.3.2.4 β Annealing 

β annealing is used to improve fracture toughness and the resistance to fatigue crack 

propagation [52].  β annealing is completed at temperatures above the β transus to prevent excessive 

grain growth [53]. The time spent at temperatures in the β transus should be kept to a minimum to 

control beta grain growth. After primary β annealing, a stabilisation anneal is completed to prevent the 

formation of the ω phase, although the effects of this phase on high cycle fatigue and tensile properties 

have been found to be negligible [54]. Armendia et al. [55] found that β-annealed alloys generally 

produce higher cutting forces than other treatments such as mill annealed or solution treatment and age 

(STA), which has a negative impact on tool life. The effects of β annealing with respect to other heat 

treatments and other factors of machinability such as subsurface features and chip formation was not 
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conducted. Kosaka et al. [56] conducted drilling trials in both Ti-64 and Ti54M and found that a β-

annealed and recrystallisation annealed workpiece were the most difficult to drill.  

 

2.3.2.5 Solution Treating and Age 

Following the annealing, a solution treatment and age is required to improve the strength of the 

α+β and the β-alloys, with the exception of the Ti-2.5Cu alloy. Heating an α+β titanium alloy to the 

solution treating temperature produces a higher ratio of β-phase. The partitioning of α- and β- phases is 

maintained by quenching. Quenching is conducted at a controlled rate in one of a number of available 

mediums including: oil, water and air. The alloy is subsequently aged, removing the unstable β-phase, 

increasing the overall strength of the alloy. The solution treatment temperature for α alloys is based on 

the desired combination of mechanical properties. A change in the solution-treatment temperature 

affects the fraction of β-phase which consequently changes the response upon aging. To obtain high 

strength with adequate ductility, it is necessary to solution treat at a temperature high in the α/β field, 

normally between 25 to 85°C below the β transus of the alloy. If α+β alloys are heat treated in the beta 

range they would lose significant ductility [10].  

 

2.3.3 Microstructural Effects on Machining 

Microstructure has been established to have a great effect on the machinability of an alloy. 

Kosaka & Fox [56] and Kosaka et al. [57], investigated the machinability of Ti-64 and Ti54M in 

different heat treated conditions. Their work established that the machinability was influenced by the 

microstructure, alloys with a coarse microstructure were more difficult to machine than those with a 

finer microstructure. It was learnt that Ti-54M had a better machinability than Ti-64 owing to its 

microstructure. This was further supported by Armendia [55] reporting that, Ti-54M could be machined 

at cutting speeds 20% higher than Ti-64, and that both Ti-64 and Ti-54M had improved machinability 

when machining the alloys processed towards a finer microstructure. The authors referred to the tool 

life and cutting force coefficients when discussing machinability. Khanna & Sangwan [58] studied the 

influence of microstructure between Ti-54M and Ti-1023. It was shown very clearly that the cutting 

forces and the coefficient of friction was higher for both alloys in the STA condition over the annealed 

condition. The effect of microstructure on the measured interface temperature was not so clearly defined 

at different cutting speeds and feed rates. Though overall the machinability of Ti-54M was considered 

better than Ti-1023 in general. Egorova et al. [59] investigated the effect of beta grain size. Decreasing 

the size of the beta grains improved the machinability. Sun et al. [60], investigated differences between 

the equiaxed, bi-modal and lamellar microstructures. They revealed that the lamellar morphology was 

most conducive to form a serrated chip during high speed machining, with the bi-modal morphology 
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being the least, at cutting speeds less than 100 m.min-1. On the flip side, Nguyen et al. [61] showed that 

when machining Ti-64 the lamellar microstructure was of greater detriment to tool life than the other 

microstructural types. 

Lee et al. [62], [63] conducted ballistic impact tests to investigate the dynamic torsional 

properties of Ti-64 of different microstructures. The use of ballistic impact testing can be directly related 

to machining, informing specifically on the chip forming characteristics such as adiabatic shear bands, 

failure mechanisms and crack propagation, as the tests are naturally conducted at very high strain rates. 

The results revealed that the greatest number of adiabatic shear bands and cracks formed in the impacted 

area of an equiaxed microstructure followed by the lamellar microstructure, and finally the bimodal 

microstructure, which produced the least. This was also confirmed by Zheng et al. [64] who added that 

the failure mechanism for equiaxed microstructure was associated with a ductile failure, whereas for 

the lamellar microstructure, this was a brittle failure. Seo et al. [65] showed through uniaxial 

compression tests that the strain at failure was higher for the equiaxed microstructure and lowest for the 

lamellar microstructure, agreeing with Zheng et al. [64] of lamellar being more brittle than an equiaxed 

microstructure. Additionally, it was observed that the deformation of the bi-modal microstructure was 

sensitive to lamellar and equiaxed microstructure content, where greater adiabatic shear bands were 

formed in the sample with higher equiaxed content.  

 

2.3.4 Microstructural Effects on Twinning 

Very little work has focussed on studying the effect of microstructure on deformation twin 

density. Ma et al. [48] conducted research investigating the differences in deformation mechanism 

between widmanstätten, bimodal and equiaxed. They concluded, that the widmanstätten microstructure 

exhibits much fewer slip systems per unit volume compared to an equiaxed or bimodal microstructure 

and therefore relies on the {101̅2} twins to accommodate strain. However this work was not quantified 

by any means for the relative density of twins between each of the microstructures.  

 

2.4 Machining Titanium Alloys 

2.4.1 Principles of Metal Cutting 

Following on from the titanium alloy processing, the forgings are typically machined to a 

desired shape through a number of different operations including: turning, milling and drilling to name 

a few. Metal cutting or machining, is a time consuming and expensive process, with a high percentage 

of material wastage, typically in the region of 80-90% [47]. Despite the huge demands for machining, 

it is one of the least understood manufacturing processes due to the high stresses and strains that occur 
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[66]. Research has tried to improve our understanding of this complex system through modelling of 

chip formation. This has been accomplished through simple orthogonal models similar to Merchant’s 

[67] force diagram illustrated in Figure 2.7. Important machining variables include, feed rate, cutting 

speed and depth of cut, each of which influence machining outputs, such as chip type, tool wear, surface 

damage and cutting forces. Together these variables are widely considered the primary outputs of 

machinability [68], [69]. 

 

Figure 2.7: Force diagram showing the relationship between component forces in the orthogonal 

cutting environment. Redrawn from [67]. 

 

2.4.2 Machinability 

Machinability is an ambiguous term used to describe the relative ease to cut a material. It has a 

number of meanings depending upon the production engineer’s requirements. As mentioned above the 

machinability is evaluated from a number of criteria, including: tool life, surface integrity, ease of chip 

disposal and cutting forces.  

Assessing machinability of a material can be accomplished by a number of different tests. Non-

machining tests include: 1) chemical composition tests and 2) physical properties test. These type of 

tests are conducted prior to machining taking place, but require specialist laboratory equipment for 

metallographic investigation. The machining tests, which are either “short tests” or “long tests” are 

expensive and require large amounts of material to complete. Examples of the “short tests” include: 1) 

rapid facing test and 2) accelerated cutting tool wear test. The “long tests” include: 1) step turning tests, 

2) variable-rate machining test and 3) taper turning test. For the “long tests” the tool is engaged for 

significant periods of time allowing the Taylor constants to be calculated and the tool life for different 

conditions to be discovered [70]. Taylor’s machinability work [71] produced the foundations for 
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understanding how the interactions at the tool-workpiece interface controlled the tool wear rate. 

Taylor’s work investigated effects of tool material and cutting parameters on tool life, which was 

paramount to increasing the output at the Bethlehem Steel Company by 500% [70]. It is therefore 

common for machinability studies to focus heavily on tool wear such as by Ref [72]–[75]. Machinability 

should be considered with respect to the full range of machinability factors, as it is common for an alloy 

to exhibit good machinability by one feature but poor machinability by another.  

Attempts to describe the relative machinability of different alloys was suggested by the 

American Iron and Steel Institute (AISI), with focus on cutting speed, tool life and surface finish, against 

a base steel alloy, B1112. Alloys more machinable than B1112 were rated above 1.00, those less 

machinable were rated less than 1.00. As shown in Figure 2.8, titanium alloys score very poorly with a 

machinability rating between 0.2-0.5. However this type of approach offers no guidance for how to 

machine these materials in order to maximise the machining output.  To understand why titanium alloys 

are difficult to machine, the key machinability outputs have been discussed further.  

 

Figure 2.8: Bar chart showing the relative machinability ratings for titanium alloys against B1112. 

 

2.4.2.1 Tool Life 

Titanium alloys have high strength at elevated temperatures, low thermal conductivity, and high 

chemical affinity which are responsible for the high rate of tool wear during machining [76]. Ezugwu 

et al. [77] summarised that tool wear is the combined effect of abrasion, adhesion, plastic deformation 

and chemical reactivity between the workpiece and the cutting tool. The factors influencing tool wear 

summarised by Ezugwu et al. [77] lead to a number of tool wear types including crater wear, BUE, 

flank wear, chipping, plastic deformation, notch wear and thermal cracking. 
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Flank wear is typically used as the standard for assessing the tool life. It is the most desirable 

type of wear due to its predictability, often following a wear rate curve similar to that shown in Figure 

2.9. An average measurement of between 0.2 and 0.3 mm of flank wear (depending on manufacturing 

organisation) is used as the standard limit at which point a tool change is required [78]. The reasons for 

this limit include, 1) a greater risk of catastrophic tool failure, 2) a component being machined out of 

tolerance and 3) significant damage to the machined surface.  

 

Figure 2.9: Tool life curve based on the typical flank wear rate over time. 

 

It is necessary to set up a stable cutting area to control the tool wear, ideally to produce only 

flank wear. This remains a challenge as other tool wear types are unavoidable, and affect the longevity 

of the tool, in some cases causing tool failure before the flank wear limit has even been reached. 

Selection of cutting parameters becomes very individual to the material being machined, so a machinist 

requires experience and guidance to ensure that the tool life can be maximised.  

Cutting speed plays an important role in determining the longevity of a cutting tool. At low 

cutting speeds mechanical wear dominates whilst at high cutting speeds, chemical reactivity plays a 

more critical role. The chemical wear increases exponentially with cutting speed, typically causing rapid 

cratering across the rake face of the tool. The friction between the tool and the workpiece causes a rapid 

increase in the localised temperature at the tool tip, which leads to the adhesion of a titanium carbide 

layer on the rake face of the tool [79]. The high temperature and pressure at the tool-chip interface 

creates the ideal conditions for diffusion of tool material (W, Co, C) to the workpiece [80]. The diffusion 

of Co from the cutting tool weakens the bond between the carbide grains allowing them to be “plucked” 

from the tool, thus encouraging further tool attrition. The loss of cobalt and carbon to the interface 

results in the formation of two important layers TiC and Co3W3Cy (W2C) which is also known as the η-

phase which is brittle and prone to fracturing [81]. The diffusion mechanism during machining has been 
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studied previously [81]–[83], by applying a compressive load between the titanium alloys and a carbide 

tool. A further effect of high temperatures on the cutting tool is plastic deformation which softens and 

changes the shape of the tool edge [84]. This can be a sign of imminent tool failure, and is the result of 

the low thermal conductivity of titanium alloys. Another type of tool wear common with titanium alloys 

is BUE across the cutting edge and adhesion of workpiece material to the flank face. Wang & Zhang 

[85] observed adhesion, and attributed it to the high temperatures and chemical reactivity of titanium 

alloys. BUE is most prominent at lower cutting speeds, when the workpiece has time to weld itself to 

the tool edge. It is argued that BUE acts as a protective layer across the cutting edge [86], however due 

to the high temperatures it can contribute to the overall tool failure, by enhancing diffusion mechanisms 

along the rake face [87], whilst also encouraging chipping to occur every time the BUE is removed 

from the cutting edge. It is more common to observe BUE whilst machining ductile materials. Mills & 

Redford [68] discussed the impact of BUE on machinability factors and concluded that BUE especially 

if it was unstable would have a marked effect on surface finish, arguing that the only method for 

producing good surface finish was by using cutting fluid to prevent BUE. Trent [84] discussed the 

relationship of BUE to chip breakability, finding that there is insufficient evidence to conclude whether 

it benefits or hinders chip breakage.  

The low modulus of elasticity of titanium alloys, causes the workpiece to push away from the 

cutting tool. This effect can change the relationship between the tool and workpiece causing the tool to 

rub rather than performing a cutting action. This increases the friction, raising the temperature, putting 

the tool at risk of plastic deformation, crater wear and flank wear [88]. The workpiece “springback”, 

caused by a low modulus of elasticity has also been shown to encourage chatter during machining. This 

not only affects the workpiece surface integrity, but it puts the tool at risk of chipping and fracture [89].  

As well as cutting parameters, significant research in the area of tool development has been 

encouraging, with numerous geometries, materials and chip breakers being developed in recent years 

to increase productivity during machining. Typically, machining of titanium alloys is carried out using 

tungsten carbide cutting tools. Tungsten carbide offers a good balance of properties for machining 

titanium alloys including, hardness and wear resistance, especially at elevated temperatures, which is 

important considering that temperatures can reach in excess of 1100°C [90], [91]. Though the brittleness 

of the tool leaves it vulnerable to fracture, especially when dealing with the cyclic loading caused by 

serrated chips.  

 

2.4.2.2 Cutting Forces 

Cutting forces have been long established as a machinability output as they directly relate to 

the cost of running machines and on the tool life through the stresses exerted on the tool. The cutting 
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forces offer an indication of the cutting stability. With high cutting forces, excessive heat can be 

produced at the cutting zone which not only affects the tool life, but also the surface integrity of the 

component and chip formation [92]. Hou et al. [93] investigated the cutting forces of Ti-64 at a range 

of cutting speeds. The cutting forces appeared to decrease up to a cutting speed of 125 m.min-1, before 

increasing above this cutting speed. This effect was attributed to the dominance of work hardening over 

thermal softening effects above 125 m.min-1
, which increased the resistance to machining. Cutting 

forces are affected by the underlying chemistry and microstructure of the alloy. Increasing the annealing 

temperature has the effect of increasing the average forces during machining [94]. To offset the negative 

effects of titanium’s low modulus of elasticity and the subsequent “springback” reducing the cutting 

forces will help to improve the geometric accuracy of the finished component. Cutting forces can be an 

indication of tool wear, system vibrations and chip breaking. Sun et al. [95] witnessed an increase in 

cutting forces during machining as a result of vibration during machining. The vibrations were 

attributed to the low modulus of elasticity of the material and the high cutting temperatures. In the same 

study, the authors concluded that the cyclic force signature could be attributed to the serrated chips 

formed during the cutting operation. An effect which other authors [96] have concluded have a negative 

effect on tool life.  

 

2.4.2.3 Surface Integrity 

Surface integrity is an important measure of machinability which can be controlled by careful 

selection of cutting parameters. Koster et al. [97] defined surface integrity as the enhanced surface 

condition of a machined surface. There are two categories to surface integrity, surface roughness and 

subsurface microstructural features. Surface roughness is commonly the first inspection method used 

to ensure conformity to standards. The accessibility and simplicity of surface roughness measurements 

allow it to be examined whilst the component is in the machining centre. A number of other studies 

[98]–[101]  investigated the effect of cutting parameters on surface roughness finding that increasing 

the cutting speed and depth of cut reduced the surface roughness, conversely feed rate was determined 

to increase surface roughness [98]. An unstable system, increased the surface roughness according to 

Sun et al. [95], this has a direct effect on the tool life, by causing delamination of tool coatings and tool 

failure [102]. It is therefore in the interest of the machinist to control the cutting parameters to minimise 

surface roughness in an effort to also reduce the rate of tool wear. 

For critical components it is necessary to evaluate the extent of any machining induced 

subsurface features in the upper layers of the microstructure, such as: grain distortion, twinning, residual 

stress and white layer.  
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During the machining of Ti-64 Che-Haron [103] attributed tool wear to the increased grain 

distortion and plastic deformation in the subsurface of the alloy. As the tool wear increased, a thin white 

layer forms on top of the machined surface. White layer is a feature where the uppermost layer becomes 

a region of high hardness. The tendency to form white layer during machining has been identified by 

Xu et al. [104] as the result of plastic deformation and phase transformation, with greater prominence 

at higher cutting speeds where heat generation in the workpiece is uncontrolled. 

Residual stresses in the machined surface are typically tensile in nature [105].  The magnitude 

of tensile residual stress sharply decreases with the increasing depth of cut. Microstructural alterations 

and temperature effects are believed to dominate the factors influencing residual stress distribution. 

Increasing feed rate makes the residual stresses more tensile at the surface. Tool flank wear, increases 

the tensile stresses due to increased heat generation. Chen et al. [106] investigated this for Ti-64 finding 

that stresses are mainly compressive in a machined surface when using a fresh unworn tool, though 

transitioned to tensile stresses as the tool became more worn.  

Wang & Liu, [107] found that at lower cutting speeds, the main deformation mode of Ti-64 is 

slip, with compression twins dominating at higher cutting speeds {101̅1}. The higher strain rate 

imposed on the machined surface reduced the CRSS, thus making it easier to twin. Microstructural 

features such as slip bands and mechanical twins are inherent features of the plastic deformation 

process. The incidence of any of these features strongly depends on the type of crystal lattice, the grain’s 

crystallographic orientation and the relative CRSS for basal, prism, or pyramidal slip versus shear stress 

required for twinning to occur. These features are found to be detrimental during in-service operation 

and strongly active in the failure mechanisms during fatigue [108], [109]. 

 

2.4.2.4 Chip Formation 

Chip formation affects machining forces, cutting temperature, tool life and surface integrity of 

the workpiece. Manageable chip forms are described as those which are short and with tight curls. Less 

manageable chips on the other hand generally form large nests around the tool edge which can be 

damaging to the tool, workpiece and the operator. Looking at the influence of cutting parameters on 

chip formation Komanduri et al. [110] found that increasing the cutting speed induced more 

thermoplastic instability, - the relationship between thermal softening and work hardening is 

responsible for forming adiabatic shear bands in the primary shear band. An alloy is considered more 

machinable than another alloy if it has a wide range of cutting speeds, feeds and depths of cuts which 

can obtain short curled chips. The adiabatic shear bands are formed in between each chip serration as 

shown in Figure 2.10 and are characterised by the cyclic forces typical of this type of chip. The adiabatic 

shear band is a region of plastic deformation which can easily break apart into separate pieces. It is 
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widely accepted that serrated chips, are associated with shorter tool-chip contact length, and dynamic 

loading on the cutting tool which can both lead to premature tool failure [111]. The serrated chips 

according to Groover et al. [112] also negatively affect the surface finish. Another type of common chip 

type is the continuous chips which are undesirable as they can negatively affect tool life by blocking 

the coolant flow to the tool- workpiece interface increasing the localised temperature at the tool tip and 

encouraging formation of BUE on the tool. The BUE can be deposited on the machined surface, risking 

failure of the component during inspection or damage to the tool [113]. Therefore striking the right 

balance in chip form is necessary to maximise the life of the tool and surface integrity.  

In order to improve the chip breakability chip breakers can be employed. Significant research 

goes into developing novel breakers which can improve breakability of chips and help to improve 

productivity. Though the success of chip breakers is through careful implementation of cutting 

parameters. A feed rate too low, will not make use of the chip breaker geometry. If the feed rate is too 

high, the chip can become compressed, resulting in high pressure and risk of tool breakage.  

 

 

Figure 2.10: Schematic illustration of a serrated chip formation. Redrawn from [114]. Alongside the 

schematic is an in-situ image showing the formation of the primary shear band [115]. 

 

2.5 Small Scale Machining Characteristic Techniques 

Various tests have been developed to understand the deformation properties of materials 

including compression testing equipment such as the split Hopkinson pressure bar (SHPB) and the 

Arbitrary Strain Path (ASP) test.  

The SHPB test was developed for dynamic fracture experiments. It works on the principle of 

one-dimensional wave propagation. It is typical to analyse the deformation history of the specimen from 

the signals in the strain gauges mounted on the incident and transmission bars. The SHPB is used to test 

a range of materials from concrete to metals to observe the dynamic properties of materials at high 
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strain rates of between 100-2000 s-1 [116]. The limitation of the SHPB is that it is expensive to operate. 

Sutter [117] attempted to use the SHPB to conduct orthogonal cutting test, by modifying the design by 

removing the striker bar and replacing it with cutting tool inserts. This method had the advantage of 

making in-situ imaging possible and being able to produce cutting speeds of between 1020-3600 m.min-

1, however came with the disadvantage that it could not facilitate any load measuring capabilities. 

Marshall et al. [37] developed the Arbitrary Strain Path (ASP) test to produce a low cost 

orthogonal cutting rig to  obtain cutting performance characteristics of different alloys. The method 

required two cutting tool inserts and a small sample of 15 x 15 x 50 mm3. The test was limited to a 

maximum of 6 m.min-1 due to limitations in hydraulic pressure available. But the main issue 

encountered was reliability and accuracy. In using two cutting inserts it was very difficult to determine 

the true cutting force for each tool, again reliability producing the same depth of cut on each side of the 

sample was equally challenging. The method was as such limited and required work to improve 

accuracy and reliability.  

 

2.6 Timetal 407 

In recent years new α + β titanium alloys have been developed to reduce manufacturing costs 

of aerospace components. Ti-0.85Al-3.9V-0.25Si-0.25Fe, (Ti-407) was one such alloy designed for 

improved manufacturability and energy absorption during fracture. The alloy was developed to replace 

Ti-64 in applications where energy absorption during fracture and high cycle fatigue (HCF) were 

important properties [118]. Davey et al. [119] investigated the fatigue performance of Ti-407 finding 

that the alloy offered superior HCF fatigue strength to Ti-64. The HCF strength was greater than that 

measured under low cycle fatigue (LCF) loading, suggesting that Ti-407 may be subject to dwell 

sensitivity. This was confirmed later by Bache et al. [120], who identified the reason was a result of the 

presence of macro-zones in Ti-407. However this is something which Bache et al. [120] thinks can be 

improved through an optimised thermo-mechanical processing route to generate a random distribution 

of αp grains. The deformation characteristics of Ti-407 were assessed in greater detail by Kloenne et al. 

[121], through the use of a split Hopkinson pressure bar testing rig. The work demonstrated that < 𝑐 +

𝑎 > type dislocation slip within the equiaxed grains was present as well as a high density of {101̅2}  

deformation twins. The < 𝑐 + 𝑎 >  dislocation was an unusual observation as this type of slip 

observation usually occurs in titanium alloys with an aluminium content greater than 4 wt. %. It was 

also established to be difficult to achieve catastrophic failure in Ti-407. The absence of such failure was 

speculated to be due to unstable shear, most likely the effect of the increased deformation along the c-

axis. Previous unpublished work on the machining performance of Ti-407 has demonstrated the 

challenge in controlling chip evacuation, whereby formation of long, nest like chips was common. 

However the alloy did demonstrate capabilities in machining at higher cutting speeds with reduced tool 
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wear as well as lower cutting forces compared to Ti-64. The challenge of chip control is correlated to 

the inability to fracture and raises questions of how best to machine this alloy to enable chip breakage. 

As there is no published work on this subject it remains for this work to publish findings relating to the 

machining performance of this new alloy. 

 

2.7 Summary 

This chapter presents a review of manufacturing, deformation mechanisms and machinability 

of titanium alloys. The literature has identified key areas where further research is required. The first 

being in developing small scale machinability experiments to streamline the development of titanium 

alloys. Given the great costs of machining, this research has identified a number of more economical, 

machinability experiments, which could prove crucial in informing industry on a materials 

machinability. It is the aim of this research to link the outputs from the small scale experiments with 

machinability outputs from high speed machining. The second area of development is on understanding 

how can the chip evacuation of Ti-407 be controlled and why chip evacuation is so challenging to 

control. The literature has highlighted challenges in machining Ti-407 from the conflicting effects 

during the deformation of the material. Through high speed machining experiments it is the aim of this 

research to understand what is happening to the material during deformation and identify how chips can 

be managed.  Additionally, it is understood from the literature that machining is sensitive to changing 

cutting parameters and therefore to improve one machinability output will be to the detriment of 

another. To date there is no research to bring together all the machinability outputs in a simple map 

allowing machinists and researchers to visualise the effects of changing parameters on each of the 

machinability outputs. In order to understand the implications of improving chip control of Ti-407 on 

other machinability outputs the author aims to produce a machinability map showing the machinability 

outputs over a range of cutting speeds and feed rates to identify the optimal regions for machining to 

maximise metal removal rate whilst attaining low costs.  
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2.8 Experimental Methods and Analysis Techniques 

 This research employs a variety of experimental methods and a number of different 

metallographic preparation techniques, optical imagery, scanning electron microscopy (SEM) and 

electron backscatter diffraction (EBSD). This section details the various procedures used within this 

research. 

 

 2.8.1 Arbitrary Strain Path 

 

Figure 2.11: Image showing the Arbitrary Strain Path (ASP) used for the small scale orthogonal 

cutting tests.  

 

 The Arbitrary Strain Path (ASP) was used as the small scale orthogonal cutting rig. The ASP 

has been designed to produce loads in compression, tension or torsion. The ASP consists of a lower tool 

fixture and a ram driven upper section. The upper section moves vertically providing the compressive 

capabilities for the orthogonal cutting. The ASP was limited to a tool displacement of 10 mm at a speed 

of 100 mm.s-1, up to a load capacity of 100 kN. The linear displacement was measured using a linear 

variable differential transformer (LVDT) positioned above the upper crosshead. The lower tool was 

secured to a load cell, which recorded the load exerted on the tool during cutting. The ASP was used to 

provide data on the chip formation characteristics during cutting as well as surface/ sub-surface 

deformation and tool life related predictions for different materials.  

 

 



 

30 | P a g e  

 

2.8.2 Thermomechanical Compression Machine  

 

Figure 2.12: a) An image of the Thermomechanical Compression (TMC) machine used during 

compression testing and b) image of the robot arms holding the compression sample prior to testing 

 

In order to understand the deformation mechanisms and record the flow stress data of the 

materials investigated in this research, compression samples of a cylinder were conducted using the 

Thermomechanical Compression (TMC) machine. The TMC consists of an upper and lower tool post. 

The lower post remained stationary and upper was ram driven. The tests were performed at room 

temperature and were completed at a range of strain rates: 0.1 s-1, 1 s-1, 10 s-1 and 100 s-1, up to a strain 

of 0.7 mm.mm-1. The cylindrical samples, were 10 mm diameter by 15 mm height, to a tolerance of ± 

0.1 mm.  

 

2.8.3 Diffusion Couple Experiment 

 

Figure 2.13: An image of the diffusion couple rig used for the diffusion couple experiment. 
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The diffusion couple experimental rig was utilised for the purpose of investigating the chemical 

reactivity of a material with a cutting tool. A tool was placed on top of a polished to mirror finish 

titanium coupon of 20 x 20 x 5 mm with an Inconel weight on top of both to promote intimate contact. 

The titanium, tool, Inconel “sandwich” was placed inside the vacuum furnace where the chamber was 

pumped to a pressure of 10-5 mbar before being heated slowly at a steady rate of 3°C/min, and held for 

two hours at 1000°C before being cooled down to room temperature. After the heating process, the 

titanium alloy and the insert were set in an epoxy resin mould to protect the bond, before being carefully 

sectioned. Metallographic preparation was conducted again to achieve a mirror finish. The samples 

were analysed in a scanning electron microscope to reveal the thickness of the chemical diffusion bond. 

 

2.8.4 Finite Element Modelling 

 Using the flow stress data collected from the TMC compression tests, Finite Element (FE) 

DEFORMTM software models were produced to make predictions about the chip forming characteristics 

of each of the materials. For the FE models, it has been typical to use the Johnson Cook (JC) relationship 

[122], however due to limitations in predicting the adiabatic phenomenon during deformation this 

research used the Norton Hoff relationship. The Norton Hoff relationship assumes perfect 

viscoplasticity so is more appropriate for investigating the deformation characteristics of highly ductile 

materials. It does therefore fail to examine the effect of the elastic behaviour of the material. Further 

information on the FE models can be found in section 3.3.1.3. 

  

2.8.5 Specimen Preparation 

 A standard procedure was used to prepare the samples for optical microscopy, SEM and EBSD. 

These techniques remained the same for both material types investigated. In preparation for 

microstructure analysis, each sample was individually mounted within a 32 mm diameter conductive 

bakelite resin mount. This was followed by a three step polishing process as detailed in Table 2.2 using 

a Struers Tegramin automatic polishing machine. 
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Table 2.2: Summary of the metallographic preparation steps for titanium alloy 

 

 

2.8.6 Imaging and Analysis 

2.8.6.1 Microstructure Optical Imaging 

After grinding and polishing, the initial microstructural images were produced using light 

optical microscopy. A Nikon Eclipse LV150 optical microscope with cross-polarised light filters was 

used.  

 

2.8.6.2 Scanning Electron Microscope (SEM) and X-EDS 

 To study microstructural features and to obtain quantitative elemental analysis a Zeiss EVO 

LS25 SEM was used. This was most valuable for looking at the chemical composition at the interface 

of the tool workpiece specimens after diffusion couple experiments. The operating parameters have 

been outlined in Table 2.3.   

Table 2.3: Summary of the operating parameters used for the SEM 

 

 

2.8.6.3 Electron Backscatter Diffraction (EBSD) 

 Electron Backscatter Diffraction (EBSD) imaging was employed to reveal the depth of the 

severe plastic deformation (SPD) by measuring the crystallographic orientation of the α phase in the 

machined surface, using an FEI Sirion field emission gun scanning electron microscope with a 20 keV 

accelerating voltage and a step size of 0.1 µm. Automated indexing and post processing of the electron 

diffraction data was performed using Oxford Instruments HKL Channel 5 software. 
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A Low Cost Machinability Approach to Accelerate 

Titanium Alloy Development 3 
 

3.1 Introduction 

There is an increasing drive to exploit the desirable properties of titanium alloys in the 

petrochemical, biomedical and aerospace industries [1]. However, developing titanium alloys is an 

expensive process where the requirements are not only to meet strict mechanical properties but also a 

level of acceptable machinability to maintain economic viability. Titanium alloys are known for their 

inherently poor machinability properties which can contribute up to 60% of a titanium component’s 

final cost [2]. The conventional approach to assess an alloy’s machinability is time consuming and 

heavily material and machine intensive, thus expensive. 

For the machining of titanium alloys, cutting tool manufacturers recommend WC-Co tools 

which can vary in composition, grain size and coating. Understanding the complex relationship between 

the cutting tool and workpiece is imperative, when considering that different titanium alloys, ranging 

from the commercially pure (CP) alpha to metastable β type alloys, exhibit markedly different 

machinability characteristics [3]. In terms of tool wear, the onset of crater wear is much more rapid for 

β rich alloys than for near α titanium alloys. 

Recent benchtop diffusion couple studies have offered valuable insight into the complexities of 

titanium alloy machining [4, 5]. They also provide a better understanding into the thermodynamic 

driving forces and mechanisms occurring at the tool-chip interface prior to carrying out costly 

machining trials. In order to further support alloy development, finite element (FE) modelling is widely 

used as a tool for predicting material response in large scale deformation operations such as machining, 

which typically apply the Johnson Cook (JC) relationship [6]. Yet, in order for this to be applied to 

emerging alloys, reliable parameters need to be obtained. Furthermore, even for established titanium 

alloys, such as Ti-6Al-4V (Ti-64), these parameters can vary hugely as demonstrated in Figure 3.1 

depending on the starting microstructure and condition of the alloy.  

 

 

 
[7] [8] [9] [10] [11] 

[11] [12] [13] [13] [14] 

[15] [16] 
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Figure 3.1: Plot showing the combinations of the Johnson-Cook strain hardening parameters, B and n 

along with the associated chip morphologies from finite element models reported in the literature. 

 

The reported strain hardening characteristics for Ti-64 range from close to perfectly-plastic in 

nature, [13] to that approaching linear hardening [15]. This results in a change in the chip characteristics 

from continuous to fully serrated; meaning that obtaining accurate material parameters to represent the 

microstructural condition is crucial. This further supports the need for a rapid, small scale, testing 

approach, designed to screen emerging titanium alloy compositions and conditions at an early stage, to 

inform the FE models, similar to how a microhardness test is used to quantify the resistance of a material 

to plastic deformation.  

A review of the literature reveals two methods for obtaining the material modelling parameters. 

The first method uses orthogonal cutting to obtain key chip characteristics which are inputted into 

predictive models to obtain the flow stress data. Oxley [17] was one of the first researchers to suggest 

this method to obtain flow stress data, using an analytical model to predict the high strains, high strain 

rates and high temperatures encountered in machining using parallel sided shear zone theory. 

Subsequently, authors have used this methodology: Shatla et al. [18] used Oxley’s theory to model 

orthogonal milling. They identified the JC material parameters by inverse analysis and demonstrated 

applicability in numerous alloys. Molinari et al. [19] presented analysis for the development of adiabatic 

shear bands from orthogonal cutting of Ti-64, across a range of cutting speeds from 0.01 to 73.0 m.s-1. 

This work was later used by Miguélez et al. [20, 21] to develop an FE model of the chip forming process 

and of the residual stresses produced during orthogonal cutting based on the JC model. Bai et al. [22] 

offered a chip forming model but used the Calamaz-modified JC model, again based on orthogonal 

cutting data. Zhou et al. [23] also developed their own FE model using a modified JC model for cutting 

titanium alloy Ti-6Al-4V, to improve the accuracy of predicted cutting forces and chip formation. Nasr 

et al. [24] investigated the effects of workpiece thermal properties on machining induced residual 
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stresses through the use of FE modelling. Cotterell & Byrne. [25, 26] utilized a high speed camera 

during orthogonal cutting to rapidly obtain key chip characteristics, however practicalities such as 

imaging frame rate and accessibility provided challenges for this technique. Laakso & Niemi  [27] 

presented their work on determining the material model parameters from orthogonal cutting 

experiments, however they advised that compression tests should be used in conjunction with cutting 

experiments as they offer the ability to change the key variables, strain, strain rate and temperature 

independently. 

An early test by Hastings et al. [28] used high speed compression tests to predict a material’s 

machining characteristics, including chip form and cutting forces. Since then the Split Hopkinson 

pressure bar test has been used to produce simple flow stress curves at different temperatures, strains 

and strain rates to generate accurate and reliable material data for the JC model [9, 29–32]. These tests 

have often been complimented with orthogonal cutting experiments to validate the finite element 

simulation results, with significant focus aimed at accurately describing the chip geometries and cutting 

forces. However, up until now the literature has not discussed machinability more broadly in 

conjunction with uniaxial compression tests.  

This work proposes a novel low-cost methodology utilising the Arbitrary Strain Path (ASP) test 

rig in Figure 3.2a, produced by Servotest and developed at the University of Sheffield. The ASP 

produces a uniaxial load which lowers a test piece towards a bespoke tooling fixture to create an 

orthogonal cut. The small scale orthogonal cutting test developed in this work was based upon an 

approach by Sutter [33], however the limitation of their work was that no load data could be recorded.  

 

The testing method has been designed to inform the manufacturing supply chain of material 

data at an early stage in the alloy design process. It can provide information on mechanical data and 

machinability data from just a small volume of material. At the very early development phase, new alloy 

compositions are vacuum arc melted into small ingot < 300 g ‘buttons’ prior to partial forging, and hot 

rolled into approx. 200 mm long bars for testing and analysis.  The use of the ASP small-scale testing 

approach was developed (with the titanium machining supply chain) in order to rapidly assess the 

machinability of such early stage compositions. This paper demonstrates that machinability with respect 

to chip formation, subsurface damage, tool wear and force data is typical of what could be expected 

during large scale machinability experiments. 

 

3.2 Methodology 

3.2.1 Small Scale Orthogonal Cutting 

As-forged Ti-6Al-4V (Ti-64) and Ti-3.9V-0.25Fe-0.85Al (Ti-407) billet material was supplied 

by TIMET UK of diameter 225 mm. The material was subsequently wire electrical discharge machined 

(EDM) from the centre of the cross-section of the billet to the dimensions of 60 x 20 x 20 mm. Following 
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this the Ti-64 was put through a mill annealed (MA) treatment and the Ti-407 was solution treated and 

aged (STA). The mediums for solution treatment included air, oil and water, to generate different 

cooling rates, and therefore specific microstructures and α/β morphologies for each alloy. The 

microstructures for each of the heat treatments are shown in Figure 3.3. The test pieces were machined 

again to a final geometry of 50 x 15 x 15 mm. The lower 30 mm of the samples were machined to a 

‘cross’ geometry with each section of the ‘cross’ profile being machined to a width of 4 mm, as shown 

in Figure 3.4. The bespoke insert holder was designed to clamp Seco Tools SNMA150616- MR9 cutting 

inserts. A square insert was used for two reasons; firstly, for the ease of manufacturing a bespoke tool 

holder as a proof of concept for using the ASP as part of the methodology, and secondly to handle the 

high forces exerted on the tool edge. The insert material was uncoated (WC-6% Co) tungsten carbide 

substrate with a cobalt binder phase. The orthogonal set-up comprised of a negative 6° rake angle, as 

illustrated in Figure 3.2c. The tests were performed at a constant speed of 6.0 m.min-1 with an uncut 

chip thickness of 0.3 mm which was measured to within 10% of the expected value using a digital gauge 

indicator. The maximum cutting speed was limited by the available pressure in the pumps to move the 

actuators in a single cut. The length of the cut was 10 mm. In order to improve the design from the 

previous work by Marshall et al. [34], it was necessary to firstly use only a single tool insert rather than 

the two used by Marshall. This raised issues of deflection of both the tool and the workpiece sample. 

To address the deflection of the workpiece, the cross shaped geometry was developed which reduced 

the load on the tool by nearly 75%, by minimizing the volume of material being cut by the tool. To 

minimise the deflection of the tool, the tool was bolted into place.  

 

 

Figure 3.2: a) Photograph of the ASP rig used for the small scale cutting experiments, b) 3D model of 

the tool holder designed and developed using Autodesk and c) a photograph showing the negative 6° 

rake angle between the workpiece and the cutting insert. 
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Figure 3.3: Micrographs of the titanium alloy test pieces used in this work post heat treatment, a) Ti-

64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA Oil Quenched and d) Ti-407 STA Water Quenched. 

 

 

Figure 3.4: a) Location of and geometry of the test samples used for the small scale orthogonal cutting 

tests and b) a photograph of the sample used for the small scale orthogonal cutting test. 

 

3.2.2 Diffusion Couple Experiment 

The diffusion couple method consists of a titanium alloy coupon of size 20 x 20 mm sat 

underneath an uncoated (WC-6% Co) tungsten carbide, Seco Tools SNMA150616- MR9 insert, with 

an Inconel weight placed on top to provide pressure. Prior to testing, the titanium alloy test pieces were 
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polished to a mirror finish using conventional methods and ultrasonically cleaned in isopropanol. The 

test piece, tool and nickel weight stack were placed on a ceramic cradle inside the vacuum furnace. The 

chamber was pumped to a pressure of 10-5 mbar. Following this, the furnace was heated slowly at a 

steady rate of 3°C/min, and held for two hours at 1000°C before being cooled down to room temperature. 

After the heating process, the titanium alloy and the insert were set in an epoxy resin mold to protect 

the bond, before being carefully sectioned. Metallographic preparation was conducted again to achieve 

a mirror finish. The samples were analyzed in a scanning electron microscope to reveal the thickness of 

the chemical diffusion bond. This work is a continuation of previous studies conducted by Hatt et al. [4, 

5, 35]. 

 

3.2.3 Large Scale Cutting Trials 

To validate the small scale methodology, industrial scale machining tests were also conducted 

on the same alloy conditions and some commonalities between the tests have been highlighted. Turning 

operations were conducted on a DMG Mori NLX 2500 CNC machine turning centre at the University 

of Sheffield’s, Advanced Manufacturing Research Centre (AMRC), with an experimental setup as 

shown in Figure 3.5. Cutting tools used were WC-6% Co, TNMG160408-MF1, uncoated inserts. The 

inserts used in the industrial cutting trials are not identical in shape to the small scale orthogonal cutting 

inserts, however they are of the same substrate grade, so the machining characteristics of both alloys 

should be representative, irrespective of the tool. A PTJNL2525M16 tool holder was modified by wire 

EDM to offset tool angles back to orthogonal and like the small scale cutting trials maintain a negative 

6° rake angle. An outer ring of width 4 mm was grooved out using an internal grooving tool and an 

LCMF160608-0600-FT insert with a CP500 coating. The width of the region used for the orthogonal 

machining tests was measured to 4 mm ± 0.05 mm using a ball micrometer as illustrated in Figure 3.6.  
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Figure 3.5: Photograph showing the setup for the industrial machining trials. Using a disk of material 

held inside a CNC machining centre; the cutting insert held into a dynamometer to record the cutting 

forces and the coolant provided through an external pipe. 

 

 

Figure 3.6: a) 3D CAD illustration of the workpiece after grooving the disk to form a 4 mm wide ring 

for orthogonal machining trials, b) Photograph of the 4 mm wide ring for orthogonal cutting trials and 

c) photograph of the modified tool holder, Wire EDM’d to meet the requirements for orthogonal 

machining.  
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3.3 Results and Discussion 

3.3.1 Chip Formation 

3.3.1.1 Uniaxial Compression- Analysis of the Deformation Characteristics for Ti-64 and Ti-407 

 

Room temperature uniaxial compression tests were performed at four strain rates ranging from 

0.1-100 s-1. Figure 3.7 contains a series of flow stress graphs for strain rate tests of 0.1, 1.0 and 10 s-1. 

The measurement frequency was too low to measure 100 s-1, so the flow stress data has not been 

presented. 

Figure 3.7 shows that the test samples fractured in all of the tests at strain rates 0.1 s-1 and 10 s-

1, except for the Ti-407 oil quenched at a strain rate of 1.0 s-1. Without further testing at higher strains, 

this cannot be explained, although the Ti-407 oil quenched sample did show signs of plastic instability 

and imminent failure due to intense shear band in the macrostructure. Nevertheless, the main point from 

Figure 3.7 is that the observed trends between strain rates and conditions are in strong agreement. The 

Ti-64 accommodated less strain than Ti-407 at all strain rates tested. The maximum measured stress 

was higher in Ti-64 than Ti-407 across all strain rates, this agrees with our knowledge of the two alloys 

from Ref [36], that Ti-64 is a stronger alloy, so can accommodate greater stress at the point of fracture. 

The area under the curves, presented in Table 3.1, is a good approximation of the toughness and work 

done prior to fracture of the alloys. At the strain rate of 0.1 s-1, the Ti-407 water quenched test sample 

has a lower toughness compared to the Ti-407 air cooled one, however increasing the strain rate to 10 

s-1, the reverse trend is observed. Cross sections of the test samples in Figure 3.8 compliment the results 

displayed in Figure 3.7 and Table 3.1, to document the level of fracture of Ti-64 compared to the ductile 

behavior of Ti-407. Comparing the Ti-407 STA processed through different solution treatment 

mediums, the process of oil quenching greatly enhanced the toughness of the Ti-407 alloy; 

accommodating a greater amount of strain before fracture.  

As Ti-407 was developed as an alloy to replace Ti-64 in applications where energy absorption 

during fracture is a primary design consideration [36] it is expected that the alloy exhibits higher 

toughness through accommodating greater strain than Ti-64. From these results the relative chip forming 

characteristics of Ti-64 and Ti-407 can be predicted. 
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Figure 3.7: Flow stress curves produced from the uniaxial compression tests at strain rates of a) 0.1 s-

1, b) 1.0 s-1 and c) 10 s-1. 

 

Table 3.1: Comparison of the toughness of each titanium alloy, measured as the area under the flow 

stress curve. 

 

 

Figure 3.8: Map of photographs showing the cross-section of the titanium alloys, from a strain rate of 

0.1 – 100 s-1, after testing has been completed. 
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3.3.1.2 Comparison of Ti-64 and Ti-407 propensity for mechanical twinning 

It is very well cited that during deformation of titanium alloys, mechanical twins can propagate 

extensively through the material to accommodate strain where the ability to slip is limited. As an 

important deformation characteristic mechanical twinning has a bearing on both the ability to form and 

create breakable chips as well as determine the depth to which deformation occurs in the machined 

surface.  

Marshall et al. [37] and Salem et al. [38, 39] had previously conducted research investigating 

mechanical twinning during deformation of titanium alloys. In both studies the density of mechanical 

twins in an alloy during deformation was quantified using the normalised strain-hardening rate curve 

constructed from flow stress data.  

Salem et al. [38, 39] had shown that three regions of strain hardening existed during simple 

compression: Stage I corresponds to falling strain hardening rates; stage II correlates to the initiation of 

mechanical twins in the microstructure and stage III is associated with saturation in the twin volume 

fraction. A higher strain hardening rate at the peak of stage II, indicates a much higher twin density.  

Figure 3.9 shows the strain-hardening rate curves of the alloys used in this study, which have 

been normalised by the shear modulus. The shear modulus was calculated from the linear portion of the 

flow stress curve of each alloy. The transition between Region I and Region II are comparable to those 

recorded by Salem et al. [38]. Ti-407 has a higher Region II peak than Ti-64, indicating that Ti-407 

accommodates strain through a greater propensity to form mechanical twins than Ti-64. The Ti-407 oil 

quenched has the highest and the water quenched has the lowest mechanical twin density. These results 

indicate that the mechanical twinning could be responsible for the increased strain achieved at the point 

of failure for the Ti-407 oil quenched, which ultimately will be detrimental to the chip breaking ability 

of the alloy. It would be expected that the Ti-407 water quenched sample should be the most likely to 

form a breakable chip.  

 

Figure 3.9: Curve of normalised strain hardening rate against true strain, calculated from flow stress 

data, which was determined from compression tests of Ti-64 and Ti-407 at a strain rate of 1.0 s-1. 
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3.3.1.3 FE Model- Development of the FE Model to predict the Chip Formation of Titanium Alloys in 

each Microstructural Condition  

 

Table 3.2: Norton Hoff Model Material Parameters from flow stress curves at a strain rate of 0.1 s-1. 

C-L Refers to Cockroft-Latham Damage Criterion 

 

 

The flow stress data from the compression tests at a strain rate of 0.1 s-1 was used to develop a 

DEFORMTM [40] model to predict the relative strain and chip form for room temperature orthogonal 

cutting tests of these alloys. The model makes some assumptions including; (1) a rigid-viscoplastic 

workpiece and (2) a rigid tool. The Norton-Hoff model, shown in Equation 3.1 was used for this study, 

as the JC model exhibits a flow stress increase with increasing strain at any temperature. Researchers 

[41, 42] have confirmed that the JC model cannot predict the adiabatic phenomenon responsible for the 

segmented chip formation as the thermal softening effects are not taken into account. The Norton Hoff 

equation assumes perfect viscoplasticity, therefore it fails to examine the effect of the elastic behaviour 

of the material. Cockroft-Latham (C-L) [43] was used for the damage criterion model in order to obtain 

a segmented chip geometry. 

 

𝜎 = 𝐾𝜀𝑛𝜀̇𝑚 (
𝑄

𝑅𝑇
)              Equation 3.1 

Where K is a constant, n is the strain-hardening exponent, m is the strain rate sensitivity 

parameter, Q the activation energy, R the ideal gas constant and T the temperature. To obtain the K, n, 

m and Q/R parameters, a multiple linear regression was used. With the material parameters from Table 

3.2, a simple 2D uniaxial compression test was simulated using DEFORMTM, with the results presented 

in Figure 3.10. The C-L damage criterion was measured at the point at which fracture occurred in the 

compression tests. The model agrees with the experimental compression tests, showing that at the point 

of fracture, the effective strain is lower in Ti-64 than in Ti-407. The effective strain for the oil quenched 

model was over double that of Ti-64. This means that more strain has to be accommodated in the 
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material for fracturing of the chip to occur. Comparing Figure 3.10 with the toughness values in Table 

3.1, it is evident that the larger compression and higher strain values in the FE compression models of 

Figure 3.10 are validation of the enhanced toughness of the Ti-407 compared to Ti-64. The ability of a 

material to plastically deform to higher strains prior to fracture, is a key property of an alloy designed 

to absorb significant loads before fracturing, however this indicates that the machined chip form will be 

inherently more ductile in such an alloy. 

 

 

Figure 3.10: DEFORMTM compression simulations showing the effective strain across the cross section 

of the test pieces at the point of fracture at a strain rate of 0.1 s-1. The material data used is as shown 

in Table 3.2. a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA Oil Quenched and d) Ti-407 STA 

Water Quenched. 

 

Figure 3.11: DEFORMTM orthogonal 2D simulations showing the chip forming characteristics for each 

of the corresponding alloys based on material data modelled in the DEFORMTM compression 

simulations at a cutting speed of 6.0 m.min-1. a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA 

Oil Quenched and d) Ti-407 STA Water Quenched. 
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Figure 3.12: Figure of DEFORMTM 2D orthogonal cutting simulations showing the cutting forces 

required to form a chip for a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA Oil Quenched, d) Ti-

407 STA Water Quenched. 

 

Using the same material parameters from the DEFORMTM uniaxial compression tests, a 2D 

orthogonal cutting test was simulated, to predict the chip forming characteristics of the test samples. 

The model was set up to closely replicate the cutting conditions of the small scale orthogonal cutting 

tests; by using a cutting tool with a chip breaker and a negative 6° rake angle; depth of cut of 0.3 mm 

and a cutting speed of 6.0 m.min-1. There is strong agreement between the DEFORMTM chip forming 

models in Figure 3.11 and both the experimental compression tests and the DEFORMTM compression 

models in Figure 3.7 and Figure 3.10 respectively. Ti-64, which accommodates less strain prior to 

fracture forms a segmented chip. The chip form for Ti-407 varies hugely from one microstructural 

condition to the next. The higher strain accommodation in the Ti-407 oil quenched chip resulted in the 

formation of a continuous chip. The simulations shown in Figure 3.11 predict that the Ti-64 would form 

a high frequency segmented chip. The Ti-407 samples by contrast range from a segmented chip of 

moderate frequency to a fully continuous chip. Presence of adiabatic shear bands can be postulated from 

the fluctuations in the cutting forces shown in Figure 3.12a, which can be attributed to the thermal 

softening and strain hardening of the forming chip. One of the reasons for the lower regularity of 

segmentation of Ti-407 is due to its higher thermal conductivity [36], which is almost double that of Ti-

64 at room temperature. Bäker et al. [44] studied the influence of thermal conductivity on the chip 

segmentation process, finding that the degree of segmentation reduced as thermal conductivity 

increased. The Ti-407 has far lower cutting force peaks, implying that the adiabatic shear bands are 

wider than Ti-64 surmising that the chip forming and breakability of the alloy is much more challenging 
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to manage. Furthermore, with greater strain accommodated in the chip more subsurface features such 

as severe plastic deformation and mechanical twinning can be retained in the machined surface.  

 

3.3.1.4 Small Scale Cutting Experiments- Comparison of Chip Form for Ti-64 and Ti-407 

 

Figure 3.13: In-situ photographs taken with a Nikon D5000 camera of the chip forming process from 

the small scale orthogonal cutting tests, a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA Oil 

Quenched and d) Ti-407 STA Water Quenched. 

 

 

Figure 3.14: Cross sectional light micrographs of the chip formation from the small scale orthogonal 

cutting tests for a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA Oil Quenched and d) Ti-407 

STA Water Quenched 
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Figure 3.15: Experimental cutting forces measured from the small scale orthogonal cutting for a) Ti-

64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA Oil Quenched and d) Ti-407 STA Water Quenched. 

 

Figure 3.13 shows in situ photographs from the small scale orthogonal cutting tests, which under 

identical conditions shows marked differences between the test alloys. There is good agreement between 

the experimental results and the FE orthogonal cutting models. Ti-64 in Figure 3.13a forms a segmented 

chip at regular intervals which analysed closely in the micrograph of Figure 3.14a shows that each chip 

segment is of consistent geometry and pitch, with formation of narrow shear bands between each. The 

Ti-407 oil quenched test piece, forms almost a continuous chip which is comparable to the predicted 

chip modelled in Figure 3.11c. Some researchers [45, 46] believe that there is a critical cutting speed 

when a continuous chip form ceases and a serrated, shear localised chip dominates. This theory is based 

on a purely thermally activated process; when cutting speed decreases to a ‘critical value’, the 

deformation becomes uniform and the distance between the shear bands approaches zero because the 

thermal gradient is negligible [47].  

There is no discernible shear band in the Ti-407 oil quenched sample, showing that a uniform 

temperature gradient was present across the chip during the cut. The experimental cutting forces in 

Figure 3.15, show similar trends to the FE orthogonal cutting simulations, where the cyclicality of the 

cutting forces directly relate to the serrated nature of the chips, with Ti-64 MA being the most serrated 

with the largest force peaks and the Ti-407 oil quenched being the least. There is a sudden rise in the 

force output of the Ti-407 oil quenched, which will discussed in a following section looking at tool 

wear. 

Up to this point the results have focused on the small scale experimental work and modelling 

study. The industrial cutting tests have been requisite to validate the small scale experimental work and 

provide some relatability to industry. Figure 3.16 shows the chip form of both Ti-64 and Ti-407. 

Similarly to Figure 3.14, the Ti-64 forms a serrated chip, with large peaks and narrow shear bands, 
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conversely the Ti-407 forms chip segments with very small peaks and a continual shear band straining 

perpetually into the following section of the chip. Relating these observations to the overall 

machinability of the materials with a focus on chip breakability, it is apparent from Figure 3.17 that the 

Ti-64 MA chip is easier to manage and control compared to Ti-407 across a range of cutting speeds. 

Based on flow stress data and chip form characteristics, these results were predicted in the first part of 

this investigation with the compression tests and 2D orthogonal model. 

 

3.3.1.5 Large Scale Turning Trials- Analysis of Chip Form for Ti-64 and Ti-407 

 

Figure 3.16: Cross sectional light micrographs of the chip formation from the industrial cutting tests 

for a) Ti-64 MA, b) Ti-407 STA Water Quenched. 

 

 

Figure 3.17: Photographs showing the comparable chip formation at cutting speeds (6, 40, and 70 

m.min-1) from the industrial orthogonal cutting tests of Ti-64 MA and Ti-407 STA Water Quenched. 

Feed Rate = 0.3 mm.rev-1. 
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In addition to reliable chip morphology, subsurface features have been obtained to support the 

work comparing small scale cutting and industrial scale cutting. Analysis of subsurface features are of 

paramount importance with features like white layer being rejected for aerospace components. 

Therefore being able to inform on the relative damage tolerance of one alloy against another during the 

development phase is essential. Previous work [2, 48] has shown that microstructural modifications in 

the subsurface of the titanium alloy are induced by machining parameters. 

 

3.3.2 Subsurface Deformation Characteristics for Small Scale Cutting and Large Scale Turning Trials 

 

 

Figure 3.18: Light micrographs of the depth of subsurface features from the small scale orthogonal 

cutting tests, a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA Oil Quenched and d) Ti-407 STA 

Water Quenched 

 

Table 3.3: Measured depth of subsurface features including mechanical twins and severe plastic 

deformation from the small scale orthogonal cutting tests. 
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Figure 3.19: Light micrographs of the depth of the subsurface features from the industrial cutting trials, 

a) Ti-64 MA and b) Ti-407 STA Water Quenched. 

 

In this work subsurface features were characterised as severe plastic deformation and 

mechanical twinning. Under the same cutting conditions the Ti-64 was able to tolerate the effects of 

machining more than Ti-407. Table 3.3 and Figure 3.18 shows the measured depth of subsurface 

features in the Ti-407 were almost double that of Ti-64 with mechanical twins being the predominant 

feature. Similarly Figure 3.19 shows the same trends for industrial cutting tests. Twin formation in Ti-

64 occurred randomly across the surface of the alloy, likely due to variations in the grain orientation 

with certain grains being more favourable to slip. The Ti-407 however consistently formed a dense 

region of mechanical twins just below the machined surface. The mechanical twins provide a 

mechanism for the material to accommodate more strain before fracture occurs which is an idea put 

forward by Kloenne [49] to explain the improved ductility of Ti-407. 
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3.3.3 Comparison of the Cutting Forces for Small Scale Cutting and Large Scale Turning Trials 

 

Figure 3.20: Bar plot showing the average cutting force in comparison to the cutting speed for the 

small scale orthogonal cutting tests for Ti-64 MA and Ti-407 STA Water Quenched Cooled. 

 

Figure 3.21: Bar plot showing the average cutting force in comparison to the cutting speed for the 

large scale cutting tests for Ti-64 MA and Ti-407 STA Water Quenched. 

 

The average cutting forces for Ti-64 MA and Ti-407 STA water quenched have been presented 

in Figure 3.20 and Figure 3.21 for both the small scale orthogonal cutting and the industrial cutting trials 

respectively. The figures are significant as they show particular trends for each alloy. As the cutting 

speed increases, Ti-64 average cutting forces increase in agreement with other authors [50] whereas for 

Ti-407 these forces decrease, which shows that the relationship between thermal softening and strain 

hardening for each alloy is uniquely different. Predictions on tool wear can also be implied from these 

results as well. It would be prudent to assume that with the decreasing cutting forces, the stresses acting 

on the tool would also be reduced and tool wear mechanisms would change. Where Ti-407 would likely 
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develop more built-up edge (BUE) across the tool edge, from the softening of the workpiece; Ti-64 

would likely experience the effect of more mechanical wear types as the stresses on the tool increase, 

through the likes of notch wear, chipping and crater wear.   

 

3.3.4 Tool Wear Analysis for Ti-64 and Ti-407 using Diffusion Couple Experiments, Small Scale 

Cutting and Large Scale Turning Trials 

 

Figure 3.22: Scanning electron micrographs of the TiC interface between WC-6% Co cutting insert 

and workpiece material from diffusion couple experiments a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) 

Ti-407 STA Oil Quenched and d) Ti-407 STA Water Quenched. 

 

 

Figure 3.23: X-EDS analysis showing the titanium, tungsten and carbon across the tool and workpiece, 

including diffusion bond region. a) Ti-64 MA, b) Ti-407 STA Air Cooled, c) Ti-407 STA Oil Quenched 

and d) Ti-407 STA Water Quenched. 
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Figure 3.24: Alicona 3D scans of the tools from the small scale orthogonal cutting tests showing the 

build-up of workpiece material across the edge of the tool for a) Ti-64 MA, b) Ti-407 STA Air Cooled, 

c) Ti-407 STA Oil Quenched and d) Ti-407 STA Water Quenched. 

 

 

Figure 3.25: Photographs of the flank wear and rake face wear from tool life trials for Ti-64 MA and 

Ti-407 STA Water Quenched from large scale turning trials at 80 m.min-1.   

 

Crater wear, a wear mode recognised as detrimental to the life of a tool due to the high chemical 

reactivity of titanium alloys has been investigated previously [4, 5, 51]. Hatt and co-workers [4, 5] 

developed a low cost static diffusion couple experiment that could predict the complex reaction 

mechanisms that occur at the tool chip interface during high speed machining of titanium alloys. The 

methodology developed by Hatt et al. [4], was replicated in this study to investigate the chemical 

reactivity of the alloys. All of the alloy samples formed a strong diffusion bond with the tool. Figure 
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3.22 shows a dark region in between the tool and alloy which was determined to be a layer of TiC. This 

idea is further strengthened by Figure 3.23 which demonstrates through the utilization of X-EDS 

analysis a highly concentrated region of carbon in between the tool and the workpiece. The thickness of 

the TiC layer is larger for the Ti-407 compared to the Ti-64. The micrographs agree with Ref [5], where 

by increasing beta content and thus the molybdenum equivalency of an alloy, the thickness of the TiC 

layer decreases. The molybdenum equivalency for the two alloys in this investigation, Ti-64 and Ti-407 

has been calculated as, 3.7 and 3.2 respectively. The TiC layer acts as a protective coating reducing the 

susceptibility of chemical wear. Based on this knowledge, the tool life for Ti-407 should be better than 

that of Ti-64 due to the lower chemical reactivity and the greater formation of TiC across the rake face.  

Tool wear images for the small scale orthogonal and the industrial cutting tests pictured in 

Figure 3.24 and Figure 3.25 respectively, show strong correlations between the two test methods. The 

Ti-407 oil quenched in particular, is more susceptible than Ti-64 MA to BUE formation across the edge 

of the tool. The formation of BUE has been argued to act as a protective layer by forming work hardened 

material across the edge of tool delaying tool failure [52–55] however it significantly affects the rake 

angle of the tool [44] which has a further knock on effect to the shape and length of the chip and the 

surface finish of the machined work piece. Referring back to Figure 3.15c, the rise in cutting forces 

could be attributed to the formation of the BUE shown in Figure 3.24c. It would be beneficial to the tool 

life of Ti-407 to form a small layer of BUE in order to protect the tool from the effects of the alloys high 

chemical reactivity. Conversely, the higher thermal conductivity of the Ti-407 alloy should help protect 

the tool from crater wear longer than Ti-64, by promoting better heat transfer away from the tool, so 

lowering the rate of diffusivity of chemical elements at the tool-chip interface. 

 

3.3.5 Contextualisation of the Small Scale Machinability Approach 

It is necessary to place these results in a wider context. The small scale methods are not to be a 

direct replacement for conventional, machining trials; simply an early stage filtering step, exploited to 

efficiently down select compositions and microstructural conditions to generate new information for a 

material data sheet allowing machinability for different alloys to be compared. Table 3.4 provides an 

approximation of the costs associated with both the industrial cutting experiments and the small scale 

testing methods to examine the machinability of Ti-64 MA and Ti-407 STA water quenched. These 

costs do not include the price of the FEM software licence, for the small scale tests, however it should 

be noted that as the machinability tests are for preliminary exploration of a number of new compositions, 

the cost of the licence per simulated composition is minimal. The significant costs of machine time and 

technical support associated with the industrial cutting trials are attributed to the requirement for skilled 

personnel to operate the high energy consuming machining centres and the extra resources required 

which add further cost to the cutting operation. The small scale tests provide significant cost savings, in 
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the order of approximately 90%, and provide key information about the relative machinability of 

titanium alloys.  

 

Table 3.4: Cost comparison for the testing Ti-64 MA and Ti-407 STA Water Quenched for the industrial 

cutting tests and the small scale tests. 

 

 

 

Figure 3.26: A schematic showing the suggested order for completion of the small scale tests and 

modelling to filter out undesirable alloy combinations and conditions. 

 

The small scale tests coupled with the DEFORMTM models, have been developed and “stress 

tested” against full scale turning trials to inform on key machinability outputs. The tests are shown to 

be intrinsically linked such that the machinability outputs of each level, presented in the schematic of 

Figure 3.26 can be inferred through completion of each of the other tests. The first level of experiments 
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presented (the compression and the diffusion couple experiment), have provided an insight into the 

fundamental material and machinability data in particular flow stress, shear band formation 

characteristics and thermodynamic driving forces, directly correlating to the machinability variables, 

chip geometry characteristics, subsurface features and tool crater wear. Modelling the 2D chip form 

allows prediction of the relative strain accommodated in the titanium alloys, which again infers chip 

geometry characteristics, subsurface features and cutting forces of titanium alloys. The small scale 

cutting experiments in stage 2 not only validate observations from stage 1 but also provide better 

resolution of chip form and subsurface damage characteristics. Importantly, the machinability 

characteristics captured for Ti-64 and Ti-407 using the low cost machinability assessments were reliably 

observed in the large scale high speed turning trials. 

 

3.4 Conclusions 

The use of standalone small scale experiments to ascertain the machinability of future alloys, 

will be valuable for alloy and tool development. The low cost machinability approach filters out alloy 

combinations which do not offer desirable properties and predicts relative machinability, without the 

requirement of conducting costly, large scale and time consuming machinability trials. To conclude: 

 

 A first level filter of a titanium alloys machinability can be determined from a simple uniaxial, room 

temperature compression test. 

 Material parameters calculated from compression tests can be used to model 2D orthogonal chip 

formation of an alloy using FEM software. 

 A small-scale, orthogonal cutting test has been developed to provide data on key machinability 

criteria including chip formation, tool wear, subsurface features and cutting forces. 

 Key machinability criteria from the small-scale tests have been verified through industrial-scale 

cutting trials. 

 The results show that both titanium alloys exhibit strengths and weaknesses when considering 

machinability as a whole. Ti-407 shows better machinability when the focus is on cutting forces and 

tool wear.  However, Ti-64 shows better machinability in relation to subsurface microstructural 

features and chip control.  

 The costs for completing the full set of small-scale tests (incl. uniaxial compression tests, orthogonal 

cutting and diffusion couple tests) and the industrial-scale cutting tests have been analysed. As an 

early stage, machinability assessment, the cost benefits along with the data output make this an 

attractive approach for screening emerging titanium alloy combinations and heat treatment 

conditions. 
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Machinability Maps – Towards a Mechanistic 

Understanding of the Machining of Ti-6Al-4V and 

Timetal 407 
4 

 

4.1 Introduction 

The last decade has witnessed an increase in air traffic, in particular, a greater demand for single 

aisle commercial aircraft. To meet such demand, there has been an increase in the production of airframe 

and aero-engine components [1]. As titanium is the fastest growing material in the aerospace sector [2], 

there is a requirement for increased manufacturing rates to meet the growing demand.  As a result, new 

titanium alloys have been developed and marketed on the fact that they have improved machinability, 

with the potential to be machined at much higher metal removal rates (MRRs).  

Machinability, a term used to describe the property of a material or a part to be machined [3], has been 

discussed by numerous authors to offer insights into comparable tool wear, force data, surface integrity 

and chip forming characteristics of different titanium alloys. The machinability of titanium alloys has 

been reviewed over recent years, largely from a chip formation, cutting force and tool wear standpoint 

as in Refs. [4], [5]. Surface integrity was later incorporated into machinability reviews by Ezugwu and 

Wang [6] and Yang and Liu [7].  

A number of mechanistic studies have been conducted to understand the influence of alloy 

chemistry and microstructure on titanium alloy machinability, such as, Marshall et al. [8] studied the 

influence of aluminium content on the machinability and subsurface deformation in binary titanium 

alloys. Arrazola et al. [9] assessed the machinability of Ti-64 and Ti-5553, investigating specific cutting 

forces, tool wear and chip analysis. The study was heavily focussed on tool wear, with the cutting forces 

and chip analysis being used to offer insights into their individual effects on tool wear. A machinability 

study by Khanna et al. [10]–[12] explored specific cutting forces, chip morphology and cutting tool 

temperature in Ti-64, Ti-54M and Ti-1023. Armendia et al. [13], [14], reported higher wear rates in Ti-

6246 compared to Ti-64; in single point turning trials, Ti-64 had higher wear rates than Ti-54M. Jaffery 

and Mativenga [15] assessed the machinability of Ti-64 using a wear map approach to highlight the 

regions of high and low tool wear for a range of turning variables. However, the study did not 

incorporate other important criteria, such as chip formation and surface microstructural deformation 

characteristics. To the best of the authors’ knowledge, no comprehensive model has been produced to 

offer an informative machinability map that predicts the effect of cutting parameters and MRR on tool 

wear, chip form and subsurface microstructural deformation. 
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TIMETAL® 407 (Ti-407) an α + β titanium alloy with composition Ti-3.9V-0.85Al-0.25Si-

0.25Fe has been recently developed as an alternative to Ti-64 in applications where energy absorption 

at high strain rates is an important design consideration. Ti-407 has also been marketed as an alloy that 

is ‘more machinable’ and delivers improved MRR during machining compared to Ti-64 [16]. The high 

energy absorption prior to fracture is due to Ti-407’s improved ductility [16], accommodating greater 

strain at the point of fracture compared to Ti-64. Mechanistically, the higher ductility in Ti-407 has 

been shown to be a result of the alloy’s propensity for mechanical twinning over deformation slip, with 

mechanical twins being responsible for the greater strain accommodation in the alloy [17]. The 

favourable twinning deformation is thought to be due to the low aluminium content in Ti-407, which is 

0.85 wt.%, compared to 6.0 wt.% in Ti-64. As previous research has shown, increasing the aluminium 

content reduces elongation to failure [18], causes unstable shear [19], and there is evidence to suggest 

that titanium alloy contents of > 6.0 wt.% aluminium completely suppress mechanical twinning [20].  

Early testing by Dredge et al. [21] has demonstrated the positive machinability properties of 

Ti-407 with respect to tool wear and cutting forces, however challenges with controlling chip formation 

for a range of cutting speeds were highlighted. The study did not consider all machinability criteria, 

such as incorporating the effects of machining on subsurface microstructural deformation or providing 

an explanation for the poor chip breakability, which this paper also aims to address. The challenge of 

chip control is dictated by a combination of material properties, chemistry and initial microstructure. 

Groover [22] has shown that greater ductility can lead to the formation of long continuous chips during 

machining. Titanium alloys are  well documented for their formation of serrated chips through shear 

localisation [23], [24] owing to their inherent low thermal conductivity and high work hardening 

characteristics. Serrated chips are considered beneficial for chip breakability, however they have been 

linked to cyclic cutting forces and tool chatter, both of which are detrimental to workpiece surface 

integrity and tool life [6], [25], [26]. 

Groover [22] and Komanduri and Hou, [27] have shown that to transition the chip morphology from 

continuous to serrated, a critical cutting speed must be reached in order for the onset of shear localisation 

to occur. Komanduri and Hou [27] found that due to the properties of titanium alloys, the critical cutting 

speed for shear localisation is rather low, indicating that this transition could occur at all conventional 

cutting speeds. However, very high cutting speeds can cause a deterioration in the chip breakability of 

titanium alloys, by decreasing the chip thickness, increasing the segmentation frequency and causing a 

localised temperature increase. These factors in turn reduce the time and length of material over which 

thermoplastic-instability occurs, lowering the shear strain within the chip and causing further thermal 

softening, which for ductile materials negatively affects the breakability of chips [28]. For example, 

Sun et al. [29] stated that machining Ti-64 at cutting speeds greater than 75 m.min-1 caused the chip 

length to increase.  
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Increasing the feed rate can be an effective solution to counteracting poor chip breakability by 

decreasing the segmentation frequency [30], thus forming a thicker chip. Rahman [31] stated that by 

increasing the feed rate, the shear strain within the adiabatic shear bands (ASBs) increases, aiding chip 

breakage. In addition, thicker chips are more effective at removing heat from the cutting zone, which 

prolongs tool life and reduces localised tool-workpiece temperatures. Chandler [32] has suggested that 

higher feed rates are more desirable for productivity, as this does not increase the tool wear rate as 

significantly as cutting speed and depth of cut. However, if the feed rate is too high, the likelihood of 

catastrophic tool failure increases significantly, due to the high stresses on the tool [33]. In fact, a 

common limitation of increasing the feed rate is the negative effect it has on component surface integrity 

[34].  

In this study, the machinability of Ti-64 and Ti-407 was assessed with respect to the key criteria: 

(1) subsurface microstructural deformation, (2) tool wear and (3) chip formation and compared through 

easy-to-visualise machinability maps. Additionally an explanation for Ti-407’s poor chip control is also 

evaluated with respect to the machinability map. 

 

4.2 Methodology 

4.2.1 Material Preparation 

As-forged Ti-64 and Ti-407 billet material of diameter 225 mm was provided by TIMET UK. 

Both alloys were sectioned into 20 mm thick disks and different annealing heat treatments were applied 

to each disk. The Ti-64 underwent a mill annealed (MA) heat treatment and the Ti-407 a solution 

treatment, water quench and age (STA), as recommended by the aerospace supply chain. The 

micrographs of these have been presented in Figure 4.1.   

 

 

Figure 4.1: Light optical micrographs of the titanium alloys post-heat treatment a) Ti-64 (Mill 

Annealed), b) Ti-407 (Solution Treated and Aged). 
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4.2.2 Machining Trials 

Turning trials were conducted on a DMG Mori NLX 2500 CNC machine turning centre at The 

University of Sheffield’s Advanced Manufacturing Research Centre (AMRC), with the set up shown in 

Figure 4.2. The cutting tools used were WC-6% Co, TNMG160408-MF1, uncoated inserts supplied by 

Seco Tools. Prior to testing, the cutting tools were measured using an Alicona Infinite focus SL to 

ensure the cutting edge radius used in this work varied by less than 5%. A PTJNL2525M16 tool holder 

was modified by wire EDM to offset tool angles back to orthogonal, whilst maintaining the negative 6° 

rake angle. An outer ring of width 4 mm was grooved out using an internal grooving tool and an 

LCMF160608-0600-FT insert leaving a test geometry as presented in Figure 4.2a. The width of the 

region used for the orthogonal machining tests was measured to be 4 mm ± 0.05 mm using a ball 

micrometer. The tests were conducted over an axial cut distance of 5 mm and were performed at a range 

of cutting parameters shown in Table 4.1 to maintain relevance to industrial machining applications. 

For this study, the middle of the tool insert chip breaker, as shown by the red box over the tool edge in 

Figure 4.2b, was used during turning trials to replicate an industrial plunge turning operation - whereby 

deep, continuous grooves are cut into the workpiece. The red arrow in Figure 4.2b shows the direction 

of motion of the tool during the cut. Once the axial cut distance of 5 mm was reached, the tool was 

immediately retracted away in the opposite direction to the feed-in direction to preserve the machined 

surface for further analysis. Finally, Hocut 795b was supplied through external coolant hose pipes at a 

pressure of 6 bar to provide lubrication and cooling to the tool and workpiece.  

 

 

Figure 4.2: a) 3D CAD drawing of the workpiece after grooving the disk with a 4 mm wide ring for 

orthogonal axial plunge turning trials, b) Photograph of the setup for the orthogonal turning trials. A 

red box around the tool edge indicates the 4mm wide section of the tool used to perform the orthogonal 

cutting operation. The red arrow shows the direction of movement of the tool.  
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Table 4.1: The cutting parameters used in the orthogonal experiments to turn Ti-64 and Ti-407 billet 

(in Figure 4.2) 

 

 

4.2.3 Subsurface Deformation 

To assess the imparted deformation in the machined surface, the machined surfaces were 

sectioned from the disks, set in conductive bakelite and ground and polished to a mirror finish. A Nikon 

LV150 optical microscope with polarised light was used to reveal the depth of mechanical twins in the 

machined surface. Electron Backscatter Diffraction (EBSD) imaging was employed to reveal the depth 

of the severe plastic deformation (SPD) by measuring the crystallographic orientation of the α phase in 

the machined surface, using an FEI Sirion field emission gun scanning electron microscope with a 20 

keV accelerating voltage and a step size of 0.1 µm. Automated indexing and post processing of the 

electron diffraction data was performed using Oxford Instruments HKL Channel 5 software. To 

quantify the depth of SPD in the machined surface, low angle grain boundary (LAGB) density between 

the alloys was compared from the surface to the bulk material. A misorientation angle of between 1° 

and 10° was defined as the LAGB range [35], [36]. The measurements were not taken from the 

machined surface as the poor indexing revealed too few grains to accurately measure the density of 

misorientations. The LAGB measurements were normalised for both materials in order to show the 

relative effect of cutting parameters on the density of misorientations. 

 

4.2.4 Tool Wear 

The tool flank wear images were taken using a Dino-lite digital microscope. The flank wear 

was measured using the Dinocapture software. The experiments were designed such that flank wear 

would be the major tool wear type. This allowed fair comparison between the alloy’s wear rate without 

additional effects of other wear mechanisms.  
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4.2.5 Chip Analysis 

Using a Nikon D5000 camera, photographs of the chips were taken to compare the chip 

morphology for each alloy. The chips were then broken into smaller pieces, set in conductive bakelite 

and ground and polished to a mirror finish. Microstructural analysis was carried out on a Nikon LV150 

optical microscope using polarised light to reveal the morphology of the chip form and characteristics 

of the adiabatic shear band formation.  

 

4.2.6 Development of the Machinability Map 

To create the machinability map, the machinability outputs i.e. tool flank wear, chip formation 

and subsurface deformation were split into their own distinct categories. Chip formation was split into 

chip morphology and chip mechanical twins, and subsurface deformation was split into SPD and 

subsurface twins. Splitting machinability outputs was necessary to realise the independent nature of 

each variable. 

A multi-variable linear regression was used to present the relationship between the cutting 

parameters (cutting speed and feed rate) and all of the machinability outputs, except for chip mechanical 

twins which used a linear support vector machine (SVM) model. A linear SVM model was utilised for 

the analysis of the chip mechanical twins as the output data fell into one of two categories (twins or no 

twins), therefore a multi-variable linear regression was inappropriate for this data type. The equation 

for both models has been shown in Equation 4.1. 

 

                                                                           𝑦�̂� =  𝛽0𝑣 + 𝛽1𝑓 + 𝑎                                                         Equation 4.1 

 

β0 was the slope coefficient for the cutting speed variable. β1 was the slope coefficient for the 

feed rate variable, a was the y-intercept, 𝑦�̂� was the dependent variable and v and f were the independent 

variables, cutting speed and feed rate respectively.  

For the multivariable linear regression the p-value was used to assess the statistical significance 

of the regressions. A value less than 0.05 being described as statistically significant. The adjusted R2 

was also used alongside the p-value as a statistical measure to determine how well the data fits to the 

regression model. Values for the adjusted R2 range from 0 to 1 with a value closer to 1 indicating a 

better model fit. For the linear SVM model the accuracy was calculated to confirm the percentage of 

the data points which was correctly identified as either forming no twins or twins, i.e. pass (0) or fail 

(1) for the binary outputs.  
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4.3 Results 

The results have been split into two sections. Section one presents the results and numerical 

values which led to the development of the machinability maps.  Section two explores the machinability 

maps explaining what can be learnt from using maps in this way.  

 

4.3.1 Section 1: Experimental Results 

4.3.1.1 Comparison of subsurface mechanical twinning 

Mechanical twins have been shown to be sites for crack initiation during cyclic loading [37], 

[38], therefore for a lifing engineer setting strict conditions on the depth of mechanical twins is 

necessary to ensure the longevity of the component.  Figure 4.3 and Figure 4.4 present light optical 

micrographs of the machined subsurface of Ti-64 and Ti-407 respectively, showing the depth to which 

mechanical twins occur. Table 4.2 shows the measured depth of subsurface twins for all of the data 

points tested. The density of mechanical twins is significantly higher in Ti-407 compared to Ti-64. 

Additionally increasing the cutting speed and feed rate saw increases in the depth of mechanical twins, 

with a proportionally bigger increase observed with feed rate, which agrees with work by [8].  

 

 

Figure 4.3: Light optical micrographs showing the depth of subsurface twins after machining Ti-64 at 

different cutting speeds and feeds in the orthogonal cutting tests. 
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Figure 4.4: Light optical micrographs showing the depth of subsurface twins after machining Ti-407 

at different cutting speeds and feeds in the orthogonal cutting tests. 

 

Table 4.2: Measured depth of subsurface twins within the machined surface of Ti-64 and Ti-407 over 

the range of cutting parameters. 

 

 

4.3.1.2 Comparison of microstructural subsurface deformation 

Figure 4.5 shows EBSD scans used to assess the imparted deformation in the machined surface. 

Table 4.2 presents the measured depth of SPD within the machined surface of Ti-64 and Ti-407 for the 

full range of cutting parameters. Due to the SPD directly beneath the machined surface, Kikuchi band 

indexing was poor. From the orientation imaging data, the extent of the SPD was visually evaluated. 

This revealed that Ti-64 was more tolerant to machining induced damage than Ti-407. The EBSD scans 
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revealed that for both alloys, increasing cutting speed reduced the visual depth of SPD in the machined 

surface, whereas increasing feed rate increased the depth of SPD. These observations were 

quantitatively assessed through analysing the LAGB misorientations within grains (i.e. the orientation 

difference between two adjacent measured points). The results have been presented in Figure 4.6. The 

highest density of LAGB was measured in the region closest to the machined surface decreasing towards 

the bulk material in line with expectations from previous studies by [35], [36]. The LAGB density 

decreases much quicker in the Ti-64 than the Ti-407 which agrees with the visual observations in Figure 

4.5. The SPD in Figure 4.5d appears to extend further than the scanned EBSD map presented, based on 

the negligible change in LAGB density over the first 100 µm below the machined surface.  

Labels have been used in Figure 4.6 to show where the qualitative visual assessment from 

Figure 4.5 lines up with the LAGB misorientation measurements. Comparing the visual inspection with 

the LAGB analysis, it is evident that the visual inspection greatly underestimates the extent of 

machining induced subsurface deformation.  

 

 

Figure 4.5: Following machining, EBSD scans of the subsurface shows imparted deformation in the 

surface of the Ti-64 (a-c) and Ti-407 (d-f) samples.  The black dotted lines represent the maximum depth 

of SPD. 
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Table 4.3: Measured depth of severe plastic deformation (SPD) within the machined surface of Ti-64 

and Ti-407 over the range of cutting parameters. 

 

 

 

 

Figure 4.6: The change in LAGB density vs depth beneath the machined surface a) Ti-64 and b) Ti-

407. The labels correlate with the qualitatively measured depth of SPD from Figure 4.5 which provide 

a visual comparison to the quantitatively measured depth of SPD using the LAGB in this figure. The 

arrow on the Fig 5d LAGB density line indicates that the depth of SPD extends further than was able 

to be imaged using EBSD. 

 

4.3.1.3 Comparison of Tool Flank Wear  

Tool flank wear has been studied to assess machinability of the two alloys. Figure 4.6 shows 

the tool flank edge at three cutting speeds for a feed rate of 0.30 mm.rev-1. Greater flank wear was 
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recorded from machining Ti-64 (Figure 4.8a) than from machining Ti-407 (Figure 4.8b). This agrees 

with previous work by [21], which showed that the Ti-407 had a lower rate of tool wear than Ti-64 

under the same cutting conditions for standard longitudinal turning operations. Figure 4.8a shows the 

flank wear measurements for Ti-64 as well as a dotted black line to express the boundary condition used 

in the machinability map. Three of the six Ti-64 tests failed the flank wear analysis, by exceeding the 

boundary condition, however none of the Ti-407 tests failed the flank wear boundary conditions. 

 

 

 

Figure 4.7: Photographs of the flank wear after (replicating plunge turning) machining Ti-64 and Ti-

407 at the cutting speeds (6, 40 and 70 m.min-1) and at a feed rate of 0.30 mm.rev-1. 

 

 

Figure 4.8: Flank wear measurements for a) Ti-64 and b) Ti-407. The black dotted line indicates the 

flank wear boundary condition set for the machinability map.  
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4.3.1.4 Comparison of chip morphology 

Figure 4.9 and Figure 4.10 show the chip form of Ti-64 and Ti-407 respectively, at a range of 

cutting speeds and feed rates. In the case of both alloys, increasing the cutting speed increased the length 

of the chip, whilst the inverse was true for feed rate. Figure 4.9b shows how the machined chips are in 

a state of transition, between spiral and arc chip type morphologies, which demonstrates the sensitivity 

of the chip form on the cutting parameters. 

Ti-407 forms long nested chips at all cutting speeds with the exception of Figure 4.10b, which 

formed a long helical chip. In general, long nested chips are undesirable for the manufacturing industry 

as they provide increased risk of the cutting tool fracture and the workpiece becoming scratched and 

damaged.  

The chip morphology (in Figure 4.10a-c), changes from a nested, to helical and then a reversion 

back to a nested appearance in response to the increasing cutting speed from 6 to 70 m.min-1. This shows 

that the chip morphology is particularly sensitive to cutting speed.  

 

 

Figure 4.9: Photographs illustrating the change of Ti-64 chip morphology for a range of cutting speeds 

and feed rates from the orthogonal cutting tests. 
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Figure 4.10: Photographs illustrating the change in Ti-407 chip morphology for a range of cutting 

speeds and feed rates from the orthogonal cutting tests. 

 

4.3.1.5 Comparison of chip serration characteristics 

Cross-sectional micrographs of the Ti-64 and Ti-407 chips have been presented in Figure 4.11 

and Figure 4.12 respectively. Ti-64 forms the classical, serrated chips, with narrow ASBs between 

serrations, which are characteristics of serrated chips and indicators of thermoplastic instability during 

the cutting process. As the cutting speed increases, the serrations become more regular, the ASBs 

narrow slightly and micro-cracks develop between the serrations, which was also observed by Behera 

et al. [39] and Molinari et al. [40] in the machining of Inconel 718 and Ti-64 respectively.  

The Ti-407 chip cross-sectional micrographs in Figure 4. are categorically different to Ti-64. 

The Ti-407 chips require a higher cutting speed for thermoplastic instability to activate compared to Ti-

64. Figure 4.(a, d) presents chips in constant uniform shear where the absence of thermoplastic 

instability hinders the formation of ASBs and chip serrations, resulting in long nested chips, as shown 

in Figure 4.10(a, d). Increasing feed rate has a positive influence on the thermoplastic instability 

phenomenon, as shown between Figure 4.b and Figure 4.d. Again, increasing the cutting speed 

promotes thermoplastic instability as shown from the transition from continuous to serrated between 

Figure 4.a and Figure 4.c. It is therefore of interest to understand why the chips between Figure 4.10a 

and Figure 4.10c do not become more manageable. This suggests that uniform chip serration and ASBs 

are no guarantee of chip breakage, in contradiction to Bayoumi and Xie [41]. Clearly other factors are 

involved which negatively impact the breakability of Ti-407 chips.  
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Figure 4.11: Cross-sectional light optical micrographs of the chip formation of Ti-64 at a range of 

cutting speeds and feed rates from the orthogonal cutting tests. 

 

Figure 4.12: Cross-sectional light optical micrographs of the chip formation of Ti-407 at a range of 

cutting speeds and feed rates from the orthogonal cutting tests. 

 

Table 4.4: The classification of chips into acceptable chip morphology =1, unacceptable chip 

morphology = 0 and transitioning chips = 0.5. 
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Table 4.4 shows the classification of the chip morphology for each of the tests which were 

subsequently used in the machinability model. The chips were either classified with a score of 0 if they 

were unacceptable for good chip control as seen in Figure 4.12a, 0.5 for those which were in a state of 

transition as shown in Figure 4.12b, or a score of 1 if they formed serrated chips as in Figure 4.12c. The 

Ti-64 produced serrated chips in all the tests therefore it was not possible to develop a Ti-64 chip 

morphology model. Ti-407 however, produced varied chip morphology ensuring a model could be 

created. 

 

4.3.1.6 Comparison of chip shear band characteristics 

Figure 4.13 and Figure 4.14 show the ASBs formed in the Ti-64 and Ti-407 chip respectively 

at high magnification. During the machining process, a significant proportion of the applied energy is 

converted into plastic deformation, which manifests as a highly distorted and unstable plastic region – 

leading to ASBs. Depending on a number of factors, including the thermal conductivity of the material 

and the cutting parameters used, the width and intensity of the ASBs can vary. Ti-64 forms very narrow, 

intense ASBs at all cutting parameters tested, thus offering ideal conditions for the formation of micro-

voids and cracks. Increasing the cutting speed narrows and intensifies the ASBs, whereas increasing 

the feed rate increases the width of the ASB very slightly in agreement with previous work by Miguélez 

et al. [30] and Molinari et al. [40]. Ti-407, in Figure 4.14(a, d), unlike Ti-64, undergoes constant 

uniform shear, which implies that the critical cutting speed for thermoplastic instability to occur is 

higher than Ti-64.  

In both Ti-64 and Ti-407 at 70 m.min-1, mechanical twins have nucleated in the low plastic 

strain regions adjacent to the SPD shear band region. This is an important observation which further 

validates the work of Kloenne et al. [17], who proposed that mechanical twinning in Ti-407 enabled 

greater strain accommodation and thus enhanced ductility. However, at the lower cutting speeds of 6 

and 40 m.min-1, there were no observed mechanical twins in and around the ASBs, in the Ti-64 and the 

Ti-407. 
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Figure 4.13: Light optical micrographs of the severely plastically deformed shear band region in the 

chip of Ti-64 for a range of cutting speeds and feed rates from the orthogonal cutting tests. Filled white 

arrows indicate the shear band region. The unfilled white arrows point to the mechanical twins which 

have nucleated around the ASB of the chip. 

 

 

Figure 4.14: Light optical micrographs of the severely plastically deformed shear band region in the 

chip of Ti-407 for a range of cutting speeds and feed rates from the orthogonal cutting tests. Filled 

white arrows indicate the shear band region. The unfilled white arrows point to the mechanical twins 

which have nucleated around the ASB of the chip. 
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Table 4.5: The classification of chips into chip mechanical twins observed = 1, no chip mechanical 

twins observed = 0.  

 

 

Table 4.5 shows the classification of chips based on whether they formed mechanical twins in 

the surrounding region of localised shear. A score of 0 was given to chips where mechanical twins were 

not formed in the surrounding region of the shear band, while a score of 1 was given for chips where 

mechanical twin were formed.  

 

4.3.2 Section 2: Machinability Maps 

The machinability maps constructed and presented in Figure 4.15 aim to capture the 

relationships between cutting speed and feed rate on the three key machinability criteria: tool wear, chip 

formation, and subsurface microstructural features. 

 

Table 4.6: The boundary conditions set for the machinability map

 

 

A set of boundary conditions listed in Table 4.6 were used as values to pass or fail each 

machinability output. The flank wear boundary condition was set at 16 µm. This limit was based on 

two key points: (1) that the flank wear limit was 250 µm, and (2) that after 15 minutes the flank wear 

limit would be reached. This is a typical set of a conditions for a V15 tool life study, similar to the work 

published in Ref. [16], [42]–[44]. Of course it is difficult to draw conclusions about the tool life from 
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such a short test, especially as other tool wear mechanisms, such as crater wear and plastic deformation 

become more dominant later in the tool life. However the short tests do offer an indication of the tool 

flank wear rate of each alloy, whilst excluding other tool wear mechanisms. The subsurface deformation 

boundary conditions for the Ti-64 were similar to those used for industrial specifications. Due to the 

novelty of the Ti-407 alloy, there are currently no industry standards for machining this material. In this 

case, the boundary conditions were set as a percentage of the strain achieved at fracture for Ti-407 

relative to Ti-64, based on previous results by Dredge et al. [21] in the same microstructural conditions. 

The results showed that Ti-407 fractured at a strain 40% higher than Ti-64. This limit of SPD and 

mechanical twinning has been defined in this work for the purpose of developing the machinability 

map. However further mechanical testing on Ti-407 would be required to propose an industrial 

specification for subsurface features to quantify at what depth or density such features become 

damaging to the longevity of a component. The boundary conditions for chip formation were 

determined based on the individual effects of chip morphology and chip mechanical twins on overall 

chip control. 

Having calculated the unknown coefficients from Equation 4.1, the boundary conditions were 

set as yî and the values of v and f were calculated to give a line across the machinability map where 

each condition either passed or failed.  

 

 

Figure 4.15: Machinability maps based on three criteria; chip form, tool wear and subsurface features 

in order to directly determine the relative machinability of a) Ti-64 and b) Ti-407.  c) A summary and 

example of the pass/fail assessment of the three key machinability criteria at four different positions on 

the machinability maps in a) and b). 
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Table 4.7: Ti-64 machinability map parameters (β0, β1 and a) used for each of machinability outputs 

along with the statistical significance, p and the Adjusted R2 value of each line. 

 

 

Table 4.8: Ti-64 machinability map parameters (β0, β1 and a) for the chip mechanical twins line found 

using the Linear SVM model and the corresponding accuracy of the model 

 

 

Table 4.9: Ti-407 machinability map parameters (β0, β1 and a) used for each of machinability outputs 

along with the statistical significance, p, and the Adjusted R2 value of each line. 

 

 

Table 4.10: Ti-407 machinability map parameters (β0, β1 and a) for the chip mechanical twins line 

found using the Linear SVM model and the corresponding accuracy of the model. 
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As shown in Figure 4.15a, Ti-64 has a large machinability processing window, where all the 

key criteria are met. In contrast, Ti-407 in Figure 4.15b has no region on the machinability map where 

the full criteria are met. There is one region where four of the five criteria have been met and three small 

regions where three of the five criteria have been met with conflicting requirements to satisfy the 

conditions of (i) subsurface microstructural features and (ii) chip formation features. The machinability 

map shows that tool wear is not an issue for Ti-407, whilst tool wear does limit the maximum MRR of 

Ti-64. There are very few chip control issues from machining Ti-64 at any of the tested cutting 

parameters. However the increase in chip length when cutting at 70 m.min-1 coincides with the 

formation of chip mechanical twins. The Ti-64 forms serrated chips very easily at all cutting parameters 

tested and therefore this factor does not feature on the machinability map in Figure 4.15a. 

The factor which limits Ti-64’s MRR is the formation of mechanical twins in the subsurface of 

the workpiece and to a lesser extent around the chip shear band, which confirms the findings of Fitzner 

et al. [45] and Marshall et al. [46]. However this disagrees with previous work by Lütjering et al., [20] 

who suggested that 6.0 wt.% aluminium in titanium alloys would suppress the formation of mechanical 

twins entirely. 

The machinability map has been used to quantify machinability of the titanium alloys as a 

percentage of the total area of the map where optimal parameters have been found, i.e. the area where 

all the boundary conditions were met. In the case of Ti-64 this area is attributed to “zone A” in Figure 

4.15a. For Ti-407 in Figure 4.15b there is no corresponding area where optimal parameters have been 

located. Therefore for the range of cutting parameters in this study, the machinability of Ti-64 and Ti-

407 was calculated as 26.1 % and 0%, respectively.  

A composite figure has been produced in Figure 4.15c to present the predicted relative 

machining performance of these two alloys from different locations in the map. The composite figure 

at position (A) predicts that the Ti-64 would produce good chips, maintain low rates of tool wear and 

acceptable subsurface integrity. At position (B), good chip formation is predicted, however high rates 

of tool wear and excessive amounts of subsurface microstructural features or damage are predicted. In 

similar regions of the Ti-407 map, position (C) would produce a poor chip form, but result in lower 

rates of tool wear and acceptable subsurface microstructural features. But increasing the feed rate 

towards position (D) predicts a marked change in the machining characteristics where the chip form 

will improve dramatically, although the level of subsurface microstructural damage will be 

compromised. These predictions (based on the experimental data) highlight that at no point within the 

range of cutting parameters on the machinability map is it possible for Ti-407 to provide conditions 

where all of the selected boundary conditions can be met.  

The parameters of the multi-variable linear regression and the linear SVM used to create the 

lines for each factor of the machinability map are provided in Table 4.7-4.10 along with the statistical 
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significance and accuracy of the data. Table 4.7 and Table 4.9 show that all the regression relationships 

are of statistical significance as the p-values are less than 0.05, except for Table 4.9 ‘Chip Morphology’ 

where the p-value is 0.06. Further testing would be required to test the significance of the relationship 

between cutting parameters and chip morphology to ensure this linear regression is true.  

 

4.4 Discussion 

The discussion has been presented in two parts. The first part examines the machinability maps 

and what they tell us about each of these alloys. The second part investigates chip control and provides 

a fundamental understanding of the reasons behind the poor chip control of Ti-407. 

 

4.4.1 Machinability Maps 

The machinability maps presented in this work can be used as a tool by researchers and the 

manufacturing supply chain to visualise the effects of machinability variables against cutting 

parameters. Through the machinability maps, regions of both poor machinability can be avoided and 

regions of optimum machinability can be further investigated. Of course other factors i.e. alloy 

morphology, tool geometry, coolant pressure and chip-breakers will provide secondary variability and 

resolution to such maps. Though the general trends, which are in essence properties of each titanium 

alloy are predicted to remain. The machinability maps confirm that Ti-407 is more machinable than Ti-

64 with respect to tool wear which was a desired outcome from the development of this alloy. This 

benefit may be offset by greater subsurface microstructural features and/ or by challenging chip 

formation.  

 

4.4.2 Ti-407 Chip Control 

The challenge of machining Ti-407 to produce manageable chips is linked to a number of 

factors: thermal conductivity, chemical composition, microstructure and mechanical properties. These 

affect the cutting parameters that can be used to machine titanium alloys efficiently.   

According to James et al. [16] the thermal conductivity of Ti-407 is almost double that of Ti-

64 at room temperature. Zang et al. [47] showed that as the thermal conductivity of the titanium alloy 

increases, the width of the ASBs also increases. This is due to the improved ability of the alloy to 

dissipate heat away from the contact region of the tool and the workpiece. With greater diffusion of 

heat, the thermal softening and work hardening phenomena are distributed over a wider localised region. 

This reduces the intensity, yet simultaneously increases the width of the ASBs which consequently 

contains less plastic deformation, making chip fracture less likely. Increasing the cutting speed increases 
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the temperature at the interface between the cutting tool and the workpiece, promoting thermal softening 

and work hardening. A balance of both phenomena are essential for thermoplastic instability and the 

facilitation of ASBs and serrated chip formation. As reported by Komanduri and Hou [27], a critical 

cutting speed must be reached to initiate thermoplastic instability. With a further increase in cutting 

speed, a higher strain is required to cause chip fracture as the localised temperature at the tool edge 

increases. This leads to higher plastic strain-energy, which has been shown previously in compression 

tests by Nguyen et al. [48], and observed in a machining set up by Davis et al. [49]. Importantly, 

increasing the cutting speed reduces the amount of strain accommodated in the chip, as the time for the 

generation of dislocations into the chip and the accommodation of plastic deformation is reduced. This 

is observed by the narrower shear bands and the higher frequency of chip serration, explaining why 

longer chips are observed at higher cutting speeds in Figure 4.9 and Figure 4.10, as identified by 

Cotterell and Byrne. [28].  

In order to accommodate plastic strain, either slip or mechanical twinning occurs. Mechanical 

twinning involves a single coordinated movement of a large number of atoms, whereas slip involves 

the movement of a sequence of atoms. Mechanical twinning is often preferable to slip when resistance 

to slip is very large in certain directions. Furthermore twinning is prevalent at very high strain rates 

[50], [51]. As shown in studies by Dredge et al. [21] greater plastic strain is required to fracture Ti-407 

as a result of the alloy’s propensity to mechanically twin rather than slip - due to the low aluminium 

content.  Machining at higher cutting speeds (and thus, higher rates of deformation) induces a greater 

density of mechanical twins forming in the chip and subsurface of the workpiece. Conversely, 

increasing the feed rate has the opposite effect to cutting speed, as it lowers the chip serration frequency 

and widens the ASB, and thus more plastic strain is accommodated in the chip. Furthermore, increasing 

the feed rate increases the time per serration which favours deformation slip - which is preferential for 

chip fracture. The formation of twins negatively affects the chip breakability by increasing the 

accommodation of plastic strain, and raising the required strain-energy to cause chip fracture.  

The dominance of twins as a deformation mechanism in Ti-407 is largely due to the alloy 

chemistry. Ti-407 has a relatively low aluminium content (of 0.85 wt. %) compared to Ti-64 (at 6 wt. 

%). Marshall et al. [8] showed that high aluminium content in titanium alloys plays a major role in 

suppressing the formation of mechanical twins in both the chip and the workpiece subsurface during 

high strain rate plastic deformation processes such as machining. Fitzner et al. [45] determined that 

decreasing aluminium content suppressed some twin types, but encouraged others to form. The {112̅2} 

compression twins and the {101̅2} tensile twins both occurred less frequently with increasing 

aluminium content. The {112̅1} tensile twins occurred more frequently with increasing aluminium 

content. Kloenne et al. [17] identified that the {101̅2} was the most dominant twin to form during the 

deformation of Ti-407, and also concluded that the mechanical twins were the major mechanism for Ti-
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407’s ability to accommodate greater strain before fracturing. This explains the enhanced ductility of 

Ti-407 compared to Ti-64.  

It is well researched [52]–[55] that grain size has a significant effect on twinning behaviour by 

establishing that a larger, coarser grain will typically twin easier than for a smaller, finer grain. It is 

therefore contrary to the research that the smaller grain size of Ti-407 relative to Ti-64 promotes a 

greater propensity to form twins. This highlights the significance of the chemical composition as a 

primary factor affecting the deformation properties of a material.  

In high strain rate deformation regimes, the current understanding proposes that twinning is the 

preferential deformation mechanism because it occurs faster than slip mechanisms [56]. Contrary to 

this, Nemat-Nasser et al. [57] conducted research investigating mechanical twins using uniaxial 

compression test methodologies at elevated temperatures (above 700K) and found that increasing 

temperatures resulted in a reduction in the volume of mechanical twins. Kloenne et al. [17] pointed out 

that the most dominant twin type in Ti-407 deformation was the tension twin {101̅2} which are not 

temperature dependent unlike other twins according to Chapuis et al. [58]. This may explain why twins 

are still the dominant deformation mechanism at elevated temperatures - generated through higher 

cutting speeds and strain rates.  

At low feeds and higher cutting speeds, it could be predicted that there would be an increase in 

the number of twin nucleation sites resulting in a larger volume fraction of twins [59]. This would allow 

greater accommodation of plastic strain and suppress the point of fracture and thus, chip breakage.  

 

 

4.5 Conclusion 

This investigation into machining titanium alloys Ti-64 (in the Mill Annealed condition) and 

Ti-407 (in the Solution Heat Treated and Aged condition) has led to a greater understanding of the 

challenges of producing manageable chips and led to the development of machinability maps that 

provide a comprehensive analysis of the machinability of these particular titanium alloys in these 

specified microstructural conditions, considering: tool wear, chip form and subsurface microstructural 

features.  

The following conclusions can be drawn from this study:  

1) A machinability map has been developed to visualise the relationships between the key 

machinability factors for Ti-64 and Ti-407.  
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2) The machinability map indicates that Ti-407 has better machinability with respect to tool wear, 

however Ti-64 has better machinability with respect to chip formation and subsurface 

microstructural features.  

3) According to the machinability map, there is a region of optimal machinability for Ti-64 but 

not for Ti-407 within this range of cutting parameters and in these particular microstructural 

conditions.  

4) The machinability map does not show a region of ideal cutting parameters for Ti-407 but this 

does not mean that Ti-407 could not be acceptably machined in a real-world industrial 

environment because the criteria for acceptable machining will vary from one manufacturing 

company to another.  

5) Improved chip breakability can be achieved when machining Ti-407 according to the 

machinability map, provided two conditions are met. Firstly, the feed rate needs to be high 

enough to induce sufficient plastic strain in each chip serration. Secondly, as shown in the 

machinability map, the ideal cutting speed to create controlled chips falls within a narrow range 

where both shear localisation is achieved and the formation of mechanical twins is avoided. 

6) The poor chip control is due to two key reasons: firstly, a higher critical cutting speed is required 

to encourage thermoplastic-instability which could be due to the thermal conductivity of Ti-

407 being greater than Ti-64, thus affecting the thermal softening capabilities of the alloy. 

Secondly, mechanical twins which can be prevalent during the chip forming process, increase 

the accommodation of strain prior to fracture.  

7) Improving the chip control has a negative effect on subsurface microstructural features by 

increasing the depth of severe plastic deformation and mechanical twins. 
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Validation of “Machinability Map” Approach: 

Improving Chip Control During the Machining of 

Titanium Alloy Ti-407  
5 

 

5.1 Introduction 

The need for greater efficiency and cost savings in the aerospace industry is more important 

than ever, given the recent global pandemic. This is no more true than in the manufacturing of titanium 

alloy components, where the machining stage alone can contribute up to 60% of a titanium component’s 

final cost [1]. As companies scale back operations, and look to drive down costs, it is important to 

consolidate, look forward and try to improve productivity. To therefore machine efficiently one must 

understand the machining characteristics of the alloy. Depending on the final requirement of the 

component and the cutting conditions employed, i.e. tooling, coolant, operation etc. there are a number 

of cutting parameters, which when combined produce a set of very distinctive results in terms of chip 

form, tool wear mechanisms and machining induced deformation. In order to optimise the machining 

operation, it is necessary to consider all the machinability outputs together. 

In recent years, a number of optimisation studies have been developed for machining. Makadia 

and Nanavati [2] used a Response Surface Methodology (RSM) to investigate surface roughness for 

turning operations. RSM is a statistical method employed to help fit models developed by Box and 

Wilson [3].  Tsourveloudis [4] used RSM and a fuzzy logic system through the Adaptive Neuro-Fuzzy 

Inference System (ANFIS) to predict the surface roughness of a machined surface.  Some authors [5]–

[7] have used the Taguchi method to optimise cutting parameters including: cutting speed, feed rate and 

depth of cut, again with the goal of reducing surface roughness. However, with all of these methods 

they require a great number of data points to ensure a good model fit, and so far they have failed to 

account for other machining outputs, including: tool wear, chip form and machining induced surface 

damage. To conduct such an extensive study would require a large amount of material, time, cost and 

labour to execute.  

The machinability map is a simple but effective map to indicate the key machining trends of 

titanium alloys, for the purpose of optimising the parameters specific to a machining operation in order 

to increase output and efficiency. The machinability map comprises the key machining characteristics 

of tool wear, chip form and machining induced surface deformation and could play an important role 

in both the future machining optimisation and standardisation of emerging alloys, as well as ensuring 

optimisations are achieved in machining of current alloys. The machinability map developed in this 

study (see section 4.3.2) achieves this through identifying regions on the map where all machining 
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characteristics are satisfied, and utilising these regions to increase productivity within the bounds of 

industrial machining specifications such as maximum depth of severe plastic deformation (SPD).  

The machinability map has been utilised in this study to analyse the machining characteristics 

of the emerging titanium alloy Ti-407, in a machining setup as close to representative of the industrial 

process as possible. The aim of this work was to resolve the challenge of chip management during 

machining of Ti-407 and implement these findings within industrial-scale process 

 

5.2 Methodology 

5.2.1 Pre-processing of billet material 

As-forged Ti-407 (Ti-0.85Al-3.9V-0.15O-0.25Si-0.25Fe) billet material of diameter 225 mm 

was provided by TIMET UK. Figure 5.1a shows the microstructure of the as-forged material, which 

consists solely of globularised primary alpha grains.  Within the grains there are mechanical twins 

(white arrows) and thus retained stresses within a proportion of the grains from the upstream billet 

processing stages. In order to stress relieve the billet, a solution treatment and age (STA) was performed 

as recommended by the industrial sponsors. After completing the heat treatment a disk of 25 mm was 

cut from the end of the billet which was etched in order to reveal the general microstructure and ensure 

consistency across the billet. Figure 5.1b shows the microstructure from a coupon cut from the outer 20 

mm of the billet. The retained stresses in the material have been annihilated by the annealing process to 

leave a microstructure consisting of a lower volume fraction of primary alpha grains in a transformed 

beta with a Widmanstätten secondary alpha morphology. Figure 5.2 shows a comparison of the STA 

microstructure and the ImageJ analysis (of the same section) used to calculate the fraction of primary 

alpha in the material. The primary alpha in the outer 20 mm of the billet ranges from 35-45%, with the 

other 55-65% being the transformed beta matrix. Figure 5.3 presents a composite image showing the 

etched billet cross-section highlighting how the microstructure changes from the centre of the billet to 

the outer edge. Closer inspection of the microstructure using light optical microscopy, shows the 

variation in the microstructure across the billet due to differing cooling rates across the radius of the 

billet. From the centre to the outer edge, the microstructure evolves from roughly 35-45% primary alpha 

at the outer edge to nearly 90% primary alpha at the centre. In order for the machining validation 

experiments to be truly representative of material machined in industry, it was imperative that the outer 

section of the billet was used.  
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Figure 5.1: Light micrographs of Ti-407, taken from a coupon sectioned from the outer 20 mm of the 

billet cross section, a) in an as-forged condition, b) after the STA heat treatment. 

 

 

Figure 5.2: a) Light micrograph of Ti-407 at the outer 20 mm of the billet after a STA heat treatment. 

b) ImageJ contrasting used to ascertain the volume fraction of primary alpha and lamellar within the 

microstructure of Ti-407. 
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Figure 5.3: Composite image comprising of a quarter cross-section taken of the Ti-407 billet and the 

corresponding light micrographs at 0°, 45° and 90°. 

 

5.2.2 Experimental setup 

Turning trials were conducted on a DMG Mori NLX 2500 CNC machine turning centre at the 

University of Sheffield’s, Advanced Manufacturing Research Centre (AMRC), with a set up shown in 

Figure 5.4. The billet was held by both the main chuck and a tailstock, for stability. The cutting tools 

used were Seco LCGF3008M0-0800-RP 883, uncoated inserts. These were held in a Seco 

CFIR/L2525M08JET tool holder which had been milled down to a shank size of 20 x 20 mm to fit in 

the Kistler dynamometer, used in this experiment to record the cutting forces. In Figure 5.4 the billet is 

in a post machining condition to show how the machined surfaces were preserved for further analysis. 

The test parameters used are shown in Table 5.1: these particular cutting parameters were used as they 

provided a broad range across the machinability map incorporating regions where it is expected that 

good chip management could be achieved. Additionally, as the scope of the project was to understand 

the machining behaviour during a finishing operation, a depth of cut of 0.3 and 0.5 mm was removed 

from the workpiece. Each test was conducted in one continuous cut for 100 seconds. Finally, Hocut 

795b through jet coolant was operated at a pressure of 17 bar which was again employed to best replicate 

the machining conditions in an industrial set up.  
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Figure 5.4: Photograph showing the setup for industrial machining trials. Use of a large billet of 

material held inside a CNC machining centre by chuck and tailstock; the cutting insert and shank 

held into a Kistler dynamometer to record the cutting forces. The image has been taken after 

completing all experiments to indicate how the post machining surface analysis samples recorded.  

 

Table 5.1: Table presenting the cutting parameters used to turn Ti-407 STA billet (in Figure 5.4). 

 

 

5.3 Experimental Results 

5.3.1 Investigating the strain rate effects on the machinability map 

The purpose of this experiment was to use the knowledge gained from Chapters 3 and 4 in order 

to improve the chip control of Ti-407, whilst considering the implications on the overall machinability 

of the workpiece and tool. The boundary conditions for the map are presented in Table 5.2, which as 

discussed in the Chapter 4 have been determined from previous experiments conducted on both Ti-407 

and Ti-64 as a comparison, which has well established industrial specifications.  
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Table 5.2: The boundary conditions set for each factor applied in the machinability model 

 

 

The first set of results presented were conducted at a depth of cut of 0.5 mm and their positions 

on the machinability map have been shown in Figure 5.5, the corresponding results are shown in Table 

5.3. All tests were conducted at a feed rate of 0.6 mm.rev-1, and the cutting speed was varied to 

investigate the effect of strain rate during machining. 

Using the machinability map in Figure 5.5, it was predicted that the cutting parameters at data 

point (3) would provide the best machining output compared to data points (1) and (2), with acceptable 

chip control and tool wear. However of the three data points, data point (3) would likely exhibit the 

most excessive amounts of machining induced deformation. Data point (3) was predicted to incur the 

largest machining induced SPD of the three tests, however the depth of mechanical twins would be the 

least of all the tests.  

Data point (1) was predicted to be the worst for machinability for the reason that it would 

produce the least controlled chip of all of the tests: it would incur the most tool flank wear and in 

addition would exceed the acceptable level of mechanical twins in the subsurface. On a positive note, 

it would incur the lowest depth of SPD of all three tests. The chips were expected to be serrated in 

morphology, however form a high density of mechanical twins around the adiabatic shear band which 

would ultimately prevent the frequent breaking of the chips. 

Data point (2) was predicted to fail on all accounts of machinability, except for tool wear and 

the formation of serrated chips. However, these cutting parameters would not be expected to produce a 

controlled chip due to the risk of formation of mechanical twins around the adiabatic shear band which 

would negatively affect the breakability of the chip and override any benefits associated with forming 

a serrated chip. Similar to data point (1), data point (2) should exceed the limit of severe plastic 

deformation and mechanical twins, however the intensity of SPD was predicted to be between data 

point (1) and (3). 
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Figure 5.5: Machinability map with the three sets of machining parameters (Table 5.1) conducted at 

a depth of cut of 0.5 mm. The results have been presented below in Table 5.3.
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Table 5.3: Shows the results from the machining trials conducted at a depth of cut of 0.5 mm. The first column shows the chip form resulting from the 

experiments. The second column shows the chip geometry. The third column shows the adiabatic shear band, with filled white arrows to represent the thickness 

of the shear band and the unfilled white arrows representing the formation of mechanical twins. Fourth column shows the depth of mechanical twins. The fifth 

column shows the 3D scans of the tool edge. The sixth column presents the average cutting force and the standard deviation for the test. 
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The first column in Table 5.3, shows the chip form produced at each of the points marked on 

the machinability map in Figure 5.5. Point 1 and 2 form a long chip and point 3 produces short controlled 

chips. Immediately referring back to the predictions – the experimental results agree entirely. The chips 

are all of a serrated morphology, as predicted, which is necessary for this alloy to achieve breakable 

chips. On closer inspection, it is clear from Table 5.3, column 3 that shear localisation is prominent 

with narrow shear bands forming in between each chip serration. The shear localisation, also known as 

adiabatic shear bands are highlighted by the solid white arrows. The width of adiabatic shear band 

increases marginally from approximately 10 µm to 14 µm between the cutting speeds of 100 and 70 

m.min-1, respectively. At 40 m.min-1 the width of the adiabatic shear band increases to 63 µm. The only 

difference between data points 1 and 2, and data point 3 is the formation of mechanical twins in the 

region surrounding the adiabatic shear band, which have been emphasised by the unfilled white arrows. 

The predictions again agree with the experimental results, with data point 1 and 2 forming mechanical 

twins - unlike data point 3 which does not.  The mechanical twins are seen in this work as a critical 

component to the deformation characteristics of Ti-407. As has been previously shown by Kloenne et 

al. [8], the mechanical twins are imperative for accommodating strain during deformation.  A high 

propensity for mechanical twinning provides the alloy with the ductility properties necessary for 

applications where high fracture toughness resistance is essential.  Therefore the presence of mechanical 

twins around the adiabatic shear band is evidence that greater strain can be accommodated, leading to 

the inevitable challenging chip management associated with this alloy during machining.  

Mechanical twins were identified as a type of machining induced subsurface deformation 

feature and therefore important to investigate in relation to different cutting parameters and in addition 

to the twin formation in the chip. To summarise the general trend, increasing the cutting speed led to an 

increase in the depth of subsurface mechanical twins. At 100 m.min-1 the measured depth of mechanical 

twinning was approximately 29 µm, decreasing to 15 µm at the slower speed of  40 m.min-1. With the 

subsurface mechanical twin limit set at 35 µm, these cutting parameters are all within the acceptable 

limits of machining, which is surprising as the expectation was that all the tests would produce 

undesirable levels of mechanical twins. The relationship between twin formation in the chip and in the 

machined surface is similar, both increasing with cutting speed. Though in regards to data point 3 it is 

possible to visually see the twin propagation in the machined surface whilst not so in the adiabatic shear 

band. Of course given the extreme amount of shear in the adiabatic shear band of the chip it is very 

difficult to ascertain whether any twins initially formed, however it is clear that if they did form they 

were isolated to the shear band and did not propagate to the surrounding region of the shear band unlike 

data points 1 and 2.  

This experiment also showed very little machining induced SPD across the three data points, 

which is promising for industrial machining operations. It was predicted that only data point 1 would 
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satisfy the boundary conditions, however in reality all three points developed insufficient SPD to fail 

an inspection.  

Of course a number of variables are likely to have played a part in the improvement in 

subsurface induced deformation including tool geometry, and coolant pressure. Tool geometry has 

previously been shown by Sharman et al. [9] to influence the level of plastic deformation. When 

investigating tool geometry edge radius, a smaller radius was found to produce lower depths of plastic 

deformation than a larger radius insert. This was attributed to a higher cutting edge to cutting thickness 

ratio, found with larger radius tools which increased the ploughing effect of the tool insert during 

machining, leading to greater plastic deformation. The cutting insert in Chapter 4 was a 4 mm flat edge, 

therefore of infinite radius, whereas in this experiment the cutting radius was 4 mm, however due to the 

curvature of the insert, the tool would have engaged sizeably less material. Therefore comparatively the 

edge of the insert in Chapter 4 would have generated a lot of ploughing. Coolant pressure has also been 

found to play a role in the subsurface induced deformation. Ezugwu [10] was able to show that the use 

of conventional flood coolant methods hardened the machined surface unlike high pressure coolant 

which did not.  

Tool flank wear was measured for each of the tests to be less than the 16 µm, which was the 

determined boundary limit used in the machinability model. This limit was set on the basis of a continual 

turning operation requiring the tool to last in excess of 15 minutes without exceeding an average flank 

wear limit of 250 µm. Data point 1 predicted the greatest tool flank wear of the three tests, measured at 

5 µm, compared to data point 2 and 3, which had negligible tool wear. Given the tests were 100 seconds, 

this suggests that the tools would survive a 15 minute continual machining operation at any of these 

parameters used. The machinability model assumed that the greatest tool wear would be achieved with 

data point 1 and the lowest tool wear for data point 3, suggesting that increasing the cutting speed 

directly correlates with an increase in tool flank wear rate and a shortening of the tool life.  

The effect of cutting speed on cutting forces was not consistent from low to high cutting speeds. 

The average cutting force decreased between 70 m.min-1 and 100 m.min-1 from 617 N to 549 N 

respectively. However, the average cutting force increased between 40 m.min-1 and 70 m.min-1 from 

577 N to 617 N. It has been well established that the cutting forces typically reduce as cutting speed 

increases due to the material softening and the chip thickness decreasing [11]. However in excess of 

speeds of100 m.min-1 it has been found that the cutting forces can increase during the machining of 

titanium alloys [12]. The reason for the highest cutting forces of 617 N occurring at 70 m.min-1 cannot 

be explained by the author at this time. The standard deviation was calculated for each of the tests. The 

standard deviation relates to the serrated chip characteristics. A standard deviation of 66 N was 

calculated at the higher cutting speed of 100 m.min-1 whereas at 40 m.min-1 this was only 31 N. The 

relationship between tool fracture and chip serration is also well known. Chip serration has been linked, 
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to cyclic cutting forces, and furthermore to premature tool failure [13]–[15], therefore the lower 

standard deviation at 40 m.min-1 is beneficial for the overall tool life, both by reducing the range of the 

cyclic peaks in the cutting forces- which can lead to chip fracture, but by also lowering the tool tip 

temperature from machining at lower cutting speeds- which will help minimise diffusion wear and 

plastic deformation.  

 

5.3.2 Validating the machinability map at a depth of cut of 0.3 mm  

The second set of results presented were conducted at a depth of cut of 0.3 mm and their 

positions on the machinability map have been shown in Figure 5.6, the corresponding results are shown 

in Table 5.4. From the machinability map, it was predicted that either data point 4 or data point 7 would 

be the best set of conditions for machinability, followed by data point 6 then data point 5.  

In terms of chip control it was predicted that data point 7 would produce chips that would have 

a good serrated morphology and no mechanical twins forming around the ASB. It would exhibit 

acceptable amounts of tool flank wear, but would incur excessive subsurface mechanical twins and the 

greatest depth of machining induced SPD of the data points used in this experiment.  

Data point 4, similar to data point 7 was expected to induce low tool wear, however unlike data 

point 7 would not produce excessive machining induced SPD. These test parameters would fail to 

produce a good chips for handling due to the prominence of mechanical twins around the ASB and the 

amount of twins in the machined surface would also be excessive. 

Data point 5 would form a promising chip morphology with serrated chips, however again 

mechanical twins which in the ASB would affect chip breakability. This data point was projected to 

exceed the tool wear limit, obtaining the most tool flank wear of the data points used in this experiment 

and would experience excessive deformation in the machined surface both through SPD as well as 

sustaining the largest depth of mechanical twins of all the data points.  

Finally data point 6, which was predicted to produce the least controllable chips for two reasons: 

firstly it would form a chip in constant uniform shear and secondly would also generate mechanical 

twins in the chip. The parameters would generate too much machining induced SPD and mechanical 

twins in the machined surface. The only machinability characteristic that was predicted to be acceptable 

was the tool flank wear which should be the lowest of all of the tests conducted.  
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Figure 5.6: Shows the machinability map with the four points where machining experiments were 

conducted at a depth of cut of 0.3 mm. The results have been presented below in Table 5.4. 
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Table 5.4: Shows the results from the machining trials conducted at a depth of cut of 0.3 mm. The first column shows the chip form resulting from the 

experiments. The second column shows the chip geometry. The third column shows the adiabatic shear band, with filled white arrows to represent the 

thickness of the shear band and the unfilled white arrows representing the formation of mechanical twins. Fourth column shows the depth of mechanical 

twins. The fifth column shows the 3D scans of the tool edge. The sixth column presents the average cutting force and the standard deviation for the test. 
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Figure 5.6 and Table 5.4 show the results for the tests conducted at a depth of cut of 0.3 mm.  

The prediction of the chip form, was that data point 6 would produce the least controllable chip 

type and data point 7 would produce the most controllable chip type. From Table 5.4 it is clear that data 

point 6 forms the longest chips, which has been shown to be the effect of the near constant uniform 

shear across the chip- shown in column 2, and the prominence of mechanical twins within the chips- 

shown in column 3. Contrary to this, data point 7 as expected, produced the ideal chip form, i.e. short 

and controlled, forming serrated chips with no observable mechanical twins. Data point 4 and 5 both 

struggled to form short manageable chips given the prominence of mechanical twins around the ASB, 

despite the visible shear localisation. Again this underpins the importance of choosing parameters that 

do not form mechanical twins for the purpose of good chip management. 

In relation to the subsurface mechanical twins, machining at data point 5, resulted in the greatest 

depth of mechanical twins of all the tests at 39 µm, whereas the cutting parameters of data point 6 

caused the smallest depth of mechanical twins to form at 5 µm. The machinability map was able to 

correctly predict and identify the order of increasing depth of mechanical twins between the data points, 

however only correctly predicted data point 5 as failing to meet the 35 µm limit.  

The results for the machining induced SPD in the machined surface, again referring to the 

machinability map, are correctly assigned for only data point 4. Data point 4 shows negligible SPD in 

the machined surface in agreement with the machinability map, whereas data point 7 which was 

expected to exceed the limit of SPD by the most only produced 10 µm of SPD, well within the 70 µm 

limit set by the boundary conditions. There is very little difference between the depth of SPD for data 

points 5 and 6, with only 4 µm of deformation to the machined surface. It is perhaps unsurprising that 

there is so little to differentiate these two data points as they run almost parallel to the red “Severe 

Plastic Deformation” line in Figure 5.6, and so would be expected to produce similar depths of 

deformation.  

The results show that the average tool flank wear was highest for data points 4 and 5, which 

measured flank wear of 8 µm and 9 µm respectively. The machinability map predicts that data point 5 

would exceed the 16 µm limit, however this is not the case. Data points 6 and 7 measured the lowest 

tool flank wear of less than 5 µm. Similar to the results in Table 5.3, the cutting parameters would be 

adequate for a continual turning operation of 15 minutes.  

Looking across to the cutting forces in Table 5.4, increasing the cutting speed reduced the 

average cutting forces, both as a result of thinning chips and the increased material softening effects. 

Additionally, the increasing cutting speed increased the standard deviation, which as discussed 

previously in Chapter 4.1 is directly related to the cyclic nature of the serrated chips which can lead to 

premature tool failure. Importantly, the standard deviation is not the highest for the most controlled 
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chips, which demonstrates that whilst serrated chips are imperative for good chip control, ensuring the 

cutting parameters do not exceed the boundary conditions of the mechanical twins is just as important. 

Control of chip formation can be accomplished with minimal cyclic force fluctuations, helping to extend 

the life of the tool.  

These results demonstrate two things; firstly that regardless of the machining setup, the general 

material machinability trends revealed in this map are accurate and predictable, i.e. parameters can be 

best selected, to target improvements to specific factors of machinability.  Secondly Ti-407 is an alloy 

which can be machined in an optimal region where all of the factors of machinability are acceptable.  

 

5.3.3 Industrial outputs of this work 

Table 5.5 shows the industrial output of this research, through the comparison of the chip 

control before and after this study began. There has been a great improvement in the chip breakability, 

reducing the chip length from in excess of 2 metres down to less than 20 mm. Understanding that the 

cause of the chip related problems was the proliferation of mechanical twins, allowing further 

accommodation of strain, ultimately delaying chip fracture, made it possible to make corrective 

measures to the cutting parameters to improve the chip control whilst simultaneously managing the 

other aspects of machinability. Through managing the chip form, it was also possible to reduce the 

machining time of these components by 43% during finishing operations by increasing the feed rate 

and allowing only a slight reduction in cutting speed resulting in significant cost and time savings for 

industry. The improvements to the chip management was responsible for also reducing cleaning 

downtime between parts and reducing required maintenance to fix issues with the chip swarf conveyor. 

The overall risks associated with component rework due to tool breakage or surface finish defects have 

been reduced, offering potential savings of 300 minutes per part for ‘on machine’ rework, or 480 

minutes per part for ‘hand dressing’ by an operator. Due to these operational improvements, the flow 

of parts through manufacturing facilities has been improved, reducing inventory stock and work in 

progress. 
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Table 5.5: Series of photographs and micrographs of the chips before and after the completion of this 

PhD. The filled white arrows in c) and f) are indicating the width of the shear bands. The unfilled 

white arrows in c) are pointing to the formation of the mechanical twins surrounding adiabatic shear 

band 

 

 

5.5 Conclusions 

This chapter has been used to validate the development of the machinability map utilising a 

machining arrangement closely resembling that of industrial machining operations. This has led to the 

appreciation that a number of variables affect the accuracy of the map, however that the general trends 

are strongly related to material properties and so exist despite differences to the machining set up. It is 

therefore possible to use the machinability map to inform a machining operator prior to machining of a 

titanium alloy of the most important fundamental factors affecting machining outputs and encourage 

quick and efficient selection of parameters to increase productivity of components. The outputs of this 

work led to improvements to the chip management for industrial machine finishing operations and a 

43% reduction of machining time. 
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Summary and Future Work 6 
 

6.1 Summary 

This research project was undertaken to develop a low-cost methodology to predict the 

machining performance of emerging titanium alloys, and secondly to provide an explanation for the 

poor chip control for emerging alloy Ti-407 and how to improve it. The machining performance of Ti-

407 was compared against Ti-64, which has long been considered as the workhorse alloy, as it is used 

for a broad range of applications. Both Ti-407 and Ti-64 are α+β type alloys which give them a good 

balance of strength and ductility necessary for applications in aerospace engines. Ti-407 was developed 

to replace Ti-64 in applications where energy absorption during fracture is important, such as large 

structural gas turbine engine components. The machinability of both alloys were compared based on 

the key attributes including: tool wear, chip formation, subsurface integrity and cutting forces. The 

combination of complementary experimental and modelling techniques proved successful in 

characterising the machinability of these two alloys and providing a fundamental understanding for the 

poor chip control of Ti-407. A summary of the key findings in this thesis have been split into two 

sections, each relating to the separate outcomes of this thesis.  

 

The first section of this research looked at developing the small scale methodology to predict machining 

performance: 

 The uniaxial compression test proved effective at screening titanium alloy compositions and 

heat treatment conditions at an early stage prior to expensive, large scale machinability trials. 

From a simple uniaxial compression test the chip form, subsurface damage and cutting force 

were directly characterised. From the stress-strain data, the area under the curve informed on 

the required energy to cause fracture for different alloys. Mechanical properties were extracted 

from the stress-strain curve, with the maximum stress relating to the resistance to deformation 

and the ease of forming a chip. Ti-64 produced higher stresses during the compression test, 

which showed that resistance to deformation was higher and as such the chip forming process 

was more force intensive. The ductility was extracted from the maximum strain achieved prior 

to fracture. The strain accommodation in Ti-407 during compression testing was significantly 

greater than Ti-64. This has previously been shown to make chip breakage more difficult to 

achieve and require higher feed rates and lower cutting speeds to aid chip breakage. The regions 
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of high strain in the compressed samples were analysed using microscopy techniques to 

understand the deformation mechanisms of each alloy, which again provided information on 

the chip forming characteristics of the titanium alloy. From the uniaxial compression test, it 

was found that Ti-64 forms narrow intense shear bands, whereas Ti-407 forms wider less 

intense shear bands. This is hypothesized due to Ti-407’s greater thermal conductivity, which 

allows more heat to be dissipated and reduces the localised effects of thermal softening and 

work hardening.  

 The stress-strain data from the compression test was inputted into DEFORMTM in order to 

model the chip forming process. The chip geometry was one metric for determining the chip 

breakability and was compared for both alloys. It was evident that Ti-64 easily formed a 

serrated chip whereas Ti-407 formed a chip of constant uniform shear. Chips in constant 

uniform shear were determined as problematic for chip breakability as the absence of 

thermoplastic instability hindered formation of ASBs resulting in long nested chips. Therefore, 

higher cutting speeds would have to be applied during the machining of Ti-407 in comparison 

to Ti-64, in order to produce serrated chips. In addition to chip geometry, the strain induced 

surface damage was also analysed, and showed that greater strain, to a greater depth was 

measured in Ti-407. Strain in a machined surface manifests as severe plastic deformation, 

which can have an effect on the longevity of the component.  It is therefore necessary to 

consider the cutting parameters carefully so not to induce too much strain into the machined 

surface. 

 A novel low-cost orthogonal testing approach utilising the Arbitrary Strain Path test rig was 

developed to investigate the machinability of small samples of titanium alloys. The samples 

would be lowered toward a cutting insert to create an orthogonal cut. Development of the 

orthogonal cutting rig led to drastic improvements to the accuracy and reliability of the testing 

compared to previous work, through designing a single sided tool holder and test piece which 

reduced the load and lateral movement of the tool and workpiece during the cutting.  

 Small scale orthogonal cutting experiments revealed key machining characteristics of each 

material and agreed with data from the simple uniaxial compression test. The results showed 

that both alloys exhibited strengths and weaknesses when considering machinability from both 

a tooling and workpiece perspective. The Ti-407 produced chips more closely related to a 

continuous chip in constant uniform shear, whereas the Ti-64 produced serrated chips with 

narrow regions of localised shear - regarded as beneficial for chip breakage. Ti-407 shows better 

machinability when analysing tool wear and cutting forces, which validates the compression 

test data. 
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 Quantification of the twin volume density in a material can be validated from the work 

hardening rate curve. The normalised work hardening rate curve showed that Ti-407 has a 

greater saturation of mechanical twins during deformation than Ti-64.  

As well as developing the low cost methodology to predict machining performance, high speed 

machining trials were completed to understand the issue of the poor chip control during the machining 

of Ti-407 and how this can be improved. The key findings from this section of work are summarised 

below: 

 Poor chip control is due to two main conflicting mechanisms. Firstly is the insufficient 

thermoplastic instability, and secondly is the prevalence of mechanical twins. The reason these 

mechanisms are conflicting is because to induce thermoplastic instability, greater cutting speeds 

for a given feed rate must be used; to reduce the prevalence of mechanical twins, lower cutting 

speeds for a given feed rate must be utilised. Increasing the feed rate is the only effective 

practice for improving chip breakability of a titanium alloy. However this comes with issues of 

poor surface integrity, greater stress on the tool and higher cutting forces.  

 Due to the thermal conductivity of Ti-407 the minimum cutting speed where the chip form 

transitions from a continuous chip to serrated chip is higher than Ti-64. In the tests that were 

conducted this transition did not occur until the cutting speed exceeded 40 m.min-1 at a feed 

rate of 0.3 m.min-1. The greater thermal conductivity allows more heat to dissipate, reducing 

the effect of heat localisation on the dominance of thermal softening and work hardening that 

is characteristic of titanium machining. 

 Mechanical twins have been identified to form in and around the adiabatic shear band of the 

chip. Formation of twins is detrimental to the chip breakability as they increase the strain 

accommodation in the chip.  

 Due to the low aluminium content of Ti-407 (0.85 wt. %) the alloy has a propensity to form 

deformation twins during machining both in the machined surface and in the chip. Twins in Ti-

64 are less likely to form due to the increased ordering from the aluminium additions, however 

this work rejects early claims that twins do not form in titanium alloys with aluminium content 

of greater than 6 wt.%.  

The overall industrial output was a 43% reduction in the machining time of large structural gas turbine 

engine components by moving to Ti-407 instead of Ti-64 as the alloy of choice for this application, 

which was complemented by a great improvement in chip management. The improved chip 

management led to a number of further benefits to the industrial partners in the form of reduced 

downtime for machine cleaning and maintenance, in addition to reduced risk of component rework due 

to tool breakage and surface finish defects. 
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6.2 Future Work 

This research has developed the knowledge in machining titanium alloys through the 

development of the small scale machinability approaches discussed in Chapter 3, as well as a better 

understanding of the deformation characteristics of titanium alloys and how to apply this knowledge to 

an industrial application. Though there are key areas where further development should be focussed to 

maximise the potential of the results in this work.  

Firstly, the range of alloys utilised in this work was limited, exploring only Ti-64 and Ti-407. 

To take advantage of the low cost machinability methodology as a future early stage predictor of 

machining performance, it is advised that a wider survey of alloys and materials (Inconel, Steel and 

Aluminium) should be tested to ensure adequate stress testing has been completed. It is suggested that 

repeats be conducted for tests in future to ensure validity of results and to rule out any discrepancies 

between tests. For future work using the uniaxial compression test, it is recommended that development 

of the technique be focussed around increasing data recording frequency. Due to the limited data 

recording frequency it was not possible to accurately or reliably gather data at high strain rates of 100 

s-1 and higher. It would be advantageous to have greater resolution at high strain rates when comparing 

results to high strain rate environments such as machining. Equally it is known that microstructural 

variations have a great bearing on the machining performance. There is very little understood about the 

broader effects of microstructures on machinability. Certain questions surrounding why the oil 

quenched Ti-407 workpiece did not follow the expected pattern, are not yet understood. Both further 

testing of the different microstructures are necessary and further analysis of the material in relating to 

textural analysis and material properties would be valuable in answering some of these questions.  

The machinability map has joined the effects of machining outputs from a narrow range of 

cutting parameters. Further testing is required to become a more comprehensive guide to optimising 

machining output. To create the machinability map only six data points where utilised. Although the 

trends within this work where strong, it was clear that a greater number of data points would help 

strengthen the machinability maps reliability. Further to this, the research only focussed on a small array 

of machining outputs. Subsurface deformation was merely split into two categories: severe plastic 

deformation and mechanical twinning. It is well acknowledged that other possible variables such as 

white layer and residual stress can have a grave effect on the potential longevity of a component and 

must either be limited or removed entirely. In this case extending the bounds of analysis to incorporate 

other factors would provide greater confidence in the key regions of a machinability map which are 

considered “optimal” for machining.  
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With these machinability maps further collaborations would be recommended between 

members of the supply chain including, tool manufacturers, materials suppliers and machining end-

users to investigate the effects of tool coatings, geometries, chip-breakers and compositions to gain an 

understanding for the specific machinability nuances of the materials when exposed to different cutting 

tool variations.  

Additional mechanical testing would be recommended by the author to assess the effects of 

machining optimisation and surface condition on fatigue performance, i.e. what are the effects of 

machining on the HCF and LCF properties of a material?  

The future work focusses on stress testing the small scale machinability techniques and the 

robustness of the machinability map to improve confidence and enhance the commercial potential in 

this work. This work and any follow on research will support the long term goals of: 1) reducing the 

time to market for future titanium alloys through efficient and effective small scale machinability 

assessments, 2) identification of the optimal cutting parameters for current and future alloys through 

the use of machinability maps, as well as 3) assessing the effects of machining on the fatigue 

performance of the materials.  

 

 

 


